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Abstract 

The detection of sensations is essential for everyday functions and requires specialised dorsal root 

ganglia (DRG) sensory neurons to detect and transmit the stimuli to the central nervous system for 

processing. The DRG sensory neurons can be broadly classified as either (1) proprioceptors (that 

detect movement, muscle pressure, and tension), (2) low threshold mechanoreceptors (LTMRs) (that 

detect touch, hair deflection, and vibration) or (3) nociceptors (that detect pain arising from harmful 

thermal, mechanical, and chemical stimuli). Unfortunately, there are major challenges in studying 

sensory perception and disease, including the difficulty in acquiring human tissue samples and the 

limitations in the translatability of rodent models due to inherent differences between human and 

rodent sensory neurons. The use of human pluripotent stem cells (hPSCs) can circumvent these 

challenges by providing a constant source of human cells that can then be differentiated towards 

sensory neuron cultures. However, current protocols to generate sensory neuron cultures are often 

limited by low reproducibility, low neuronal yields, mixed populations of neurons, prevalence of non-

neuronal cells within the cultures, as well as the requirement of long maturation stages to obtain 

functionally mature neurons. A promising approach to generate populations of functional sensory 

neurons is by mimicking sensory neurogenesis using a combined stepwise addition of extrinsic 

factors (small molecules and growth factors) to direct hPSCs towards progenitor states and neuronal 

types, combined with the induced expression of lineage-specifying transcription factors to drive the 

differentiation to a specific neuronal fate. Thus, the major aim of the work described in this thesis 

was to derive DRG sensory neurons using a combined extrinsic factor and induced transcription factor 

differentiation approach to generate cultures of sensory neurons and to then functionally characterise 

the sensory neurons.  

 

A key goal of this PhD thesis was to mimic sensory neurogenesis by inducing the expression of 

lineage specific transcription factors at a developmentally relevant progenitor cell type (i.e., enriched 
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neural crest cells). The work presented in Chapter 3 describes the successful differentiation of hPSCs 

into caudal neural progenitors (CNPs), which were then further differentiated and enriched for neural 

crest cells. This protocol was then implemented in Chapters 4 and 5, which aimed to generate and 

functionally characterise hPSC-derived sensory neurons by inducing the expression of lineage 

specific transcription factors in the hPSC-derived neural crest cells. The work in Chapter 4 

determined that the induced expression of the transcription factors, NEUROGENIN-1 (NGN1) or 

NEUROGENIN-2 (NGN2), in neural crest cells both significantly enhanced sensory neuron 

differentiation efficiency and generated a heterogeneous population of functional sensory neurons. 

The results presented in Chapter 5 demonstrated that the induced co-expression of the lineage specific 

transcription factors, NGN2 and RUNT RELATED TRANSCRIPTION FACTOR 3 (RUNX3) or 

NGN2 and SHORT STATURE HOMEOBOX 2 (SHOX2) in hPSC-derived neural crest cells 

generated enriched mature sensory neuron cultures that had expression and functional profiles 

consistent with proprioceptors or LTMRs, respectively. Additionally, the work described in Chapter 

5 also aimed to investigate whether there are functional differences in the mechanosensory 

physiology between the two classes of hPSC-derived mechanosensory neurons and the molecular 

mechanisms by which the two classes of hPSC-derived mechanosensory neurons respond to stimuli. 

The mechanosensory neurons, denoted as induced-proprioceptor neurons (iPN) and induced-LTMR 

neurons (iLTMR) were exquisitely sensitive to mechanical stimuli and exhibited distinct 

mechanically sensitive responses to stretch and to submicrometer (0.1 µm) mechanical stimulation 

by probe indentation to the soma. Additionally, the iPN and iLTMR displayed different adaptation 

kinetics reflective of distinct sensory specialisations. Importantly, the iPN and iLTMR fired action 

potentials in response to < 1.0 µm mechanical stimulation (probe indentation) and knockdown 

experiments demonstrated that these responses to mechanical stimulation were predominately 

mediated by PIEZO2. Taken together, the work described in this thesis demonstrates the successful 

generation of heterogenous and enriched populations of functional sensory neurons from hPSCs via 

the combination of extrinsic factors and induced expression of lineage specific transcription factors. 
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The derived sensory neurons represent excellent models for the study of human sensory neuron 

development, peripheral neuropathies, mechanosensory physiology and for the development of 

directed therapies toward these neuronal populations that become compromised by trauma or 

neurodegenerative conditions.  
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1.1 Dorsal root ganglia sensory neurons  

Basic sensory experiences such as touch, pressure, internal organ sensations, pain, temperature and 

spatial positioning require specialised sensory neurons within the peripheral nervous system to detect 

and transmit stimuli to the central nervous system for processing. There are a multitude of different 

sensory neuron subtypes that are responsible for a specific role in communicating these stimuli. The 

sensory neurons of the dorsal root ganglia (DRG) can be broadly classified as either (1) 

proprioceptors, which detect spatial position, movement, muscle pressure, stretch, and tension; (2) 

low-threshold mechanoreceptors (LTMRs), which detect cutaneous touch, hair deflection, vibration 

and internal organ sensations and (3) nociceptors, which detect pain including noxious thermal, 

mechanical, and chemical stimuli. During development, sensory neurons originate from neural crest 

cells which delaminate from the neural tube and undergo multiple intrinsic and extrinsic signals to 

differentiate into the sensory neurons of the DRG. As can be expected with multiple sensory subtypes, 

there are a plethora of diseases and sensory neuropathies associated with dysfunction in the 

development or function of sensory neurons. These can be caused by, but are not limited to, acquired 

or genetic diseases, autoimmune disorders, inflammation, injury, drug toxicity and idiopathic 

conditions that can result in hypersensitivity, numbness, ataxia, and chronic pain (Axelrod and Gold-

von Simson, 2007; Damasceno et al., 2008; Johnson et al., 1986; Kuntzer et al., 2004; Martinez et 

al., 2012; Orefice et al., 2019, 2016; Sghirlanzoni et al., 2005). At the cellular level, peripheral 

neuropathies can result in oxidative stress, mitochondrial dysfunction, altered morphology and 

neurite outgrowth, cell death and altered the expression, distribution and density of ion channels 

(Abeti et al., 2016; Chaplan et al., 2003; Dothel et al., 2015; Gangadharan et al., 2022; Rasband et 

al., 2001; Silva Santos Ribeiro et al., 2022; Stepanova and Magrané, 2020; van der Vlist et al., 2022; 

Yamamoto and Egashira, 2020; Yu et al., 2012; Zhang and Dougherty, 2014). Additionally, 

peripheral neuropathies can affect multiple sensory subtypes or only specific populations of sensory 

subtypes. For example, chemotherapeutic drugs can cause toxicity and dysfunction to some or all 

sensory neurons, inflammation and injury can cause sensitisation of nociceptors and LTMRs, whereas 
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conditions such as Friedreich’s ataxia and Autism Spectrum Disorder specifically affect the 

proprioceptors or LTMRs, respectively (Dhandapani et al., 2018; Gangadharan et al., 2022; Gold and 

Flake, 2005; González-Cabo and Palau, 2013; Koeppen, 2011; Llorens et al., 2019; Orefice et al., 

2019, 2016; Pandolfo, 2009; Peng et al., 2017; Prato et al., 2017; Zhang and Dougherty, 2014). 

However, there is limited understanding of the fundamental physiological processes that underpin 

sensation and importantly the pathophysiology of peripheral neuropathies that affect sensory neurons. 

Consequently, it is of significant interest to develop models to investigate the sensory neuron subtypes 

that are implicated in these debilitating sensory neuropathies. This Chapter will discuss the 

development and function of the DRG sensory neurons, and the models used to study sensory neurons 

and approaches that could be implemented to acquire specific sensory neuron subtypes.  

 

1.2 Classification of sensory neurons  

The peripheral nervous system transmits sensory information from the skin, viscera, muscles, and 

bones through a distinct group of sensory neurons that arise in the DRG. Sensory neurons are pseudo-

unipolar cells whose cell body resides in the DRG and contains axons that bifurcate to innervate both 

the periphery and the central nervous system. These functionally distinct sensory neurons convey 

signals of either mechanosensation, which includes (1) proprioception (detection of spatial position, 

movement, muscle pressure and tension) and (2) low threshold mechanosensation (detection of 

cutaneous touch, hair deflection, vibration and internal organ mechanical sensations) or nociception 

(detection of painful stimuli including noxious thermal, mechanical and chemical stimuli). Sensory 

neurons can be classified as either proprioceptors, LTMRs or nociceptors based on the size, 

expression of transcription factors, receptors, and ion channels, the functional profile and by the type 

of stimuli that they detect, the end organ they innervate, the fibre type and can be further sub-grouped 

based on the unique expression and functional overlap of such features (Haberberger et al., 2019; 

Hjerling-Leffler et al., 2007; Teichert et al., 2012b; Usoskin et al., 2015; Zheng et al., 2019) (Table 

1.1). Of note, caution must be considered when using these classification systems as there is overlap 
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in the expression and functional characteristics between each subclass of sensory neurons and often 

this does not recapitulate the diversity and number of sensory neuron subtypes (Chiu et al., 2014; Li 

et al., 2016; Usoskin et al., 2015). For simplicity, this Chapter will focus on the three major groups 

of sensory neuron subtypes, which are proprioceptors, LTMRs and nociceptors, with references to 

the further subgroups the sensory neurons can be classified into.  

 
Table 1.1: General classification of sensory neurons 

Neuron 
subtype 

Function  Size  Myelination  Afferent 
fiber 
type 

Common markers 

Proprioceptor Spatial position, 
movement, 
muscle pressure 
and tension 

Large  Thick  A-a TRKC, RUNX3, NF200, 
ASIC1, PARAVALBUMIN, 
PIEZO2, Nav1.7 

LTMR Light touch, 
pressure, 
vibration, hair 
deflection 

Large  Thick, light 
or non 

A-ß TRKB, SHOX2, c-MAF, 
TRKC, NF200, RET, 
GFRa2, PIEZO2, Nav1.7 

Nociceptor Pain (noxious 
thermal, 
mechanical and 
chemical), itch, 
temperature (hot-
cold) 

Medium 
– small   

Light or non A-d or C TRKA, RET, RUNX1, 
TRPV1, TRPA1, TRPM8, 
Nav1.7, Nav1.8, Nav1.9, 
MrgA/B/C, TRPC3, IB4, 
CGRP, Substance P, NF200  

 

Sensory neuron subtypes are commonly classified based on the expression of neurotrophin receptors 

such as the neurotrophin receptor tropomyosin kinase C (TRKC), TRKB, TRKA and RET receptors, 

which recognise neurotrophin 3 (NT-3), brain-derived neurotrophic factor (BDNF), nerve growth 

factor (NGF) and glial-derived neurotrophic factor (GDNF) and GDNF family receptors alpha (GFR-

a), respectively (for review see: Ernsberger, 2009; Patapoutian and Reichardt, 2001). In addition to 

the expression profile, the functional properties and response to specific stimuli are critical for the 

classification of sensory neuron subtypes. In general, proprioceptors are large in diameter, thickly 

myelinated, have a fast conduction velocity (A-a fiber) and express TRKC. LTMRs are also large in 

diameter but are either thickly myelinated, lightly myelinated or unmyelinated (A-ß fiber) and express 

TRKB either alone or in combination with TRKC and/or RET. Nociceptors are small in diameter, are 

either lightly myelinated (C fiber) or non-myelinated (A-d) and can express either TRKA and/or 
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MET, RET, calcitonin gene related-peptide (CGRP). Furthermore, nociceptors are also classified 

depending on whether they express neuropeptides such as CGRP and substance P (SP) (peptidergic-

nociceptors) or not (non-peptidergic-nociceptors).  

 

In vitro, the defining characteristic of sensory neurons is the ability to respond to specific sensory 

stimuli. The expression of specific channels and response to different stimuli can be used distinguish 

between classes of proprioceptors, LTMRs and nociceptors. For example, the proprioceptors and 

LTMRs are classified as mechanosensory neurons, which respond to varying types of mechanical 

stimuli such as stretch and fine mechanical indentation to the soma (Bhattacharya et al., 2008; 

Handler and Ginty, 2021; McCarter et al., 1999; Parpaite et al., 2021; Ranade et al., 2014; Williams 

et al., 2016; Woo et al., 2015, 2015; Zheng et al., 2019). Due to the roles of detecting and transducing 

specific mechanical stimuli, different mechanosensory neurons have varying response types, 

thresholds, and sensitivities to mechanical stimuli, however, the exact mechanisms regulating, 

distinguishing and transducing different sensory stimuli between the mechanosensory neurons is still 

unclear (Abraira and Ginty, 2013; Handler and Ginty, 2021; Hao and Delmas, 2010; Parpaite et al., 

2021, 2021; Zheng et al., 2019; Ziolkowski et al., 2023). PIEZO2 is the predominate 

mechanosensitive channel expressed in proprioceptors and LTMRs and is responsible for the 

detection of proprioception, touch, vibration, and internal organ sensation (Coste et al., 2010; Ma et 

al., 2023; Marshall et al., 2020, 2020; Ranade et al., 2014; Wang et al., 2022; Woo et al., 2015; 

Ziolkowski et al., 2023). PIEZO1 also a key mechanosensitive channel, however, in the context of 

sensory neurons PIEZO1 is responsible for the detection and transduction of mechanical itch (Hill et 

al., 2022). Additionally, Transient receptor potential cation channel subfamily C members 1, 3, 5 and 

6 (TRPC1, TRPC3, TRPC5, TRPC6), Transient receptor potential cation channel subfamily V 

member 4 (TRPV4), Potassium two pore domain channel subfamily K members 1 and 2 (TREK1 and 

TREK2), Potassium two pore domain channel subfamily K member 4 (TRAAK), Transmembrane 

protein 120A (TACAN) and Transmembrane protein 150C (TENTONIN-3) are associated with 
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mechanosensation, however, the exact roles are debated and unclear (Anderson et al., 2018; Brohawn 

et al., 2014; Elg et al., 2007; Hong et al., 2016; Liedtke et al., 2003; Liedtke, 2007; Moehring et al., 

2018b; Ojeda-Alonso et al., 2022; Parpaite et al., 2021; Quick et al., 2012; Sexton et al., 2016). There 

are multiple nociceptors subtypes that can respond to either one type of nociceptive stimuli or are 

polymodal and respond to multiple types of stimuli. The major channels associated with detecting 

nociceptor stimuli include Transient receptor potential cation channel subfamily V member 1 

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

receptor potential cation channel subfamily M member 8 (TRPM8) and the purinergic receptors. In 

sensory neurons, TRPV1 has roles in the detection of heat, protons and irritants (Caterina et al., 1997; 

Kobayashi et al., 2005), TRPA1 has roles in the detection of irritants and transducing signals of pain, 

itch and inflammatory processes (Bandell et al., 2004; Nakamura et al., 2012; Wilson et al., 2013; 

Xiao and Patapoutian, 2011) and TRPM8 has roles in the detection and transduction of cold stimuli 

(Bautista et al., 2007; McKemy et al., 2002; Peier et al., 2002). Interestingly, the P2X and P2Y family 

of purinergic receptors have roles in the detection of nociceptive stimuli and the detection of non-

nociceptive mechanosensation (Bernier et al., 2018; Cook et al., 1997; Jahr and Jessell, 1983, 1983; 

Khakh et al., 1997; Lewis et al., 1995; Moehring et al., 2018a; Nakamura and Strittmatter, 1996; 

Zagorodnyuk et al., 2007). Similarly, the acid-sensing ion channels 1-3 (ASIC1, ASIC2, ASIC3) are 

differentially expressed in proprioceptors, LTMRs and nociceptors, with roles in proprioception, 

mechanosensation and nociception (Deval et al., 2008; Lin et al., 2016; Omerbašić et al., 2015; Page 

et al., 2005; Papalampropoulou-Tsiridou et al., 2020). Differences in neuronal excitability can also 

be used to define and characterise specific DRG sensory neuron subtypes (Madden et al., 2020; Poole 

et al., 2014; Xie et al., 2018; Zheng et al., 2019). For example, Zheng et al., determined that specific 

sensory subtypes have differences in the action potential shape, repetitive spiking, as well as 

differences in the expression of specific voltage gated sodium, potassium and calcium channels 

(Zheng et al., 2019). Importantly, there is considerable overlap in the molecular and functional 
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properties between all sensory neuron subgroups, which needs to be considered when classifying and 

profiling sensory subtypes. 

 

1.3 Sensory neurogenesis 

 1.3.1 Neural crest migration – the waves of sensory neurogenesis 

Prior to the formation of specific DRG neuron subtypes, progenitor cells undergo multiple 

specification steps dictated by an interplay of intrinsic and environmental cues, a process that has 

been extensively studied in the developing mouse embryo. During the formation of the neural tube, 

a subset of multipotent cells undergo an epithelial-to-mesenchymal transition to form migratory 

neural crest cells (for review see: Le Douarin and Dupin, 2018; Simões-Costa and Bronner, 2015; 

Theveneau and Mayor, 2012). During neural crest cell migration, multiple specification steps that 

involve complex environmental and temporal gene expression cues direct their differentiation into 

discrete cellular subtypes that include melanocytes, adipocytes, smooth muscle cells, schwann cells 

and most peripheral neurons, including the sensory neurons of the DRG. Neural crest cells migrate 

throughout the developing embryo and then the beginning of sensory neurogenesis is marked by the 

decreased expression of the multipotency neural crest controller, SOX10, and the increased 

expression sensory neuron lineage specific transcription factors (McKeown et al., 2005). During 

neural crest migration, sensory neurogenesis and the formation of the DRG sensory neurons occurs 

in three successive waves to give rise to specific sensory subtypes (Carr and Simpson, 1978; Hjerling-

Leffler et al., 2005; Ma et al., 1999; Sommer et al., 1996). The first wave is controlled by the pro-

neural basic-helix-loop-helix transcription factor neurogenin-2 (NGN2) and the second is mediated 

by the expression of neurogenin-1 (NGN1) (Ma et al., 1999; Perez et al., 1999; Sommer et al., 1996). 

Expression of NGN2 and NGN1 is essential during DRG formation, as Ngn1/Ngn2-null mice are 

unable to form any sensory neurons of the DRG (Ma et al., 1999). Initially, NGN2 is expressed in all 

migrating neural crest cells, with high concentrations promoting the first wave of sensory 

neurogenesis (embryonic mouse day E9.5-11.5) (Ma et al., 1999; Perez et al., 1999; Zirlinger et al., 
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2002). The NGN2-mediated wave results in the production of the mechanosensory TRKB+ and 

TRKC+ LTMRs and proprioceptor and a subset of TRKA+ nociceptors (Fig. 1.1) (Ma et al., 1999; 

Zirlinger et al., 2002). Conversely, the second NGN1-mediated wave results in the majority of the 

TRKA+ nociceptive neurons in the DRG (Fig. 1.1), with the relatively minor production of TRKB+ 

and TRKC+ neurons (E10.5-13.5) (Ma et al., 1999). Interestingly, deletion of Ngn2 in mice results in 

only a minor loss of TRKB+ and TRKC+ neurons, suggesting that NGN1 may be able to compensate 

for the loss of NGN2 (Ma et al., 1999). In contrast, there is a complete loss of TRKA+ neurons in 

Ngn1-null mice and a ~ 30% reduction in the formation of TRKB+ and TRKC+ neurons in the DRG, 

indicating that NGN1 is critical for the formation of TRKA+ neurons that cannot be rescued by the 

NGN2-mediated wave (Ma et al., 1999). The third wave, occurring later during neurogenesis (E12), 

arise from neural crest derivatives called boundary cap cells (BCC) (Hjerling-Leffler et al., 2005; 

Maro et al., 2004). The BCCs direct the differentiation of neural crest cells into Schwann cells and 

also contributes to ~ 5% of the nociceptor population in mice (Maro et al., 2004). While classified as 

the third wave of neurogenesis, it is thought that the emergence of the BCCs represents a second stage 

of NGN1-mediated neurogenesis and act as a pool of precursors during nociceptor formation (Ohayon 

et al., 2015). Genetic BCC ablation in mice results in a 50% reduction of NGN1 precursors and a 

55% reduction in nociceptor abundance (Ohayon et al., 2015), suggesting that BCCs are a critical 

component of NGN1-mediated neurogenesis rather than a completely separate wave. Consequently, 

the remainder of this Chapter will focus on the NGN2 and NGN1-dependent waves of neurogenesis, 

which are critical for the formation of the proprioceptors and LTMRs (NGN2-dependent wave) and 

nociceptors (NGN1-dependent wave). Importantly, the waves of sensory neurogenesis only bias the 

differentiation of neural crest cells to sensory progenitors, with further specification steps then 

required to generate each of the sensory subgroups.  
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 Figure 1.1: Subtype specification of DRG sensory neurons in the mouse. The neurons of the DRG arise 
from 2 key waves of migrating neural crest cells. The first wave is controlled by the transient expression of 
NGN2. Expression of NGN2 results in the bias of neural crest cells into sensory progenitors (NGN2+, 
BRN3A+, ISLET1+, KLF7+ and FOXS1+), with subsequent expression of RUNX3 resulting in the generation 
of TRKC+ proprioceptors and expression of SHOX2 resulting in the differentiation TRKB+ LTMRs. A 
combination of transcription factors and signalling molecules (e.g., RET, MAFA, GFRa2, SHOX2 and/or 
RUNX3) results in the differentiation of eRET LTMR neurons. The second wave of neurogenesis is composed 
of migrating neural crest cells that express NGN1, which biases the cells into sensory progenitors (NGN1+, 
BRN3A+, ISLET1+, KLF7+ and FOXS1+). The sensory-biased progenitors transiently express both RUNX1 
and TRKA and then begin to segregate into subpopulations of nociceptors with the first cohort down-regulating 
RUNX1 and maintaining TRKA expression (RUNX1-independent neurons), the second downregulating 
TRKA, transiently expressing RUNX1 and gaining the expression of RET (RUNX1-transient neurons) and 
the third downregulates TRKA and maintains RUNX1 expression (RUNX1-persistent).  
 

Following the NGN2, NGN1 and BCC-mediated waves of neurogenesis, sensory precursors begin to 

express transcription factors important for sensory neuron differentiation, specification, and survival. 

The critical transcription factors required for sensory specification are brain-specific 

POU/homeodomain transcription factor 3A (BRN3A), Insulin gene enhancer protein ISL-1 

(ISLET1), Kruppel-like factor 7 (KLF7) and fork-head box protein S1 (FOXS1). The pan-sensory 

transcription factors BRN3A and ISLET1 both have independent roles in cell cycle withdrawal and 

terminal differentiation, which is achieved through switching off early differentiation programs (e.g., 

by decreasing NGN1 and NGN2 expression in sensory precursors) (Eng et al., 2007, 2004; Lanier et 
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al., 2009; Sun et al., 2008; Zhang et al., 2018). Additionally, BRN3A and ISLET1 have a role in 

repressing non-neural genes and are critical for the formation of afferent connections (Dykes et al., 

2011; Lanier et al., 2009; Zhang et al., 2018; Zou et al., 2012). The expression of ISLET1 expression 

also results in the upregulation of transcription factors important for non-peptidergic nociceptor 

development (Huang et al., 2015). Furthermore, KLF7 is expressed throughout sensory precursors 

and has been implicated in the upregulation of TRK receptors and for the development of nociceptors 

(Kingsbury and Krueger, 2007; Lei et al., 2006, 2005, 2001). The transcription factor FOXS1 is 

expressed throughout the sensory nervous system, however, its direct role in direction neuronal 

differentiation and subtype specification is not yet fully understood (Montelius et al., 2007). 

Collectively, these transcription factors are essential in priming sensory precursors to undergo further 

segregation into specific sensory subtypes.  

 

1.3.2 Development and specification of sensory neuron subtypes 

1.3.2.1 Specification of sensory neurons from the NGN2-dependent wave of 

neurogenesis 

The NGN2-dependent wave of neurogenesis is followed by the expression of multiple transcription 

factors required to delineate between subgroups of large-sized mechanosensory neurons with either 

proprioceptive or mechanoreceptive functions. The sensory neurons that arise from the ngn2-

mediated wave of sensory neurogenesis are classified as TRKC+ proprioceptors, TRKB+ LTMRs or 

early-RET (eRET)-expressing LTMRs (Fig. 1.1). Key transcription factors in the specification 

between TRKC, TRKB and eRET neurons include Runt related transcription factor 3 (RUNX3), 

Short stature homeobox 2 (SHOX2), c-MAF and RET, respectively. A small subset of large-sized, 

lightly myelinated, TRKA+ expressing nociceptors are also generated during the NGN2-mediated 

wave, however, this population has not yet been fully characterized (Bachy et al., 2011).  
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The transcription factors RUNX3 and SHOX2 are critical for the segregation between TRKC+ and 

TRKB+ mechanosensory neurons. (Inoue et al., 2007; Kramer et al., 2006; Nakamura et al., 2008; 

Ogihara et al., 2016, Levanon et al., 2002, Abdo et al., 2011; Scott et al., 2011). RUNX3 promotes 

the differentiation of TRKC+/TRKB+ precursors to a TRKC+ proprioceptor phenotype by repressing 

the expression TRKB and SHOX2 (Inoue et al., 2007; Kramer et al., 2006; Nakamura et al., 2008). 

Importantly, RUNX3 is not required for the initial expression of TRKC but is required for the 

maintenance and regulation of TRKC expression and signalling and for the expression of 

proprioceptor markers, such as parvalbumin (Inoue et al., 2007; Nakamura et al., 2008; Ogihara et 

al., 2016). Furthermore, a loss of RUNX3 results in a decrease of TRKC+ neurons and a 2.1-fold 

increase in TRKB+ neurons (Kramer et al., 2006). In RUNX3 knockout mice, TRKC+ neurons are 

initially formed at E11.5 but do not survive past E13.5 and cannot form correct afferents, resulting in 

mice with severe ataxia (Levanon et al., 2002). Adding further complexity to this system, diverse 

regulatory elements of RUNX3 can result in the formation of 5 different subgroups of proprioceptive 

neurons in the mouse DRG (Appel et al., 2016). Overall, RUNX3 expression is critical for the 

segregation of NGN2-dependent precursors by promoting the formation of proprioceptors and 

repressing the development of LTMRs. In contrast to RUNX3, SHOX2 promotes the differentiation 

of TRKB+ LTMRs by repressing TRKC and increasing TRKB expression (Abdo et al., 2011; Scott 

et al., 2011). In SHOX2 conditional knockdown mice, the loss of SHOX2 expression results in a 67% 

decrease in TRKB+ neurons (Abdo et al., 2011). Additionally, SHOX2 overexpression in neural crest 

cells in the developing mouse embryo results in a 20% increase in TRKB+ neurons (Scott et al., 2011). 

Taken together, RUNX3 and SHOX2 are important transcription factors critical for the subtype 

specification of proprioceptive and mechanoreceptive neurons, respectively.  

 

The eRET population are a group of large-sized mechanosensory neurons that can be sub-grouped 

into either (1) RET+/MAFA+/GFRa2+ (2) RET+/MAFA+/GFRa2+/TRKB+/SHOX2+ or (3) 

RET+/MAFA+/GFRa2+/TRKC+ (Abdo et al., 2011; Bourane et al., 2009; Lecoin et al., 2010; Luo et 
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al., 2009, 2007; Molliver et al., 1997; Molliver and Snider, 1997). The exact mechanisms as to how 

these neurons are specified and segregated is not yet clear. However, SHOX2, C-MAF, GFRa2 and 

RET signalling all have a role in the development of eRET LTMRs. c-MAF is critical for the 

formation of eRET neurons, with a loss of c-MAF resulting in an ~ 50% decrease in 

RET+/MAFA+/GFRa2+ expressing neurons (Hu et al., 2012), a decrease in axonal size, altered 

potassium channel expression and disrupted neuronal firing (Wende et al., 2012). Conversely, RET 

signalling is not required for the initial specification of eRET neurons but is critical for eRET 

development and the formation of afferent projections (Bourane et al., 2009; Donnelly et al., 2018; 

Honma et al., 2010; Luo et al., 2009). Additionally, GFRa2-signalling is critical for the development 

and regulation of soma and axon size in eRET LTMRs (Kupari and Airaksinen, 2014). SHOX2 has 

also been implicated in the segregation of eRET (2) and (3) populations through repressing TRKC 

expression and upregulating TRKB expression (Abdo et al., 2011; Scott et al., 2011).  

 

Collectively, the NGN2-dependent wave of neurogenesis is essential for the initial specification of 

sensory neurons that form the proprioceptors and LTMRs of the DRG. Expression of NGN2 results 

in the bias of neural crest cells into sensory progenitors, with subsequent expression of RUNX3 

resulting in the generation of TRKC+ proprioceptors. Alternatively, expression of SHOX2 results in 

the differentiation of progenitors into TRKB+ LTMRs, while a complex combination of transcription 

factors and signalling molecules (e.g., RET, MAFA, GFRa2, SHOX2 and/or RUNX3) results in 

eRET LTMRs. 

 

1.3.2.2 Specification of sensory neurons from the NGN1-dependent wave of neurogenesis 

The NGN1-dependent wave of neurogenesis is primarily responsible for generating the nociceptor 

population of sensory neurons within the DRG. Generally, nociceptors are classified broadly as either 

peptidergic or non-peptidergic. Peptidergic nociceptors are classified by the expression of TRKA and 

the neuropeptides CGRP and SP and non-peptidergic neurons express RET and some also express 
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isolectin B4 (IB4) (Averill et al., 1995; Silverman and Kruger, 1990). However, nociceptors can be 

classified based on the developmental expression pattern of the transcription factor RUNX1. NGN1-

dependent nociceptors initially arise as one population of precursors cells that express both TRKA 

and RUNX1 (mouse E14.5) (Chen et al., 2006; Gascon et al., 2010; Ma et al., 1999), whereby these 

precursor cells are then segregated into subpopulations based on the relative and temporal expression 

levels of TRKA and RUNX1. The first cohort of nociceptors are generated following continued 

expression of TRKA and down-regulation of RUNX1 (RUNX1-independent neurons), the second 

via down-regulation of TRKA and transient expression of RUNX1 and RET (RUNX1-transient 

neurons) and the third via downregulation of TRKA and persistent RUNX1 expression into adulthood 

(RUNX1-persistent) (Fig. 1.1) (Abdel Samad et al., 2010; Chen et al., 2006; Gascon et al., 2010; 

Huang et al., 2015; Luo et al., 2007). Thus, RUNX1 has a key role in the activation and repression 

of genes during the segregation of nociceptor subgroups.  

 

The RUNX1-independent neurons are typically peptidergic polymodal nociceptors classified as 

expressing either (1) CGRP, TRKA and MET or (2) RET, TRKA, SP and CGRP. Initially, NGN1-

dependent precursors transiently express both RUNX1 and TRKA, however, RUNX1 becomes a 

direct and/or indirect repressor of CGRP and TRKA past E14.5 to direct the specification of 

peptidergic nociceptors. For example, forced expression of RUNX1 results in a reduction of 

peptidergic nociceptors marked by a decreased expression of TRKA and CGRP (Abdel Samad et al., 

2010; Yoshikawa et al., 2007). Additionally, RUNX1 conditional knockout results in an increase in 

TRKA+ peptidergic nociceptors and a decrease in non-peptidergic RET+ neurons (Chen et al., 2006; 

Kramer et al., 2006; Yoshikawa et al., 2007). Thus, RUNX1 expression is downregulated to allow 

for the expression and maintenance of CGRP and TRKA and direct the specification of TRKA+ 

peptidergic neurons (Chen et al., 2006; Gascon et al., 2010; Kramer et al., 2006; Molliver and Snider, 

1997). Furthermore, the segregation of RUNX1-independent neurons is also largely driven by the 

expression and signalling of Met (Gascon et al., 2010), which is critical for the attenuation of RUNX1 
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expression. Conditional knockdown of MET in mice results in sustained RUNX1 expression in 

TRKA+ neurons, impairing the maturation of the RUNX1-independent neurons and drives group (1) 

TRKA+ CGRP+ neurons to a group (2) TRKA+ RET+ SP+ fate (Gascon et al., 2010). Gascon et al., 

hypothesised that MET and RUNX1 work in a feedback loop whereby MET can repress RUNX1 

expression but itself can be repressed by high levels of RUNX1 (Gascon et al., 2010). Altogether, 

RUNX1 attenuation is critical for the development of RUNX1-independent nociceptors, however, 

little is known regarding the development of TRKA+ RET+ peptidergic nociceptors.  

 

The RUNX1-transient neurons are non-peptidergic RET+ nociceptors that can be sub-grouped based 

on the expression of either the Mas-related G protein-coupled receptors (MRG)A/B/C (associated 

with sensations of itch, stroking, pleasurable touch and pain perception) or natriuretic peptide type B 

(NPPB) (associated with itch perception) (Abdel Samad et al., 2010; Liu et al., 2008; Qi et al., 2017). 

While RUNX1 is initially required for activating the expression of MRG receptors, postnatally 

RUNX1 switches to a repressive role in order to segregate the classes of MRG receptors into either 

MRGA/B/C (RUNX1-transient) or MRGD (RUNX1-persistent) (Abdel Samad et al., 2010; Chen et 

al., 2006; Liu et al., 2008; Marmigère et al., 2006). RUNX1 represses MRGA/B/C genes through a 

c-terminal repressor domain on RUNX1, when this domain is removed there is an increase in the 

expression of MRGA/B/C receptors in a subclass of RUNX1-persistent nociceptors that normally 

only express the MRGD receptor (Liu et al., 2008). Similarly, RUNX1 is initially required for the 

activation of a class of itch nociceptors marked by the expression of NPPB (Qi et al., 2017; Usoskin 

et al., 2015), but in other subclasses later switches to a repressive role preventing the expression of 

NPPB+ nociceptors (Qi et al., 2017). Interestingly, the c-terminal repressor domain of RUNX1 is not 

required for RUNX1-mediated repression of TRKA, CGRP and NPPB but is critical for MRGA/B/C 

repression (Liu et al., 2008; Qi et al., 2017), which suggests that RUNX1 utilises distinct modes of 

repression and activation to establish specific subclasses of nociceptors.  
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The RUNX1-persistent class of neurons include (1) RUNX1+/RET+/IB4+/MRGD+ (associated with 

pain and itch perception) (2) RUNX1+/TRPM8+ (associated with cold perception) and (3) 

RUNX1+/VGLUT3+/TH+ cutaneous-LTMRs (c-LTMR). RUNX1 expression is critical for the 

regulation of key genes required for the development and function of classes of RUNX1-persistent 

neurons. For example, conditional RUNX1-null and RUNX1-knockout mice lose the expression of 

markers relevant to each subclass of RUNX1-persistent neurons, such as MRGD, TRPM8 and 

VGLUT3 (Abdel Samad et al., 2010; Chen et al., 2006; Lopes et al., 2012; Lou et al., 2013; Luo et 

al., 2007). Additionally, persistent RUNX1 expression is required for establishing the 

mechanosensitivity of c-LTMR neurons by facilitating the expression of key markers, such as 

VGLUT3, TH and PIEZO2 (Lou et al., 2013). Interestingly, RUNX1 is also important in segregating 

the RUNX1-persisent neurons into various neuronal subtypes by interacting with transcription factors 

that enable the repression and/or the upregulation of genes critical for the function of a particular 

neuronal subtype (Lopes et al., 2012; Lou et al., 2015). For example, RUNX1 and ZFP521, which is 

a RUNX1-dependent transcription factor, segregate c-LTMRs and MRGD nociceptors by forming a 

regulatory motif in c-LTMRs to promote the expression of c-LTMR specific genes and repress genes 

specific to the MRGD+ nociceptors (Lou et al., 2015). Thus, RUNX1 dynamically regulates different 

modes of neuronal patterning by upregulating and/or repressing genes of specific nociceptor 

subgroups.  

 

1.4 The generation of human sensory neurons 

To date, much of the current understanding and characterisation of sensory neurogenesis has been 

from studies in rodents and chicks, however, less is known regarding the development of sensory 

neurons in humans. Animal models have served as a great tool for understanding sensory neuron 

development, subtypes and disease states. However, rodent models are limited due to the inherent 

differences between human and rodent genomes as well as differences in the differential gene 

expression between rodent and human sensory neuron subtypes (Chang et al., 2018; Jung et al., 2023; 
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Körner and Lampert, 2022; Papalampropoulou-Tsiridou et al., 2022; Rostock et al., 2018; Schwaid 

et al., 2018; Zylka et al., 2003). Thus, the ability to compare and translate findings from rodent studies 

to human studies, human disease pathology and human neurophysiology is impaired. For example, 

the proportion of RET+/TRKA+ neurons is almost double in humans compared to rodents while some 

sensory neuron subpopulations that exist in humans (e.g., high-medium expressing TRKA+/RET+ 

nociceptor neurons) do not exist in rodents (Rostock et al., 2018). Furthermore, the neurofilament 

marker NF200, which is commonly used to detect specific subpopulations of sensory neurons in 

animals, is expressed in all human DRG neurons (Rostock et al., 2018). Additionally, key receptors 

and channels that are critical for sensory neuron subtype functions such as TRPV1, TRPA1, ASICs, 

various sodium channels and the MRGs are differentially expressed between human and rodent DRG 

sensory neurons (Chang et al., 2018; Papalampropoulou-Tsiridou et al., 2022; Rostock et al., 2018; 

Schwaid et al., 2018; Zylka et al., 2003). Consequently, such differences between rodent and human 

sensory neurons highlights the need for experimental approaches that enables the study of 

development and disease in human sensory neurons. Furthermore, due to the ethical and technical 

difficulties associated with gaining access to human DRG tissue and the limited availability of post-

mortem DRG samples, human pluripotent stem cells (hPSCs) have become an alternative approach 

to study sensory neurons in vitro. Human embryonic stem cells (hESCs) and induced pluripotent stem 

cells (iPSCs) are widely used to generate different types of neurons in vitro by mimicking the 

developmental process that occurs in vivo in a controlled manner (Viventi and Dottori, 2018) (Fig. 

1.2). Two main methods exist to generate sensory neurons from hPSCs. The first approach mimics 

the stepwise processes of neurogenesis through timely addition of extrinsic factors, usually cocktails 

of small molecule inhibitors and growth factors, to direct cells through different progenitor states and 

toward distinct cell lineages (Chambers et al., 2012; Denham et al., 2015; Denham and Dottori, 2011; 

Mica et al., 2013). The second approach utilizes the induced expression of lineage-specifying 

transcription factors to directly and rapidly differentiate cells to a specific fate, often bypassing the 

progenitor stage  
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(Blanchard et al., 2015; Chen et al., 2020; Fernandopulle et al., 2018; Zhang et al., 2013). The 

advantages and disadvantages of both of these approaches is discussed below. 

 
Figure 1.2: Development DRG sensory neurons in vivo and in vitro. Differentiation of hPSCs into sensory 
neurons involves mimicking sensory neurogenesis by directing cells through multiple progenitor states. (A) 
The development of sensory neurons in vivo. Sensory neurogenesis is divided into four general stages (1) the 
development of the blastocyst followed by neurulation, which is marked by the formation and thickening of 
the neural plate, the cranial end becomes the future brain, and the caudal end becomes the future spinal cord 
region (2). Next, the neural plate folds and fuses together to form the neural tube (3). During neural tube 
formation, neural crest cells delaminate from the neural tube and migrate out to form the peripheral nervous 
system (i.e., the sensory neurons of the DRG) (4). (B) Differentiation of stem cells to sensory neurons in vitro. 
Sensory neurons are generated by mimicking processes that occur in vivo. Initially, stem culture is performed, 
and combinations of extrinsic factors are used to inhibit the activin/nodal signalling pathway and enhance the 
WNT/ß-catenin signalling pathway to drive the differentiation into caudal neural progenitors; mimicking 
neural plate development in vivo (step 2, above). Next, to mimic neural tube processes, extrinsic factors that 
stimulate neural crest induction, proliferation, and migration at utilised to generate neural crest cells (step 3, 
above). Finally, combinations of extrinsic factors and media conditions that promote sensory neuron 
development, survival and maturation are added to the differentiation of the neural crest cells to a sensory 
neuron fate.  
 

1.4.2 Extrinsic factor mediated differentiation – slow and steady 

A common approach to differentiate hPSCs into neurons is by supplementing the media with relevant 

extrinsic factors (small-molecules, growth factors and differing media conditions) mimicking the 

differentiation process without causing genetic manipulation to the cells. The extrinsic factor 

approach often involves multiple progenitor states, which each represent an important intermediate 

and progenitor cell type during the differentiation (Fig. 1.2). The use of extrinsic factors-alone has 

been widely used in the differentiation of hPSCs into multiple different neuronal classes, including 

cortical, dopaminergic, serotonergic, GABAergic, motor and sensory neurons (Abu-Bonsrah et al., 
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2019; Alshawaf et al., 2018; Amoroso et al., 2013; Denham and Dottori, 2011; Karumbayaram et al., 

2009; Lin et al., 2015; Lu et al., 2016; Yan et al., 2005; Zhang et al., 2014). Differentiation of hPSCs 

towards mixed cultures of sensory neurons can be derived by first mimicking differentiation steps 

relevant for the formation of caudal neural progenitors (CNPs) by inhibiting the activin/nodal 

signalling pathway and enhancing the WNT/ß-catenin signalling pathway, using the small-molecules 

SB431542 and CHIR99021, respectively (Denham et al., 2015). Exposure of the CNPs to the growth 

factors, bone morphogenic protein 2 (BMP2) and fibroblast growth factor 2 (FGF2), drives the 

differentiation of CNPs to neural crest cells by stimulating neural crest induction, proliferation, and 

migration (Denham et al., 2015; Kléber et al., 2005; LaBonne and Bronner-Fraser, 1999; Murphy et 

al., 1994; Sailer et al., 2005). Following the addition of neurotrophins relevant for each of the general 

sensory neuron subclasses including BDNF, GDNF, NT-3 and ß-NGF, the neural crest cells can then 

be differentiated into heterogeneous populations of sensory neurons (24% TRKC+ proprioceptors, 

17% TRKB+ LTMRs and 25% TRKA+ nociceptors) (Alshawaf et al., 2018). Studies that follow a 

similar extrinsic factor approach have characterized the generated neurons as either pan-sensory 

neurons (expressing ß-III-TUBULIN, BRN3A, ISLET1 and PERIPHERIN), mixed populations of 

sensory neurons (expressing TRKA, TRKB, TRKC or RET) and as nociceptors (Alshawaf et al., 

2018; Cai et al., 2017; Chambers et al., 2012; Eberhardt et al., 2015; Guo et al., 2013; Jones et al., 

2018; Young et al., 2014). Overall, optimisation of the precise concentrations, timing, and 

combinations of extrinsic factors have led to defined protocols for the generation of populations of 

sensory neurons. 

 

While the use of extrinsic factors to generate sensory neurons is effective, extrinsic factor-based 

differentiation protocols are limited by low reproducibility, varying neuronal yields, and 

contaminating cells within the cultures with inductions often being costly and time consuming to 

achieve pure populations of mature functional neurons. Extrinsic factor-based differentiations often 

result in proportions of contaminating cells within the cultures, this limitation is due to extrinsic 
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factors not exclusively directing the differentiation of hPSCs and progenitors to one cell type, but 

rather altering the relative proportions of specific cell types during the differentiations (Cohen and 

Melton, 2011). Additionally, extrinsic factor-based differentiations often have variability in the 

differentiation efficiency, for example, in a multi-site study investigating the reproducibility of 

neuronal differentiations in specific hPSC lines demonstrated high variability in the neuronal 

populations across five distinct laboratories (Hu et al., 2010; Johnson et al., 2007; Schwartzentruber 

et al., 2018; Volpato et al., 2018). In addition, hPSC lines can also respond differently to the same 

extrinsic factor-based neuronal differentiation protocols, resulting in the need for hPSC line-specific 

protocols (Wu et al., 2007). Extrinsic factor-based differentiations are also limited by multi-step 

processes that are time consuming and result in functionally variable neurons, often taking weeks-

months to generate mature and functional neurons (Johnson et al., 2007). Consequently, it is often 

difficult and expensive to generate neurons in vitro, especially if needed for large-scale drug 

screening assays. Additionally, there are few protocols using extrinsic factors-alone that are able to 

generate a single population of sensory neuron subtypes such as proprioceptors or LTMRs. 

Consequently, the study of sensory neurons requires alternative approaches to be utilised. 

 

1.4.3 Differentiation by forced expression of specific transcription factors - direct 

reprogramming 

The inherent limitations of extrinsic factor-based differentiations have led to a shift toward 

transcription factor-driven differentiation methods, owing to the ability to specifically target relevant 

genes involved in sensory neuron development for the rapid and reproducible generation of sensory 

neurons. A promising approach to generate functional populations of sensory neurons is by 

combining the use of extrinsic factors and the induced expression of lineage specific transcription 

factors at key developmental stages, mimicking sensory neurogenesis and developmental patterning 

(Boisvert et al., 2015; Busskamp et al., 2014; Nickolls et al., 2020; Pang et al., 2011; Schrenk-

Siemens et al., 2022, 2015). The potential to use induced expression of transcription factors to 
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generate specific neuronal subtypes was first demonstrated by reprogramming astrocytes into neurons 

using the transcription factor PAX6 (Heins et al., 2002). Induced expression of transcription factors 

can rapidly generate functional neurons (days – weeks), such as glutamatergic, motor, dopaminergic, 

serotonergic and sensory neurons, from progenitors, stem cells and fibroblasts at time scales 

significantly faster than extrinsic factor-based differentiation approaches (weeks – months) 

(Blanchard et al., 2015; Busskamp et al., 2014; Fernandopulle et al., 2018; Goparaju et al., 2017; Ho 

et al., 2016; Hulme et al., 2022; Schrenk-Siemens et al., 2015; Vadodaria et al., 2016). Pro-neural 

transcription factors (e.g. ASCL1, NGN2, NEUROD1 etc.) are often used to generate heterogenous 

populations of neurons straight from hPSCs or fibroblasts bypassing the progenitor states 

(Masserdotti et al., 2016), however, a combination of transcription factors extrinsic factors can also 

be utilised to drive the differentiation of specific neuronal populations (Fernandopulle et al., 2018; 

Goparaju et al., 2017; Guo et al., 2014; Masserdotti et al., 2016; Schrenk-Siemens et al., 2015; 

Vierbuchen et al., 2010). Induced expression of relevant transcription factors is performed through 

the use of plasmids, viruses or synthetic mRNA to obtain constitutive or inducible expression. While 

methods of transfecting and transducing cells can cause genetic modifications to the cell genome, the 

benefits of these approaches are that it provides a fast and robust method to generate various 

functional neurons (e.g., motor neurons, sensory neurons etc.). 

 

The starting cell type, reprogramming and culture environment and combination of transcription 

factors are all important considerations when differentiating to neuronal cells by induced transcription 

factor expression (Hulme et al., 2022; Masserdotti et al., 2016). For example, NGN2 has been used 

to drive cells to multiple different neuronal subtypes depending on the starting cell type (fibroblast 

vs hPSC vs progenitor), differentiation/culture environment (extrinsic factors/co-culture with glia) or 

by the combination of transcription factors (Busskamp et al., 2014; Goparaju et al., 2017; Heinrich 

et al., 2010; Ho et al., 2016; Liu et al., 2013; Schrenk-Siemens et al., 2015; Thoma et al., 2012; 

Zhang et al., 2013) (Fig. 1.3). Persistent expression of NGN2, with the addition of the TRKB receptor 
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ligand BDNF, drives mouse astroglia into functional glutamatergic neurons after 32 days in culture 

(Heinrich et al., 2010). Similarly, induced NGN2 expression in mouse PSC drives the differentiation 

to glutamatergic neurons (Thoma et al., 2012). However, changing the initial cell type or 

differentiation environment can alter cell fate as the combination of NGN2 overexpression with the 

small-molecules forskolin and dorsomorphin converts human fibroblasts to cholinergic neurons with 

motor neuron-like features (Liu et al., 2013). Furthermore, induced expression of NGN2, with the 

addition of growth factors (in this instance the TRKB and TRKC receptor ligands BDNF and NT-3, 

respectively) and coculture with glia, drives hPSCs into cortical excitatory neurons (Zhang et al., 

2013). Within the context of sensory neurons, induced expression of NGN2 for 24 h in hPSC-derived 

neural crest cells, combined with growth factors, can drive the differentiation of sensory neurons to 

a LTMR fate (Schrenk-Siemens et al., 2015). Combined expression of multiple transcription factors 

can also drive specific cell fate. For example, the induced expression of 5 transcription factors NGN1, 

NGN2, NGN3, NEUROD1 and NEUROD2, in conjunction with extrinsic factors, efficiently drives 

the differentiation of hPSCs and fibroblasts to motor neurons in 7 days (Goparaju et al., 2017). Thus, 

induced expression of transcription factors is an efficient method to quickly derive functional 

neurons, however, the choice of transcription factors, starting cell identity and the reprogramming 

environment are critical for subtype specification. Furthermore, there is a clear need to define lineage 

specific transcription factors in order to efficiently generate distinct types of neurons.  
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Figure 1.3: Induced expression of NGN2 can drive the differentiation of progenitors to multiple 
neuronal subtypes. The induced expression of NGN2 in fibroblasts, hPSCs or neural progenitor cells can 
drive the differentiation towards either mixed populations of neurons, cortical neurons, dopaminergic neurons, 
serotonergic neurons, motor neurons or sensory neurons. The differentiation can be biased to a specific 
neuronal type based on the starting cell type (hPSC vs neural progenitor), combination of extrinsic factors and 
media conditions, co-culture conditions or combination of transcription factors utilised.  
 

1.4.4 Induced expression of transcription factors to derive sensory neurons 

The induced expression of transcription factors has been used to rapidly generate sensory neurons 

directly from fibroblasts and hPSCs, bypassing progenitor states. Notably, the induced expression of 

the pan-sensory transcription factor, BRN3A, in combination with NGN1 or NGN2 can generate 

functional DRG sensory neurons from fibroblasts, hPSCs, and hPSC-derived neural crest cells 

(Blanchard et al., 2015; Nickolls et al., 2020). Expression of BRN3A and either NGN1 or NGN2 in 

fibroblasts produced a mixed population of DRG sensory neurons expressing general sensory neuron 

and subtype markers TRKA, TRKB, and TRKC, albeit at a low efficiency of 1% (Blanchard et al., 

2015). Of the successfully induced neurons, ~ 90% expressed the neuronal markers MAP2, TUJ1 and 

SYNAPSIN and populations of neurons within the cultures were selectively responsive to nociceptive 
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stimuli such as heat (capsaicin, 6% of neurons), cooling (menthol, 6%), or itch (mustard oil, 9%), 

with a small number of cells responsive to multiple conditions (Blanchard et al., 2015). Thus, the 

authors concluded the generation of a mixed population of functional DRG sensory neurons; 

however, profiling the proportion of neurons unresponsive to the tested stimuli for other sensory 

stimuli, such as mechanical stimulation, could be of interest. Additionally, the combination of 5 

transcription factors ASCL1, MYT1L, ISL2, NGN1 and KLF7 reprograms mouse and human 

fibroblasts into functional nociceptors bypassing progenitor states, with an efficiency of 14% and 5%, 

respectively (Wainger et al., 2015). However, when bypassing the progenitor cell type by inducing 

the expression of transcription factors in fibroblasts or hPSCs, the neuronal cultures can result in 

mixed populations of neurons, often with a low efficiency.  

 

The combined extrinsic factor and induced expression of transcription factors is a promising approach 

to generate populations of sensory neurons. Due to the critical role in driving sensory neurogenesis, 

NGN1 and NGN2, represent ideal lineage-specific transcription factors to generate nociceptors and 

mechanosensory neurons (LTMRs and proprioceptors), respectively. However, while the induced 

expression of NGN1 and NGN2 has been used to differentiate hPSCs and hPSC-derived neural crest 

cells into sensory neurons, the role in biasing sensory subtype fate in differentiation is unclear 

(Blanchard et al., 2015; Boisvert et al., 2015; Nickolls et al., 2020; Schrenk-Siemens et al., 2022). 

For example, the transient induced expression of NGN2 in hPSC-derived neural crest cells generates 

functional neurons capable of firing multiple action potentials and expressing general sensory 

markers, with a 17-fold and 7-fold increase in the expression of pan-sensory markers ISL1 and NF200 

compared to non-induced neurons, respectively. Furthermore, since the NGN2 directed wave of 

neurogenesis drives the differentiation of proprioceptors and LTMRs, Schrenk-Siemens et al. 

hypothesized that using NGN2 would bias the neural crest cells into mechanically sensitive neurons. 

The generated sensory neurons displayed responses to mechanical stimulation that could be reduced 

by using the broad-spectrum mechanosensitive inhibitor, ruthenium red, or completely removed when 
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knocking out the mechanosensitive channel PIEZO2, thus, concluding the generation of LTMRs 

(Schrenk-Siemens et al., 2015). However, other protocols that induce NGN2 expression report the 

generation of either LTMRs that also contain populations of neurons that respond to nociceptive 

stimuli or report the generation of nociceptors (Nickolls et al., 2020; Plumbly et al., 2022). Similarly, 

the induced expression of NGN1 in hPSC-derived progenitors generates sensory neurons that are 

reported to be nociceptors, however, the cultures also contain populations of neurons that can respond 

to nociceptive stimuli and/or mechanical stimuli or only low proportions of neurons that can respond 

to nociceptive stimuli (Boisvert et al., 2015; Holzer et al., 2022; Schrenk-Siemens et al., 2022). Thus, 

while the induced expression of lineage specific transcription factors is a promising approach to 

generate sensory neurons, further work is required to confirm the neuronal population and to fine-

tune the approach in order to generate specific subclasses of sensory neurons (e.g., proprioceptors vs 

LTMRs vs nociceptors). Additionally, by altering the starting cell type and length of transcription 

factor expression different DRG sensory subtypes can be generated (Nickolls et al., 2020). Induced 

expression of NGN2 and BRN3A in neural crest cells for 14 days generated cold-sensing LTMRs, 

while expression for only 1 day resulted in a general LTMR profile (Nickolls et al., 2020). Thus, the 

combination of extrinsic factors, transcription factors, length of expression, and the progenitor state 

during differentiation play a critical role in directing the differentiation of different DRG sensory 

neuron subtypes. 

 

1.4.5 Application of induced neurons 

The use of transcription factors to rapidly drive the differentiation of hPSCs towards functional 

neurons enables the use of hPSC-derived neurons for the study of neurodevelopmental and 

neurodegenerative disease as well as for drug toxicity screening and development of targeted 

treatments. Since functional neurons can be generated at rapid timescales, as opposed to extrinsic 

factor-based protocols, experiments that were previously performed in cancer or established cell lines 

can now be completed in more biologically relevant cell types and can be scaled for high throughput 
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screening assays. For example, through induced-NGN2 expression in hPSCs, Kondo et al. generated 

cortical neurons within 10 days using hPSCs derived from healthy individuals and patients with either 

familial or sporadic Alzheimer’s disease (Kondo et al., 2017). Using these cortical neurons, >1000 

compounds were screened, with 6 compounds identified as successfully lowering the number of 

aggregated amyloid b peptides, representing potential treatments for Alzheimer’s disease (Kondo et 

al., 2017). In addition to facilitating drug screening, generating functional neurons capable of firing 

action potentials and responding to stimuli allows for modelling of neuronal excitability, connectivity, 

synaptic plasticity, and interactions with non-neuronal cells such as glia (Meijer et al., 2019; 

Schmieder et al., 2022; Shih et al., 2021). Additionally, transcription factor induced neurons have 

also been used to model a range of conditions such as Schizophrenia, Fragile X Syndrome, 

Alzheimer’s disease, Motor Neuron Disease, and peripheral neuropathies (Graef et al., 2020; Holzer 

et al., 2022; Kondo et al., 2017; Pourshafie et al., 2022; Xu et al., 2018; Zhang et al., 2022). These 

models can be implemented to investigate the molecular mechanisms underlying neurological 

disorders and investigate potential therapeutics in a disease-specific context, which could ultimately 

lead to the development of treatments for these disorders. 

 

Induced expression of transcription factors to drive hPSCs into sensory neurons is a promising 

approach to model peripheral neuropathies. The fast maturation rate of neurons derived from 

transcription factor-based differentiations provides an efficient platform for high-throughput 

screening of drug compounds and disease modelling. Recent studies have utilised this platform to 

investigate peripheral neuropathies such as Friedreich’s Ataxia and chronic pain (Lai et al., 2019; 

Stacey et al., 2018). For example, Friedreich’s Ataxia is an autosomal recessive disease characterised 

by cardiomyopathy, progressive ataxia, and neurodegeneration of the cerebellum and DRG sensory 

neurons, specifically in the proprioceptors (Pandolfo, 2009). Lai et al. used a combination of extrinsic 

factors and the induced expression of the transcription factors, BRN3A and NGN1, to differentiate 

Friedreich’s Ataxia hPSCs into sensory neurons. While gene expression changes were observed, no 
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overt phenotype was detected in the mixed population of neurons (Lai et al., 2019); possibly due to 

a lack of neuronal maturity or that a potential phenotype in the proprioceptors was masked due to the 

mixed population of sensory neurons present. Consequently, there is a considerable need to refine 

differentiation approaches to generate specific sensory subtypes for disease modelling and drug 

screening to detect distinct phenotypes affecting specific sensory subclasses that are masked by 

heterogenous cultures of mixed sensory neurons.  

 

1.5 Summary and aims 

Sensory neurogenesis is a complex process involving a multitude of specification steps that are 

dictated by an interplay of intrinsic and extrinsic environmental cues. There are a plethora of diseases 

and sensory neuropathies associated with the dysfunction in the development or function of DRG 

sensory neurons. Mixed populations of sensory neurons can be modelled in vitro to some degree, 

however, there are limited methods that enable the study of mature, functional, and enriched 

populations of sensory neurons. One approach that provides promise for the study of disease 

mechanisms and drug screening is to use hPSCs to generate mature heterogenous and enriched 

cultures of sensory neurons in vitro. Both heterogenous and enriched cultures of sensory neurons 

would provide excellent platforms for the investigation of peripheral neuropathies and development 

of targeted therapies. For example, depending on the peripheral neuropathy, either all DRG sensory 

neuron subtypes or just one specific subpopulation (e.g., proprioceptor vs LTMR) may be affected. 

Studying peripheral neuropathies utilising both the heterogenous and enriched cultures could also 

determine the specificity of a disease phenotype or treatment to a specific subpopulation of sensory 

neurons. Thus, there is a need to generate heterogenous and enriched function populations of sensory 

neurons. Directed differentiation by inducing the expression of key transcription factors to mimic 

neurogenesis in a dish provides a promising avenue for the modelling of specific sensory neuron 

subtypes (e.g., proprioceptor vs nociceptor) and acts as a valuable tool in defining the biological basis 

on sensory neuropathies. 
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Thus, the major aim of the work described in this thesis was to derive DRG sensory neurons using 

a combined extrinsic factor and directed differentiation approach. 

 

The specific aims of the work described in this thesis were to: 

1. Enrich and isolate hPSC-derived neural crest cells. 

2. Examine the candidate transcription factors, NGN1 and NGN2, for driving the differentiation 

of hPSC-derived neural crest cells to sensory neurons.  

3. Examine the combination of candidate transcription factors, NGN2 and RUNX3 or NGN2 

and SHOX2, for driving the differentiation of hPSC-derived neural crest cells to 

proprioceptors and LTMRs, respectively. 

4. Investigate whether there are functional differences in the mechanosensory physiology 

between two classes of hPSC-derived mechanosensory neurons (induced proprioceptors vs 

induced LTMRs) and to determine the channel that is responsible for the response to 

mechanical stimulation in these hPSC-derived mechanosensory neurons. 
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2. Materials and methods  

Experiments carried out throughout the results Chapters are described in this section, methods 

specific for particular Chapters are described in the relevant results Chapters 3 – 5.  

 

2.1 Methods  

2.1.1 Plasmid design and amplification  

The DNA vectors used in this study include third-generation lentiviral packaging plasmids purchased 

from Addgene (Table 2.1), and lentiviral expression plasmids designed for Chapters 4 and 5 (details 

outlined in the respective Chapters).  

 

2.1.2 Bacterial transformation 

Bacterial transformations were conducted to generate new bacterial stocks of plasmids and to produce 

plasmid DNA for purification. Stbl3TM Escherichia coli (E. coli) were used for transformations of 

lentiviral plasmids, the stocks of Stbl3TM E. coli were a kind gift from Dr. Tracey Berg. The Stbl3TM 

E. coli were made chemically competent by incubation of the bacteria on ice for 30 min in the 

presence of 100 mM CaCl2, followed by centrifugation at 4000 x g for 5 min at 2˙C, the bacteria were 

then resuspended in 100 mM CaCl2 15% glycerol. Competent bacterial stock aliquots were snap 

frozen in liquid nitrogen and stored at -80˚C until use.  

 

For transformations, 100 µL of chemically competent Stbl3TM E. coli were thawed on ice, 50 – 100 

ng of the plasmid DNA, mixed gently, and further incubated for 30 min on ice. The bacteria were 

then heat-shocked at 42˚C on a heat block for 30 s and immediately transferred back to ice. 250 µL 

of lysogeny broth (LB, 1% (w/v) tryptone, 1% (w/v) NaCl, and 0.5% (w/v) yeast extract) was gently 

added to the heat-shocked bacteria which were allowed to recover for 1 h by incubation at 37˚C on 

an orbital shaker at 225 rpm. The transformed cultures were then spread onto LB agar plates (1.5% 

(w/v) agar, 1% (w/v) NaCl, 1% (w/v) tryptone, 0.5% yeast extract) containing the relevant antibiotic 
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(for plasmids listed in Table 2.1 the relevant antibiotic was 100 µg/mL ampicillin, A5354, Sigma), 

and incubated overnight at 37˚C. Each transformation also included plating bacteria on a “positive 

control” plate, without antibiotic, and a “negative control” plate in which untransformed Stbl3TM E. 

coli were seeded onto LB ampicillin (100 µg/mL) plates. 

 

To generate bacterial stocks for plasmid purification, a single bacterial colony was selected with an 

inoculation loop and added to 10 mL of LB with 100 µg/mL ampicillin in a 50 mL falcon tube and 

incubated at 37˚C, shaking at 225 rpm for 16 h. For bacterial stocks, the fresh bacterial suspension 

was mixed with 30% glycerol at a 1:1 ratio and stored at -80˚C. For plasmid purification, the 

suspension was immediately proceeded to plasmid purification.  

 

2.1.3 Plasmid DNA purification 

Plasmids were purified from overnight cultures of a single colony immediately following 

transformations or from bacterial stocks. When plasmids were required for purification, the bacterial 

stock was placed on ice and an inoculation loop was used to streak the bacteria of interest onto a LB 

agar plate containing the relevant antibiotic (100 µg/mL ampicillin) and the plate was incubated 

overnight at 37˚C. Using an inoculation loop, a single colony was selected from the plate and was 

incubated in 100 µg/mL ampicillin/LB, shaking at 225 rpm for 16 h at 37 ˚C. Plasmid DNA was 

extracted from the bacterial cultures using the QIAprep Spin Miniprep Kit (27106, Qiagen), 

according to the manufacturer’s instructions with modifications. Briefly, 10 mL of the bacterial 

culture suspension was centrifuged at 6800 x g (Heraeus Biofuge Primo, ThermoFisher) for 3 min. 

The supernatant was removed, and the bacterial pellet was suspended in 500 µL resuspension buffer. 

Bacterial cells were lysed using 500 µL lysis buffer, inverted to mix and then the reaction was 

neutralized using 700 µL neutralization buffer. To remove bacterial debris, the suspension was 

centrifuged at 12,000 rpm for 10 min at room temperature. The supernatant was loaded into a 

QIAprep 2.0 spin column and centrifuged at 12,000 rpm for 2 min, this was repeated until all the 
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supernatant was loaded. Plasmid DNA in the QIAprep 2.0 spin columns was purified by cycles of 

centrifugation for 2 min at 12,000 rpm and washes with the appropriate wash buffers (Qiagen PB and 

PE buffers). The plasmid DNA was eluted with UltraPure™ DNase/RNase-Free distilled water 

(10977015, ThermoFisher) and stored at -20˚C. Plasmid DNA concentration and quality was assessed 

using a Nanodrop spectrophotometer (2000c, ThermoFisher). 

 

2.1.4 HEK293T culture and lentiviral production  

HEK293T cells were a kind donation from Dr. Ben Rollo. HEK293T cells were maintained at 37˚C 

5% CO2 in DMEM/F12 5% Foetal Bovine Serum (FBS) (SFBS – F, Interpath) in a T75 flask, and 

passaged when the confluence reached 70 – 80% (~ every 4 – 7 days). HEK293T cells were passaged 

by incubating the cultures with Accutase (#00-4555-56, ThermoFisher) for 2 min, followed by 

washing the cultures in DMEM/F12 5% FBS with tapping to dislodge the cells. The HEK293T cells 

were collected into a 15 mL falcon tube and centrifuged at 200 x g for 2 min, the supernatant was 

removed and the HEK293T cells were resuspended in DMEM/F12 5% FBS. For maintenance, the 

HEK293T cells were split at a dilution of 1:10 (i.e., 10% of the HEK293T cells resuspension was 

seeded onto a fresh T75 flask in 13 mL complete media). For lentiviral production, a cell count was 

performed and the HEK293T were seeded at a density of 5,000,000 cells/T75 flask, to achieve 90-

100% confluence after 24 h in culture. For long term storage, 80 – 90% confluent HEK293T cells 

were passaged and resuspended in HEK293T freezing media (DMEM/F12, 10% DMSO, 5% FBS), 

placed in cryovials at a dilution of 1:8 and immediately transferred to a cryogenic cell vial freezing 

container and stored at -80˚C overnight, followed by transfer to a liquid nitrogen vapour cyrotank. 

 

When cultures reached 90 – 100% confluence (typically 24 h post-seeding), the HEK293T cells were 

co-transfected with 12 µg of the plasmid encoding for the DNA sequence of interest, or 12 µg of the 

reverse tetracycline transactivator vector FUW-M2rtTA (#20342, Addgene), with the lentiviral 

packaging plasmids: 6 µg pMDL (#12251, Addgene), 3 µg vSVG (#8454, Addgene), and 3 µg RSV 
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(#12253, Addgene) (Table 2.1), using polyethyleneimine (PEI) (408727, Sigma) at a ratio of 3:1 

PEI:DNA and Opti-MEM (#31985062, Life technologies).The four vectors were incubated together 

in Opti-MEM while PEI was separately incubated with Opti-MEM for 5 min, the two mixtures were 

mixed and incubated for 20 min to allow DNA/lipid complex formation. The DNA/lipid complexes 

were then added directly into the flask of HEK293T cells and incubated for 6 h. The transfection 

media was then replaced with DMEM/F12 5% FBS. Full media changes to collect the viral particles 

were conducted at 24 h, 48 h and 72 h post-transfection, the viral supernatant was stored at 4 ˚C in 

between collections. 72 h post transfection, the viral supernatants were combined and centrifuged at 

200 x g for 3 min and then filtered (0.45 µm pore size) to remove any cell debris. To collect the 

lentiviral particles, the supernatant was centrifuged at 23,500 rpm for 2.5 h, at 4 ˚C. The pelleted viral 

particles were resuspended in PBS+/+ at a 200x enrichment (170 µL from 1 x T75 flask), aliquoted 

and stored at -80 ̊C until use. Aliquots were not freeze-thawed more than once, as freeze-thaws 

resulted in a drastic reduction in viral titre. Following each round of lentiviral production, the viral 

particles were tested on hPSCs to confirm successful production and to assess approximate viral titre. 

Briefly, hPSCs were seeded at a density of 20,000 cells per well, transduced with lentiviral particles 

at volumes of either 0.5 µL, 1 µL, 2 µL and 5 µL and transcription factor expression was induced by 

the addition of 1 µg/mL doxycycline (D9891, Sigma). GFP fluorescence was monitored on an 

IncuCyte Zoom microscope and the percentage transduced (GFP+ cells) was used to calculate the 

optimal volume of viral particles required from the specific round of lentiviral production. Typically, 

1-2 µL/mL was the optimal viral volume to use, resulting in a high percentage of transduced cells, 

without causing cell death. 

 

Table 2.1: Concentrations and ratios of plasmids for HEK293T lentiviral production 
Plasmids Addgene number  DNA amount Ratio 
Construct of interest  - 12 ug 4 
pMDL 12251 6 ug 2 
vSVG 8454 3 ug 1 
pRSV 12253 3 ug 1 
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2.1.5 hPSC culture 

All experiments were approved by the University of Wollongong Human Ethics Committee 

(2017/375, 2020/450 and 2020/451) and University of Wollongong Institutional Biosafety 

Committee (GT18/03, GT19/08, GT19/09 and IBC2108). The hPSC line H9 (WA09, WiCell) was 

used throughout the work described in this thesis and the hPSC line 007 (A kind donation from Alice 

Pebay, Centre for Eye Research Australia, University of Melbourne) were utilised in Chapter 3.  

 

The hPSCs were maintained on vitronectin XF™ (#07180, STEMCELLTM Technologies) coated T25 

flasks using TeSR-E8 media (#5990, STEMCELLTM Technologies), at 37˚C in a humidified 

incubator at 5% CO2. Media changes were conducted every 1 – 3 days depending on confluence and 

hPSCs were passaged when cultures reached a confluence of 60 – 70%, which was approximately 

every 5 – 7 days. hPSCs were passaged by rinsing the cell with DPBS- (14190250, ThermoFisher) 

followed by a 3 min incubation in 0.5 mM EDTA/DPBS-. The EDTA/DPBS- was removed and 

hPSCs were resuspended in TeSR-E8 and dislodged from the culture flask by gentle tapping. For 

maintenance, hPSCs were transferred into a vitronectin coated T25 flask at a 1:5 - 1:10 dilution 

depending on the desired cell density. The remaining hPSCs were placed in a falcon tube for seeding 

in the required experiments.  

 

hPSC passage number, morphology and growth rate was monitored; and abnormal and/or high 

passage number hPSCs cells (>15 passages post-thaw) were not used for experimentation. 

Additionally, mycoplasma testing was regularly conducted on the culture supernatant by the IHMRI 

Technical Service Unit (TSU). To ensure experiments were only conducted on karyotypically normal 

hPSCs, cultures were grown to 70% confluence and sent to Southern IML pathology for karyotyping. 

For each line, karyotyping was conducted on 15 cells at a resolution of 400 bands per haploid set. 
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For long term storage, hPSC stocks were generated. hPSCs were passaged as previously described, 

however, following resuspension, hPSCs were centrifuged at 200 x g for 3 min. The supernatant was 

aspirated and hPSCs were resuspended in 10% DMSO/TeSR-E8 media, placed in cryovials at a 

dilution of 1:3 and immediately transferred to a cryogenic cell vial freezing container and stored at -

80˚C overnight. For long term storage the cryovials were transferred to a liquid nitrogen vapour 

cryotank. To recommence hPSC culture from stocks, cryovials containing the desired hPSCs were 

thawed in a 37˚C water bath and cultures were dropwise resuspended in TeSR-E8. To remove any 

DMSO from the cultures, the hPSCs were centrifuged at 200 x g for 3 minutes, resuspended in TeSR-

E8 and seeded into a T25 flask.  

 

2.1.6 hPSC differentiation to sensory neurons 

hPSC differentiation to sensory neurons was based on previously published methods by (Alshawaf et 

al., 2018), with modifications. Generation of sensory neurons involved the stepwise differentiation 

of hPSCs to CNPs, to neural crest spheres, to migrating neural crest cells and finally to sensory 

neurons, as described below.  

 

2.1.6.1 hPSC differentiation to CNPs 

To generate CNPs, hPSCs were passaged and placed in a 15 mL falcon tube and centrifuged at 200 

x g for 3 min. To generate single cell cultures, hPSCs were lifted by enzymatic digestion using 

Accutase for 2 min, then the Accutase was inactivated by the addition of TeSR-E8, and the cell 

suspension was centrifuged at 200 x g for 3 min. The supernatant was removed and hPSCs were 

resuspended in TeSR-E8 supplemented with 10 µM Y-27632 (72302, STEMCELLTM Technologies) 

and a cell count was performed. hPSC were seeded at a density of 20,000 cells/dish in organ culture 

dishes (60 x 15mm, 353037, Corning) previously coated with 10 μg/mL laminin/PBS (23017015, 

ThermoFisher) for 24 h, at 4 ̊C, in TeSR-E8 supplemented with 10 µM Y-27632. Following 24 h (day 

1), the media was replaced with Neural Induction Media (Components outlined in Table 2.2.), 
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supplemented with 3 μM CHIR99021 (SML1046, Sigma), and 10 μM SB431524 (72234, 

STEMCELLTM Technologies). On day 3, a full media change with Neural Induction Media 

supplemented with 3 μM CHIR99021 and 10 μM SB431524 was repeated to direct the differentiation 

to CNPs. On day 5, CNPs were either fixed for staining or harvested for neurosphere formation.  

 

2.1.6.2 Differentiation of CNPs to neural crest cells 

Neurospheres were generated using day 5 CNPs. CNPs were harvested by washing cultures twice 

with DPBS-, followed by a 4 min incubation with 0.5 mM EDTA/DPBS-. The 0.5 mM EDTA/DPBS- 

was removed and CNPs were lifted after multiple washes in Neuronal Media (Components outlined 

in Table 2.3.) and scraping using a P1000 pipette. The scraping was conducted to keep the CNPs in 

clumps rather than pipet sloughing, which would dissociate the clusters into single cells. The 

resuspended CNPs were placed in a falcon tube and centrifuged at 200 x g for 3 min. The supernatant 

was removed and the CNPs were gently resuspended in Neuronal Media supplemented with 20 ng/mL 

FGF2 (#78003, STEMCELLTM Technologies) and 10 ng/mL BMP2 (RDS355BM010, In Vitro 

Technologies). Using a P200 multichannel pipette, 100 µL/well of the resuspended cell clumps were 

plated into ultra-low attachment U-bottom 96-well plates (CLS7007, Sigma). To direct the clusters 

towards the middle of the well, the plates were centrifuged at 200 x g for 4 min. Neurosphere 

formation could be observed after 24 h. On day 8, 50 μL/well of Neuronal Media supplemented with 

20 ng/mL FGF2 and 10 ng/mL BMP2 was added, and half-media changes were conducted every 3rd 

day. After 7 days as neurospheres (differentiation day 12), the neurospheres were collected and plated 

for differentiation to sensory neurons.  

 

2.1.6.3 Enriching for neural crest cells 

Prior to plating the neurospheres, sterile 12- or 13-mm glass cover slips were placed in 24-well plates 

and/or wells from 12-well plates were coated in 10 μg/mL Poly-D-Lysine (P6407, Sigma-Aldrich) 

for 30 min at room temperature, washed twice with PBS and then coated with 10 μg/mL laminin at 
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4˚C for 16 h. To enrich for migrating neural crest cells, on differentiation day 12 the neurospheres 

were plated as whole spheres on previously coated coverslips using a P1000 pipette as a droplet and 

incubated for 20 – 30 min to ensure neurosphere attachment. Once attached, neurosphere laden wells 

were filled with Neuronal Media supplemented with 10 μM Y-27632. On day 14 (48 h after 

neurosphere plating), the neurospheres were removed using a P200 pipette, leaving behind migrating 

neural crest cells.  

 

2.1.6.4 Transduction and differentiation of neural crest cells to sensory neurons 

To investigate the use of transcription factors to generate specific sensory neuron subtypes from  

migrating neural crest cells, the neural crest cells were transduced with 1 – 2 µL/mL of lentiviral 

particles containing the appropriate control or transcription factor DNA sequence and 1 – 2 µL/mL 

FUW-M2rtTA lentiviral particles for 16 h in Neuronal Media supplemented with 10 μM Y-27632, 

10 ng/mL BDNF (78005, STEMCELLTM Technologies), 10 ng/mL GDNF (78058, STEMCELLTM 

Technologies), 10 ng/mL NT-3 (78074, STEMCELLTM Technologies), and 10 ng/mL ß-NGF (78092, 

STEMCELLTM Technologies). To remove any virus and to induce transcription factor expression, a 

full media change was conducted on the following day (differentiation day 15) removing the viral 

medium and replacing with 1 µg/mL doxycycline (D9891, Sigma) Neuronal Media supplemented 

with 10 μM Y-27632, 10 ng/mL BDNF, 10 ng/mL GDNF, 10 ng/mL NT-3 and 10 ng/mL ß-NGF. 

Transcription factor expression was induced by the addition of doxycycline for 96 h (differentiation 

days 15-19). To select for successfully transduced cells, 1 µg/mL puromycin (73342, STEMCELLTM 

Technologies) was added for 48 h (day 17 – 19).  

 

To mature the progenitors into sensory neurons, media changes of Neuronal Media supplemented 

with 10 μM Y-27632, 10 ng/mL BDNF, 10 ng/mL GDNF, 10 ng/mL NT-3 and 10 ng/mL ß-NGF 

were conducted every 2 – 3 days. To functionally mature the sensory neurons and mimic the nervous 

system extracellular environment BrainPhys™ Neuronal Medium (Components outlined in Table 
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2.4.) was phased into the Neuronal Media beginning on differentiation day 22 (25:75, 50:50, 75:25, 

100:0 BrainPhys™: Neuronal Media), with the same concentrations of growth factors as specified 

above in each media change. Between differentiation days 25 – 27, proliferating cells in the culture 

were removed using 2.5 µM, of the anti-mitotic agent, cytosine β-D-arabinofuranoside (AraC) 

(C1768, Sigma) for 48 h. If neurons began to detach or cluster together, 1 μg/mL laminin was 

supplemented into the media to promote reattachment. The neurons were matured until day 34 and 

were then fixed for immunocytochemistry or harvested for total RNA extraction. Calcium imaging 

and patch-clamp functional analyses were performed between days 34 – 48.  

 

 

Figure 2.1: Differentiation of hPSCs into sensory neurons. Schematic of the protocol to derive sensory 
neurons (SNs) and induced sensory neurons (iSNs). Briefly, the protocol involves the formation of caudal 
neural progenitors (days 1 – 5) and neurospheres (days 5 – 12). To enrich for migrating neural crest cells, 
neurospheres were plated down onto a monolayer (day 12) and then removed after 48 h (day 14). Neural crest 
cells were virally transduced with viral particles containing rTTA and the DNA sequence of interest (day 14). 
Expression was induced for 96 h by the addition of doxycycline (days 15 – 19) and successfully transduced 
cells were selected by puromycin resistance (days 17 – 19). Proliferating cells were removed using AraC (days 
24 – 26). The cultures were sampled for staining and RT-qPCR (day 34) or for calcium imaging and patch-
clamping (day 34 – 48). 
 

Table 2.2: Media and components for Neural Induction Media  
Reagent  Catalogue 

number  
Company  Volume to make 500 mL 

(mL) 
Neurobasal medium 21103-049 ThermoFisher 237 
DMEM/F12   237 
N-2 supplement (100x) 17502-048 ThermoFisher 5 
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B-27 supplement without vitamin A 
(50x) 

12587-010 ThermoFisher 10 

Insulin-transferrin-Selenium-A 
(100x) 

51300-044 ThermoFisher 5 

2 mM L-glutamine 25030149 Life 
Technologies 

2.5 

0.3% glucose G8769 Sigma  3.3 
 

Table 2.3: Media and components for Neuronal Media  
Neuronal Media  
Reagent  Catalogue 

number 
Company  Volume to make 500 mL 

(mL) 
Neurobasal medium 21103-049 ThermoFisher 475 
N-2 supplement (100x) 17502-048 ThermoFisher 5 
B-27 supplement without vitamin A 
(50x) 

12587-010 ThermoFisher 10 

Insulin-transferrin-Selenium-A 
(100x) 

51300-044 ThermoFisher 5 

L-glutamine (100x) 25030149 Life 
Technologies 

5 

 

Table 2.4: Media and components for BrainPhys Media  
BrainPhys media  
Reagent  Catalogue 

number  
Company  Volume to make 500 

mL (mL) 
BrainPhys™ Neuronal 
Medium 

05790 STEMCELLTM 
Technologies 

500  

NeuroCult™ SM1 Without 
Vitamin A 

05731 STEMCELLTM 
Technologies 

10 

N2 Supplement-A 07152 STEMCELLTM 
Technologies 

5 

 

2.1.7 RNA purification  

RNA was purified using the PureLink™ RNA Mini Kit (12183025, ThermoFisher) according to the 

manufacturer’s instructions. To collect RNA from the neuronal cultures, the media was aspirated, 

cells were washed twice with PBS and lysed using PureLink Lysis buffer supplemented with 1:100 

ß-mercaptoethanol. To precipitate the RNA, the lysate was mixed in equal parts with 70% ultra-pure 

ethanol (E7023, Sigma) and then loaded onto a PureLink RNA spin column. The RNA was purified 

by cycles of centrifugation for 2 min at 12,000 rpm and washes with the appropriate wash buffers. 

The cycle using wash buffer II was repeated twice to improve RNA purity. RNA was resuspended 

and eluted in UltraPure™ DNase/RNase-Free distilled water (10977015, ThermoFisher). RNA 

concentration and quality was assessed using a Nanodrop spectrophotometer, RNA samples that 
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passed the quality control check (A260:280 >= 2.0, A260:230 > 1.5) were utilised for RT-qPCR. 

RNA either was stored at -80˚C or proceeded immediately to cDNA synthesis, freeze-thaws were 

minimised to prevent RNA degradation.  

 

2.1.8 cDNA synthesis  

Using up to 1 µg of RNA per reaction, genomic DNA was removed, and the RNA was reverse 

transcribed into cDNA using the iScript™ gDNA Clear cDNA Synthesis Kit (1725035, Bio-Rad), as 

per the manufacturer’s guidelines. Briefly, genomic DNA was digested by incubating the RNA with 

iScript DNase at 25˚C for 5 min followed by DNase inactivation at 75˚C for 5 min, in a 

MastercyclerTM. RNA was then reverse transcribed into cDNA by incubating the RNA with the 

iScript Reverse Transcription Supermix in a MastercyclerTM with a temperature protocol of 25˚C for 

5 min, 46˚C for 20 min and 95˚C for 1 min. cDNA yield was determined (Nanodrop), diluted to 20 

ng/µL and stored at -20˚C until used for RT-qPCR. 

 

2.1.9 RT-qPCR  

RT-qPCR was conducted using the PowerUP SYBR green master mix (A25778, ThermoFisher) in a 

QuantStudio 5 real-time PCR system (Applied Biosystems) using the fast run mode settings, 

following the manufacturer’s instructions. Briefly, for each well, 1 µL of cDNA was combined with 

400 nM (0.8 µL) forward primer, 400 nM (0.8 µL) reverse primer, 10 µL PowerUP SYBR green 

master mix and 7.4 µL UltraPure™ DNase/RNase-Free distilled water (final reaction volume of 20 

µL) in a 0.1 mL MicroAmp Fast 96-well Reaction Plate (4346907, LifeTechnologies), sealed with 

MicroAmp™ Optical Adhesive Film (4311971, ThermoFisher), and centrifuged at 200 x g for 1 min. 

The reaction plate was placed into the QuantStudio 5 instrument and was run on fast mode (reactions 

were heated to 50˚C for 2 min, then 95˚C for 2 min followed by 40 cycles of denaturation (95˚C, 1 s) 

and annealing/extension (50 – 62˚C, 30 s), according to the optimised primer annealing/extension 

temperature (Table 2.5). A melt curve was conducted by ramping the temperature to 95˚C for 15 s, 
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60˚C for 1 min followed by 95˚C for 15 s. Primers were either designed using Primer-BLAST or were 

purchased from Sigma KiCqStart. To determine the primer efficiency and optimal annealing and 

extension temperature for each primer, a standard curve, testing temperatures between 50 – 62˚C 

using a 1:2 serial dilutions of a pooled cDNA sample comprising of cDNA from various cell types, 

differentiations and differentiation stages was conducted. The primer efficiency was calculated using 

the QuantStudioTM Design and analysis software v1.5.1, with a primer efficiency of between 80-

110% accepted for use in experiments. Additionally, to monitor for contamination or primer dimer 

formation, a non-template control using UltraPure™ DNase/RNase-Free distilled water instead of 

cDNA was included in all RT-qPCR experiments. For the RT-qPCR experiments, the cycle threshold 

(Ct) was determined using the QuantStudioTM Design and analysis software v1.5.1. Relative gene 

expression was determined by normalising the Ct of the gene of interest to the average Ct of the 

housekeeping genes GAPDH, B2M and PPIA (∆Ct), then comparing the change in the gene of interest 

normalised to the average gene of interest in the SN cultures (∆∆Ct) and were presented as the fold 

change in gene expression compared to the SN cultures (2-∆∆Ct). Calculated by: 

∆Ct = Ct (gene of interest average) – Ct (housekeeping average) 

∆∆Ct = ∆Ct (Sample) – ∆Ct (SN Control average) 

Fold gene expression = 2-∆∆Ct 

 

Table 2.5: Primer list 
Gene 
name  

Protein 
name  

Forward primer 5’-3’ Reverse primer 5’-3’ Annealing/exte
nsion 
temperature 
(˚C) 

GAPDH GAPDH TCGGAGTCAACGGATTT
GGT 

TTCCCGTTCTCAGCCTT
GAC 

60 

PPIA PPIA ACGTGGTATAAAAGGGG
CGG 

CTGCAAACAGCTCAAA
GGAGAC 

60 

B2M b2 
microglob
ulin 

AAGGACTGGTCTTTCTA
TCTC 

GATCCCACTTAACTATC
TTGG 

60 

NTRK1 TRKA CTCCAACACGGAGGCAA
TCG 

CGCATGATGGCGTAGAC
CTC 

60 

NTRK2 TRKB ACCCGAAACAAACTGAC
GAG 

TCCTGAGTGTCTGGACT
GGA 

60 
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NTRK3 TRKC GATTATTACAGGGTGGG
AGG 

AAGCTCCATACATCACT
CTC 

60 

POU4F1 BRN3A AACTGGACCTCAAAAAG
AAC 

GATAACGGACACTCCA
AATC 

59 

ISL1 ISLET1 CTAATATCCAGGGGATG
ACAG 

CTGGTAACTTTGTACTT
CCAC 

60 

SCN9A Nav1.7 AAAGGGAAAACAATCTT
CCG 

TGTACTCGACATTTTTG
GTC 

60 

SCN10A Nav1.8 AAAGGAGAAGAAGTTCC
AGG 

GGTTAAAGGTGATCCAT
TGTG 

58 

SCN11A Nav1.9 CAGTCTTCTTCTTCATTG
TGG 

CCTCCTTTTCCTCCTTTA
AC 

59 

RUNX1 RUNX1 GTTTCGCAGCGTGGTAA
AAGA 

GCACTGTGGGTACGAA
GGAA 

59 

RUNX3 RUNX3 ATGACGAGAACTACTCC
G 

TCAGGGTGAAACTCTTC
C 

60 

MAF MAF GTACAAGGAGAAATACG
AGAAG 

TATGAAAAACTCGGGA
GAGG 

58 

SHOX2 SHOX2 CCTCACTGACCATCCCT
CGT 

TCGTGAGATCCCTGGTC
CTG 

60 

RET RET ATGAAGATTTCGGATTT
CGG 

ACCAAAAGACCATACA
TCAC 

60 

PVALB PARVAL
BUMIN  

TCGACCACAAAAAGTTC
TTC 

TTTAGGATGAATCCCAG
CTC 

60 

SPP1 OSTEOP
ONTIN 

GACCAAGGAAAACTCAC
TAC 

CTGTTTAACTGGTATGG
CAC 

60 

ACCN2 ASIC1 CAAAAGACACAACCCGT
G 

ATGGTGAGGTAGGATGT
TG 

60 

PIEZO1 PIEZO1 GAGGATGTTCAACCAGA
ATC 

GGAAGAGGTTGAGATG
ATTG 

58 

PIEZO2 PIEZO2 GGTTGTTTGGTATCAAG
TCAG 

AGAGTGAGTACATCACC
AG 

60 

TRPC3 TRPC3 GGAATGATGTGGTCTGA
ATG 

AAGGAAAGCTAGGAAT
CTGG 

60 

TRPA1 TRPA1 ATATTAGCAACTGCTTC
TGC 

TTTTATGTCTACTTGGG
CAC 

59 

TRPV1 TRPV1 AAAACTGGAGACTATTT
CCG 

TCCCTCGGAAAAAGAA
GTAG 

59 

TRPM8 TRPM8 GAAGCTGCTTTGGTACT
ATG 

ACTGTCTCACTTCATCA
CAG 

60 

 

2.1.10 Immunocytochemistry  

When cultures reached the required stage for staining, the cells were washed with PBS 3 times and 

fixed with 4% paraformaldehyde (PFA)/PBS for 20 min, at room temperature, and then PBS washed 

for 3 times to remove the PFA/PBS. Cells were permeabilised with 0.1% triton/PBS for 10 min and 

then blocked in 10% donkey serum/PBS (D9663, Sigma) for 1 h at room temperature. Samples were 

then incubated with the appropriate primary antibody (Table 2.6) in 10% donkey serum/PBS 

overnight at 4˚C. Following the overnight incubation, the coverslips were washed with PBS 3 times 
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for 5 min and then the samples were incubated with the appropriate secondary antibody (Table 2.6) 

in the dark in 10% donkey serum/PBS for 1 h at room temperature. The secondary antibody solution 

was removed, and the samples were washed 3 times for 5 min in PBS and counter-stained with 1:1000 

DAPI (D9542, Sigma) for 15 min. DAPI stain excess was removed after 3 repetitive 5 min PBS 

washes. The coverslips were mounted with a drop of ProLong™ Gold Antifade Mountant (P36934, 

Life Technologies Australia) onto microscope slides (MENSF41296P, ThermoFisher), were dried in 

the dark at room temperature for 48 h, and the edges were sealed using clear nail polish. Stained 

microscope slides were stored at 4˚C in a dark microscope slide container until imaged. Images were 

taken using a Leica confocal SP8 microscope and exported using ImageJ (FIJI) software. Cell counts 

were performed using the cell count FIJI tool and the percentage positive cells for a particular nuclear 

antibody stain was determined by the calculation: 

% Positive cells = (number of positive cells) ÷ (number of nuclei) * 100% 

 

Table 2.6: Primary and secondary antibody details and dilutions for immunocytochemistry  
Antibody  Species  Dilution  Catalogue number  Company  
P75NTR Mouse  1:500 M-1818-100 Biosensis 
SOX10 Goat  1:100 RDSAF2864 R&D Systems 
OCT4 Mouse  1:200 Sc-5279 Santa Cruz 

Biotechnology 
SOX2 Goat 1:200 RDSAF2018SP R&D Systems 
NANOG Mouse  1:100 Sc-293121 Santa Cruz 

Biotechnology 
PAX3/7 Mouse  1:500 Sc-365843 Santa Cruz 

Biotechnology 
ISLET1 Rabbit  1:500 ab20670 Abcam 
BRN3A Mouse  1:500 MAB1585 Millipore 
ß- III TUBULIN Mouse  1:500 MAB1637 Millipore 
MAP2  Mouse  1:500 M4403 Sigma 
PERIPHERIN Rabbit  1:500 Ab4666 Abcam 
NF200 Mouse  1:500 N0142 Sigma 
TRKA Goat 1:400 RDSAF175 R&D Systems 
TRKB Mouse  1:100 NOVNBP147898 Novus Biologicals 
TRKC Rabbit  1:250 7H3L20 ThermoFisher 
NGN2 Rabbit  1:250 PA5-78556 ThermoFisher 
NGN1 Mouse  1:250 MA5-24900 ThermoFisher 
RUNX3 Mouse  1:250 ab135248 Abcam 
SHOX2 Mouse  1:500 ab55740 Abcam 
RUNX1 Mouse  1:500 MAB23991 R&D Systems 
vGLUT1 Rabbit  1:500 ab72311 Abcam 
TRPV1 Rabbit  1:1000 NB120-3487 Novus Biologicals 
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Donkey-anti-mouse 
IgG-488 

- 1:500 ab150109 Abcam 

Donkey-anti-rabbit 
IgG-555 

- 1:500 ab150062 Abcam 

Donkey-anti-goat 
IgG-647 

- 1:500 ab150135 Abcam 

Donkey-anti-mouse 
IgG-647 

- 1:500 ab150111 Abcam 

Donkey-anti-
sheep/goat IgG-647 

- 1:500 ab150111 Abcam 

 

2.1.11 Protein harvesting and quantification  

To confirm the overexpression of the transcription factors, total protein was harvested from the hPSCs 

cultures for western blotting. Cultures were washed three times in PBS and lysed by scraping with 

RIPA buffer (R0278, Sigma) supplemented with protease inhibitor cocktail (P8340, Sigma). To 

ensure complete lysis, the cultures were collected and incubated on ice for 20 min and vortexed every 

5 min. The cell lysate was centrifuged at 12,000 rpm for 20 min at 4˚C and the supernatant was 

collected and stored at -80˚C until further analysis. The total protein concentration was determined 

via a Detergent-compatible (DC) colorimetric assay (5000112, Bio-Rad) following the 

manufacturer’s instructions. Briefly, a standard curve was conducted using BSA standards solubilized 

in RIPA buffer at the concentrations of 1.5 mg/mL, 0.75 mg/mL, 0.375 mg/mL, 0.185 mg/mL, 0.0925 

mg/mL and 0 mg/mL. The absorbance at 750 nm was measured using a SPECTROstarNano 

spectrophotometer (BMG Labtech) and total protein concentration was determined by interpolation 

to the BSA standard curve.  

 

2.1.12 Western blotting 

The protein samples were resuspended to a final concentration of 5 µg in sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE) loading buffer (5% v/v b-mercaptoethanol (M7154, 

Sigma), 2x Laemmli ([0.01% v/v bromophenol blue, 25% v/v glycerol, 2% v/v SDS, 62.5 mM Tris-

HCl, pH 6.8]), denatured at 95˚C for 5 min and then placed on ice. Samples were separated by SDS-

PAGE electrophoresis at 100 volts (V) for 1 h on 4–20% Criterion™ TGX Stain-Free™ Protein Gels 

(5678095, Biorad, 1656001, Bio-Rad) and 1x SDS-page running buffer (192 mM glycine, 3.5 mM 
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SDS, 25 mM Tris-hydroxymethyl-methylamine). Following protein separation, the 4–20% 

Criterion™ TGX Stain-Free™ Protein Gel (M3148, Bio-Rad) were activated by a GelDoc XR+ 

(BioRad). Protein samples were transferred onto a 0.45 μm pore polyvinylidene difluoride (PVDF) 

membrane (IPVH00010, Millipore), previously activated in cold 100% methanol, using a Criterion 

blotter (1704070, Bio-Rad) at 100 V in transfer buffer (192 mM glycine, 20% v/v methanol, 25 mM 

tris-hydroxymethyl-methylamine) for 1.5 h. Following transfer, the membranes were washed in 

0.05% Tween (P1379, Sigma) in PBS (PBST) on a rocker and imaged using GelDoc XR+ for total 

protein. Membranes were blocked with 10% milk/PBS rocking for 1 h, at room temperature. 

Membranes were incubated with the appropriate primary antibody (Table 2.7) in 10% milk by 

rocking for 16 h at 4˚C. The primary antibodies were removed by washing 4 times with PBST over a 

period of 20 min. The membranes were incubated with the appropriate secondary antibody (Table 

2.7) rocking for 1 h at room temperature. The membranes were then washed four times with PBST 

and then incubated in the dark for 5 min with Clarity Western ECL substrate (1705060, Bio-Rad), 

and imaged using the Amersham Imager 600 (GE Industries, UK) with the settings at: 

chemiluminescence, manual, colorimetric marker. To probe the same membranes with a different 

antibody, the previous antibody was stripped from the membrane using Restore™ Western Blot 

Stripping Buffer (21059, Life Technologies) for 20 min, washed four times in PBST and incubated 

with the appropriate primary antibody.  

 

Table 2.7: Primary and secondary antibody details for western blotting 
Antibody name  Host   Species 

reactivity  
Dilution  Catalogue 

number  
Company  

NGN1  Mouse  Human  1:1000 MA5-24900 ThermoFisher  
NGN2  Rabbit  Human, 

Mouse, Rat 
1:3000 PA5-78556 ThermoFisher 

RUNX3  Mouse  Human, 
mouse 

1:3000 ab135248 Abcam 

SHOX2  Mouse  Human, rat 1:3000 ab55740 Abcam  
GAPDH Mouse  Human  1:20,000 G8795  Sigma 
GAPDH Rabbit  Human  1:20,000 G9545 Sigma 
RUNX1 Mouse  Human  1:3000 MAB23991 R&D Systems 
Goat Anti-Mouse IgG H&L 
(HRP) 

- - 1:10,000 ab97023 Abcam  
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Goat Anti-Rabbit IgG Antibody, 
(H+L) HRP conjugate 

- - 1:10,000 ap307p Merk Millipore 

 

 2.1.13 Calcium imaging 

When the sensory neuron cultures reached the required maturity (differentiation day 34 – 48), the 

neurons were incubated in Calcium imaging Bath Solution (CBS) (160 mM NaCl, 2.5 mM KCL, 5 

mM CaCl2, 1 mM MgCl2, 10 mM HEPES 5 mM Glucose, pH 7.4, 320 mOsm/kg) with 6 µM of the 

ratiometric cell-permeable dye Fura-2AM (F1221, ThermoFisher), and 0.04% Pluronic F-127 

(P2443, Sigma) for 40 min at 37˚C 5% CO2. Cultures were then washed with CBS and incubated for 

20 min at 37˚C 5% CO2. Coverslips containing the neuronal cultures were gently transferred to a 

Warner Series 20 Chamber (Warner Instruments, USA) and the bath was filled with 1 mL of CBS. 

The system was then attached to an imaging platform (Warner Instruments, USA) attached to a 

MasterFlex C/L peristatic pump (MasterFlex, Germany), previously primed with CBS. Cultures were 

perfused with CBS at a rate of 1 mL/min during the entire imaging duration. Calcium experiments 

were conducted using a DMi8 epi-fluorescent microscope (Leica Microsystems) and a dichromatic 

filter for dual excitation at 340 nm and 380 nm. Using the Leica calcium imaging software (LAS-X 

calcium imaging) the 340 and 380 channels were imaged every 0.7 s using 20x dry magnification, 

with imaging parameters set at 2x2 binning, 100 ms exposure (exposure varied based on the mercury 

lamp settings), 16-bit size. Each experiment began with 2 – 4 min of CBS perfusion to establish a 

fluorescence baseline and assess whether any cells displayed spontaneous activity. Following the 2 – 

4 min, the cultures were perfused with CBS containing required agonist (Table 2.8) followed by 60 

mM KCl, with bath solution washes before and after agonist and KCl treatments. All agonists used 

in experiments were made fresh on the day of experiments and were used at concentrations that 

selectively activated the channel of interest. All imaging experiments were conducted in the dark.  

 

Table 2.8: Agonists used in calcium imaging experiments  
Agonist  Final concentration 

for calcium imaging  
Stock details Storage  Catalogue 

number  
Company  

Glutamate 10 µM 20 mM stock in 1M 
NaOH 

4 ˚C G8415 Sigma  
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K2ATP  20 µM 400 mM in Ultrapure 
water, pH adjusted to 
7.4 with KOH  

-20 ˚C  A8937 Sigma 

Allyl 
isothiocyanate 
(AITC) 

100 µM 10 mM stock in 
DMSO 

4 ˚C 377430 Sigma  

Capsaicin  1 µM 10 mM stock in 
ethanol 

4 ˚C M2028 Sigma  

Menthol  250 µM 500 mM stock in 
DMSO 

4 ˚C M2772 Sigma  

GSK1702934A 1 µM 1m M in DMSO 4˚C SML2323 Sigma  
 

Regions of interest (ROIs) around the soma of each neuron as well as a background ROI in an area 

with no neurons or neurites present were manually drawn using the LAS-X calcium imaging software 

and the resulting 340/380 values vs time traces were exported as comma separated values. Traces for 

each cell were then generated by calculating:  

DF340/380 = (340/380 fluorescence ratio) – (average 340/380 fluorescence ratio of the first 30 – 60 

s) 

 

The maximum of the responses to the agonist and KCl were calculated using a custom script written 

on Python software developed by Dr. Nicholas Marzano available on: 

https://doi.org/10.5281/zenodo.7460899. The percentage response was calculated by: 

Percentage response = (maximum of agonist) ÷ (maximum of KCl) * 100 

To determine the proportion of responsive cells, a signal to noise cut-off threshold of 2% (of maximal 

response) was set as values below the threshold were indistinguishable from noise and thus classified 

as “no response”.  

 

2.1.14 Electrophysiology whole-cell patch-clamping  

When cultures reached the required maturity (differentiation day 34 – 48), coverslips bearing sensory 

neurons were transferred to the recording chamber of an inverted microscope (Nikon) filled with 

~500 µL extracellular buffer (135 mM NaCl, 2 mM CaCl2, 2 mM MgCl2, 5 mM KCl, 10 mM glucose, 

10 mM HEPES, pH 7.4, osmolality 315± 5 mOsm/kg). Prior to patching, the neurons were perfused 
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with extracellular buffer for 10 min at a flow rate of 1 mL/min. Borosilicate glass patch pipettes 

(World Precision Instruments, USA) were pulled using a P-97 Flaming/Brown micropipette puller 

(Sutter Instruments), fire polished to a resistance between 2 – 4 MΩ and filled with intracellular buffer 

(140 mM K-gluconate, 10 mM NaCl, 2 mM MgCl2, 10 mM HEPES, 5 mM EGTA, pH 7.2, osmolality 

295± 5 mOsm/kg). Whole-cell patch-clamp recordings were performed at room temperature (20 – 

24˚C) using a MultiClamp 700B Amplifier, digitized with a Digidata 1440 and controlled with 

pClamp11 software (Molecular Devices, San Jose, CA, USA).  

 

Whole-cell configuration was obtained under voltage-clamp settings. Briefly, the patch pipette was 

approached to the cell using a micromanipulator (PatchStar, Scientifica), the on-cell configuration 

was obtained following an increase in the total pipette resistance and the whole-cell configuration 

was attained by applying negative pressure. The axis resistance and series resistance were recorded 

and monitored throughout the experiments, only neurons that passed quality control checks (axis 

resistance was less than 3 times the pipette resistance) for whole cell recordings were used for the 

downstream analyses. Series resistance was compensated at ≥ 60% and the whole-cell capacitance 

and whole-cell resistance were recorded immediately. Whole-cell currents were sampled at 100 kHz 

and filtered to 10 kHz. Under the recording conditions used in this thesis, depolarizing (inward) and 

repolarizing (outward) currents are predominantly carried by sodium (ENa= +50 mV) and potassium 

ions (EK= -85 mV) flowing through voltage-gated sodium (Nav) and potassium (Kv) channels, 

respectively. For simplicity, the outward and inward components of voltage activated currents in 

neurons are referred to as sodium and potassium currents, respectively. The ENa and EK were 

determined based on: 

𝑉!" 	= 	
𝑅𝑇
𝑧𝐹 𝑙𝑛 +

[𝑋]#$%
[𝑋]𝑖𝑛 0 

Where:  

VEq = the equilibrium potential (Nernst potential) for a given ion 

R = the universal gas constant, 8.314 J.K-1.mol-1 
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T = temperature, 298.15 K 

F = Faraday's constant, 96485 C.mol-1  

z = valence of the ionic species. For Na+ z = +1, for K+ z = +1 

[X]out = the concentration of the ionic species (Na+ or K+) in the extracellular fluid 

[X]in = the concentration of the ionic species (Na+ or K+) in the intracellular fluid 

 

To determine the amplitude of these current components, cells were held at a holding potential (Vh) 

of -80 mV and incrementally depolarized by 100 ms steps from -60 mV to 70 mV (D = 10 mV, 0.1 

Hz) (Fig. 2.2). First, a 500 ms pre-pulse to -120 mV was included to promote recovery from 

inactivation of somatic Nav channels (Hulme et al., 2020; Milescu et al., 2010). Current density was 

calculated by dividing current amplitude by the cell capacitance registered using the in-built circuit 

for Whole cell compensation of the MultiClamp amplifier according to: 

Current density (pA/pF) = current (pA) ÷ capacitance (pF) 

The intrinsic fast/transient properties of the currents mediated by Nav channels and the slow/sustained 

characteristics of Kv currents, were used to minimize cross-contamination between inward and 

outward current components. Hence, the sodium current density (denoted as INa) was calculated from 

the peak inward current amplitude measured at -20 mV (535.8 – 575.8 ms), and the potassium current 

density (denoted as IK) was calculated from late outward currents (600 – 620 ms) measured at + 20 

mV and +40 mV using Clampfit version 11.1.0.23.  
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Figure 2.2: Voltage gated sodium and potassium currents stimulation protocol. Stimulation protocol for 
INa and IK under whole cell voltage clamp conditions. 
 

Neuronal excitability was assessed under current-clamp conditions at the resting membrane potential 

(RMP) (i.e., 0 pA current injection). RMP values are reported as the average resting membrane 

potential recorded during 2 – 8 min after switch to current clamp mode. Action potential firing was 

elicited by 1 s incremental (10 pA) current injections (-150 pA to 150 pA) (Fig. 2.3). The rheobase 

was defined as the minimum amount of current necessary to evoke a single action potential. Action 

potential shape analysis was based on the rheobase action potential. To assess for spontaneous 

activity, neurons were recorded in gap-free current-clamp conditions at RMP for 5 min. All traces 

and action potentials were analysed and exported using Clampfit version 11.1.0.23.  

 

 

Figure 2.3: Whole-cell current-clamp action potential stimulation protocol.  
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2.1.15 Electrophysiology whole cell mechano-clamp 

Sensitivity to mechanical stimulation was assessed under voltage-clamp and current-clamp 

conditions as previously described in 2.1.14. Mechanical stimulation of the neurons was achieved by 

probe indention using a fire-sealed borosilicate glass patch pipette (denoted as probe) placed at an 

angle of 45˚ (to the supporting glass coverslip), filled with intracellular buffer connected to a 

micromanipulator (PatchStar) controlled by LinLab 2 software (Scientifica). To determine the 

shallowest point at which mechanically activated (MA) currents were elicited by the probe, gap-free 

recordings under voltage-clamp were performed while increasing 0.5 µm steps were delivered until 

unambiguous MA currents were observed. The probe was then stepped backwards by 3 µm before 

beginning a standard stimulation protocol in which MA currents were recorded in gap-free voltage-

clamp conditions. The standard MA stimulation protocol consisted of 10 incremental 0.1 µm, 1 s-

long indentations delivered up to a maximal 1 µm indentation every 2 s (0.1 µm – 1.0 µm, ∆ 0.1 µm, 

0.5 Hz).  

 

MA currents were pre-pre-processed using in-built Clampfit functions by (1) baselining to the 

average current level recorded 30 ms prior to stimulation and (2) filtering using a Low-pass Gaussian 

filter (Cut-off 770 Hz, 13 coefficients). Mechanoclamp recordings were exported into comma 

separated value files and the maximum peak was estimated using a custom developed Python script 

developed by Dr. Nicholas Marzano available on https://doi.org/10.5281/zenodo.7460899. Figures 

and statistics were analysed and presented using GraphPad Prism 9 software.  

 

2.2.1 Statistical analysis 

All statistical analysis was performed using GraphPad Prism 9, unless stated otherwise. Data was 

presented as the mean ± standard error of the mean (SEM). Groups were compared using either 

Student’s T-test or One-Way Analysis of Variance (ANOVA) with Tukey post-hoc test to determine 
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statistical significance. The specific statistical method and number of replicates is specified in the 

relevant figure legends.  
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3.1 Introduction  

The generation of DRG sensory neurons from hPSCs typically requires initial differentiation steps 

through multiple progenitor states, which can include CNPs and neural crest cells (Alshawaf et al., 

2018; Denham et al., 2015; Hotta et al., 2009; Nickolls et al., 2020; Schrenk-Siemens et al., 2015). 

Neural crest cells are multipotent and arise during the formation of the neural tube, whereby they 

migrate out into the developing embryo and, via a complicated network of environmental and 

temporal gene expression cues, can be directed to differentiate into discrete cellular subtypes that 

include melanocytes, adipocytes, smooth muscle, glia, and the sensory neurons of the DRG 

(Baggiolini et al., 2015; LaBonne and Bronner-Fraser, 1999; Le Douarin and Dupin, 2018, 2003; 

Rogers et al., 2012). Protocols that generate neural crest cells in vitro do so by mimicking the 

differentiation steps required for neural crest formation (Chambers et al., 2009; Denham et al., 2015, 

2012; Schrenk-Siemens et al., 2015); this process is critical to generate enriched populations of neural 

crest cells prior to the differentiation of sensory neurons. Thus, in order to develop neural crest 

differentiation protocols an understanding of neural crest development is required.  

 

During embryonic development, the generation of neural crest cells occurs via a series of transitionary 

progenitor states controlled by graded and temporal cues from signalling molecules, growth factors 

and transcription factors. Following gastrulation, neurulation is the key step in the generation of 

neural progenitors, which is marked by the formation and thickening of the neural plate (Basch et al., 

2006; Copp et al., 2003; Rogers et al., 2012; Schoenwolf and Smith, 1990; Vieira et al., 2010). Within 

the neural plate are distinct rostral and caudal regions formed by coordinated actions of WNT, BMP 

and FGF signalling (Le Dréau and Martí, 2012; Rogers et al., 2012), with the caudal neural plate 

region representing the progenitor state for a range of cell types including dorsal roof plate cells, 

ventral floor plate cells, and neural crest cells (Denham et al., 2015, 2012). Following neural plate 

thickening, the neural plate folds and fuses together to form the neural tube. During neural tube 

formation, pre-migratory neuroepithelial neural crest cells undergo an epithelial-to-mesenchymal 
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transition (EMT) and delaminate from the neural tube to begin their migration throughout the 

developing embryo (Bronner-Fraser, 1995; Duband et al., 1995; Zhao and Trainor, 2023). The 

coordinated action of BMP, FGF, WNT, retinoic acid and Notch/Delta signalling pathways together 

with the expression of a range of transcription factors (e.g., SNAIL, AP-2a, FOXD3, SOX10, PAX7, 

PAX3, etc.) direct this population of transient multipotent neural crest cells to undergo multiple 

transition stages from neural crest precursors to pre-migratory neural crest, followed by the migratory 

neural crest and region-specific neural crest cells stages (LaBonne and Bronner-Fraser, 1999; Lai et 

al., 2021; Rogers et al., 2012). The transient neural crest cell stages are defined by the expression of 

transcription factors and receptors including SOX10, SOX9, PAX3, PAX7, AP-2a, FOXD3, HNK1 

and P75NTR in a time- and region-specific manner, from which the neural crest cells within the 

forming human DRG are characterised by the expression of SOX10 and P75NTR (Betters et al., 2010; 

Bondurand et al., 1998; Rogers et al., 2012; Simões-Costa and Bronner, 2015). Hence, hPSCs can be 

directed towards the neural crest cell fate in vitro by mimicking the coordinated signalling cues that 

occur throughout neural crest development in vivo.  

 

To recapitulate the developmental stages occurring during embryogenesis and neurulation, 

established protocols culture hPSCs in specific media supplemented with extrinsic factors to promote 

and mimic their differentiation through progenitor states to generate neural crest cells. For example, 

generation of multipotent precursor cells representing the caudal neural plate occurs by inhibiting 

glycogen synthase kinase 3b (GSK3b) and the TGFb/Activin/Nodal signalling pathways using the 

small molecules CHIR99021 and SB431542, respectively (Denham et al., 2015, 2012). Inhibition of 

GSK3b results in the activation of the WNT signalling pathway which caudalises the hPSC 

progenitors (Denham et al., 2015, 2012; Doble and Woodgett, 2003; Kirkeby et al., 2012; Naujok et 

al., 2014). Furthermore, SB431542 inhibition of the TGFb/Activin/Nodal pathways blocks 

differentiation to mesoderm progenitors and promotes neural specification (Schier, 2003; Smith et 

al., 2008; Watanabe et al., 2005). Thus, the dual inhibition of GSK3b and TGFb/Activin/Nodal 
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signalling pathways promotes the differentiation of hPSCs to CNPs characterised by loss of the 

pluripotency marker OCT4, continued expression of SOX2, and absence of early neural markers, 

such as PAX6, thus defined as OCT4-/SOX2+/PAX6- cells (Denham et al., 2015, 2012). 

Furthermore, exposure of the CNPs to the growth factors BMP2 and FGF2 drives the differentiation 

to neural crest cells by stimulating neural crest induction, proliferation, and migration (Denham et 

al., 2015; Kléber et al., 2005; LaBonne and Bronner-Fraser, 1999; Murphy et al., 1994; Sailer et al., 

2005). Thus, neural crest cells are generated by the timely deployment of combinations of extrinsic 

factors, including small molecules and growth factors, that emulate the neurulation process. These 

neural crest cells can be further differentiated into various sensory neuron lineages.  

 

The Dottori lab previously published a method to generate neural crest cells that involved the 

differentiation of hPSCs to CNPs using the small molecules CHIR99021 and SB431524 followed by 

differentiation to neural crest by BMP2 and FGF2 treatment (Alshawaf et al., 2018). Whilst these 

published results showed a high proportion of neural crest cells, it was later noted that neural crest 

differentiation efficiency using this method was variable. This variability may be due to lack of 

enrichment and/or isolation of neural crest cells from non-neural crest resulting in a low population 

of neural crest cells and thus a low pool of progenitors capable of undergoing sensory neuron 

differentiation. Therefore, the first aim of this thesis was to address explore alternative approaches 

to generate a highly enriched population of neural crest cells. This Chapter outlines the results from 

different approaches explored and the method chosen for subsequent experiments in generating 

sensory neurons from hPSCs. 

 
  



  Chapter 3 

 56 

3.2 Methods 

3.2.1 hPSC culture and differentiation to neural crest cells 

hPSC culture and differentiation to CNPs and neural crest cells was performed as described in 

Chapter 2 sections 2.1.5 – 2.1.6.3. The hPSC lines H9 and 007 were utilised in this Chapter.  

 

3.2.2 Culture of neurospheres in a shaker incubator  

To determine whether neurosphere culture in a shaker incubator could enhance neural crest 

efficiency, day 1 neurospheres were collected from ultra-low attachment U-bottom 96-well plates 

using a P1000 pipette. 6 neurospheres per well were transferred into a low attachment 6-well plate 

filled with 2 mL Neuronal Media supplemented with 20 ng/mL FGF2 and 10 ng/mL BMP2. The plate 

was then incubated in a dynamic shaking incubator under 120 rpm rotation at 37˚C with 5% CO2. 

Full media changes were conducted every 2-3 days, consistent with the media changes applied to the 

neurospheres in the static incubator, as described in Chapter 2 section 2.1.6.2.  

 

3.2.3 Sorting for P75NTR+ cells  

To determine whether sorting for P75NTR+ cells could enrich for neural crest cells, day 7 neurospheres 

were transferred to a 15 mL conical tube using a 5 mL serological pipette after which media was 

gently aspirated ensuring that all neurospheres remained in the tube. The neurospheres were 

enzymatically digested for 5 min at 37˚C using Accutase and triturated into single cells using a P200 

pipette. Enzymatic digestion was inactivated by the addition of DMEM/F12 5% FBS media, 

centrifugation for 3 min at 200 x g and removal of the supernatant. The disaggregated cells were 

resuspended in 2 mL of Neuronal Media supplemented with 10 μM Y-27632 and counted. Typically, 

100,000,000 cells were resuspended in 80 µL of cell suspension buffer (2 mM EDTA, 1% v/v 

AlbuMAXä, PBS) plus 20 µL of Neural Crest Stem Cell MicroBeads and incubated at 4˚C for 15 

min. During this incubation, a Magnetic MACS MS Column was connected to a MACS® Magnetic 

Separator and primed with cell suspension buffer. The cell-bead suspension was added to the MACS 
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MS Column and washed 3 times with 500 µL of cell suspension buffer; unlabelled cells pass through 

the column at this stage, which were collected for plating and designated as the P75NTR- cell fraction. 

The P75NTR+ cell bound fraction was collected by removing the column from the MACS® Magnetic 

Separator and eluted with 1mL cell suspension buffer. Prior to sorting, glass coverslips (13 mm) in 

24-well plates were coated with 10 μg/mL Poly-D-Lysine for 1 h at room temperature and then with 

10 μg/mL laminin for 24 h at 4˚C. The P75NTR- and P75NTR+ fractions suspended in Neuronal Media 

supplemented with 10 μM Y-27632 were separately seeded at a density of 50,000 cells per coverslip. 

Coverslips with P75NTR- and P75NTR+ cells were fixed 24 h after plating for subsequent 

immunocytochemistry.  

 

3.2.4 Immunocytochemistry 

Cells were probed by immunocytochemistry as described in Chapter 2 section 2.1.10 using the 

antibodies and dilutions outlined in Table 2.6. 

The number of SOX10+ cells in the 2D cultures were calculated using the following equation: 

% SOX10 positive cells = (average number of SOX10+ cells) ÷ (average number of nuclei) * 100 

 

3.2.5 Immunocytochemistry of neurospheres 

When the neurospheres reached the required stage for staining (days 2, 5 and 7), the spheres were 

transferred to a 1.5 mL microtube, washed 3 times with PBS and fixed with 4% (w/v) PFA/PBS for 

30 min at room temperature, inverting the microtube every 5 min to ensure homogenous distribution 

of the fixative. Spheres were washed 3 times in PBS and incubated in 20% sucrose (S0389, Sigma) 

at 4˚C for 16 h. Spheres were transferred into tissue freezing medium (14020108926, Leica), placed 

into a Tissue-Tek cryomold (4566, Sakura) filled with tissue freezing medium (> 6 spheres/mold) 

and stored at -20˚C for 24 h (or until required). Once frozen, the cryomold was attached to a Cryostat 

(CM1950, Leica) set at -20˚C. Sections 15 µm thick were cut and placed onto Menzel-Glaser polysine 

slides (J2800AMNZ, ThermoFisher). Slides were allowed to dry at room temperature for 24 h for 
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subsequent immunocytochemistry or stored at -20˚C until required. Slides were gently washed with 

PBS to remove the freezing media and staining proceeded as described in Chapter 2 section 2.1.10. 

Images were taken using a confocal SP8 microscope (Leica), exported and analysed using FIJI 

ImageJ software. Images spanning the top, middle and bottom of each sphere were acquired from at 

least 6 spheres per slide for each timepoint (days 2, 5 and 7).  

The percentage SOX10 expression in neurospheres were calculated using the following equation:  

% SOX10 expression = (average SOX10 pixel intensity) ÷ (average nuclei pixel intensity) * 100 
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3.3 Results  

3.3.1 Generation of CNPs 

To generate and enrich for neural crest cells, this Chapter used the previously established protocol 

(Alshawaf et al., 2018), with modifications. The H9 and 007 hPSC lines were first differentiated into 

CNPs using small molecule inhibitors of the GSK3β (3 μM CHIR99021) and activin/nodal pathways 

(10 μM SB431542) in Neural Induction Media for 5 days. Prior to the differentiation to neural crest 

cells, the hPSC pluripotent and CNP states were confirmed by immunohistochemistry (Fig. 3.1). H9 

and 007 hPSCs were positive for the pluripotency markers SOX2+, OCT4+, NANOG+ and negative 

for the neural marker PAX6-. Successful differentiation to CNPs was characterised by the expression 

of SOX2, a downregulation of OCT4 and NANOG expression as well as absence of PAX6 expression 

(Fig. 3.1 A, B). Interestingly, it was noted that after 5 days of differentiation the culture plate became 

confluent, with high density areas forming SOX2- 3D structures (Fig. 3.2). Thus, prolonged CNP 

differentiation (longer than 5 days) or when performed using dense plating conditions resulted in a 

concomitant loss of SOX2 expression and CNP state. Importantly, 5 days differentiation of hPSCs in 

Neural Induction Media supplemented with CHIR99021 and SB431524 resulted in the successful 

generation of CNPs from both H9 and 007 hPSC lines and therefore was implemented for the 

remainder of this thesis research work.  
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Figure 3.1: Confirmation of pluripotency and CNP states in H9 and 007 cell lines. To confirm pluripotency 
(SOX2+, OCT4+, NANOG+, PAX6-), hPSCs were passaged onto glass coverslips and cultured in TeSR-E8 
for 3 days (Day 0 hPSC state). To confirm differentiation towards a CNP state (SOX2+, OCT4-, PAX6-), 
passaged hPSCs were cultured in Neural Induction Media supplemented with 3 μM CHIR99021 and 10 μM 
SB431524 for 5 days (Day 5 CNPs). Representative immunocytochemistry images of the pluripotency markers 
SOX2 (red), OCT4 (green) and NANOG (green) and the neural marker PAX6 (green) in (A) H9 hPSCs and 
CNPs and (B) 007 hPSCs and CNPs. Nuclei are shown in blue. Scale bars = 50 µm. 
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Figure 3.2: SOX2 is expressed in H9- and 007-derived CNPs and is lost following prolonged culture. 
hPSCs were passaged onto glass coverslips and cultured in Neural Induction Media supplemented with 3 μM 
CHIR99021 and 10 μM SB431524 for 6 days (Day 6 CNPs). Representative immunocytochemistry images 
demonstrating SOX2 (red) expression in (A) H9 and (B) 007 CNPs with a loss of SOX2 expression in the 3D 
structures. White arrows indicate 3D structures. Nuclei shown in blue, brightfield shown in grey. Scale bars = 
100 µm 
 

3.3.2 Optimisation of neural crest differentiation  

To differentiate CNPs into neural crest cells, neurospheres were generated using day 5 CNPs cultured 

in Neuronal Media supplemented with 20 ng/mL FGF2 and 10 ng/mL BMP2. To follow neural crest 

formation over the course of neurosphere development, the expression of the neural crest markers 

SOX10 and P75NTR, were assessed via immunocytochemistry on days 2, 5 and 7 for both H9 and 007 

derived neurospheres (Fig. 3.3). P75NTR expression presented a dispersed pattern throughout days 2, 

5 and 7 in H9 and 007 and colocalised with the SOX10 expression at the edges of the neurospheres 

(Fig. 3.3 A, B). SOX10 expression in H9 neurospheres increased from 0.1 ± 0.0% on day 2, 18.2 ± 

6.0% on day 5, to 26.7± 1.7% on day 7 (F (2, 8) = 19.72, p = 0.0008, Fig. 3.3 C). Although it did not 

reach statistical significance, 007 neurospheres revealed a similar increasing SOX10 trend over 7 

days from 0.01 ± 0.004% on day 2, 4.1 ± 1.4% on day 5, to 7.1 ± 3.3% expression on day 7 (F (2, 5) 

= 2.022, p=0.227, Fig. 3.3 D). Interestingly, SOX10 was consistently expressed at the edges of day 

7 neurospheres, migrating away from the neural ‘rosettes’ which are neuroepithelial-like cells that 
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organise into radial arrangements reminiscent of the neural tube (11731781, 17142889) (Fig. 3.4). 

Nevertheless, the percentage of SOX10 expression in both the H9 and 007 neurospheres was dimmed 

low (< 30%), prompting further optimisation for neural crest cell enrichment.  

 

 
Figure 3.3: Time course expression analysis of the neural crest makers, SOX10 and P75NTR, reveals day 
7 neurospheres to have the highest proportion of neural crest cells. Neurospheres were generated using 
day 5 CNPs, cultured in Neuronal Media supplemented with 20 ng/mL FGF2 and 10 ng/mL BMP2 and 
harvested at either neurosphere day 2, 5 or 7. Representative immunofluorescence images of SOX10 (red) and 
P75NTR (green) at days 2, 5, and 7 from (A) H9 and (B) 007 neurospheres. Nuclei shown in blue. Scale bars = 
50 µm. The percentage of SOX10+ cells compared to the number of nuclei from (C) H9 and (D) 007 
neurospheres (n = 3 – 4, with a minimum of 6 spheres per biological replicate). One-way ANOVA with Tukey 
post-hoc test, **p < 0.01, ***p < 0.001. Data shown represents the mean ± SEM.  
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Figure 3.4: SOX10+ cells are localised away from the neural rosettes and are instead at the periphery 
of the day 7 H9-derived neurospheres. Neurospheres were generated using day 5 CNPs, cultured in Neuronal 
Media supplemented with 20 ng/mL FGF2 and 10 ng/mL BMP2, fixed at neurosphere day 7, sliced and stained. 
(A – C) Representative immunofluorescence images of SOX10 (red) expression away from neural rosettes 
(arrow) and within the sphere’s periphery. Nuclei shown in blue. Scale bars = 50 µm. 
 

To determine whether the low SOX10 expression observed in day 7 neurospheres was due to a low 

permeability of the neuronal media and growth factors into the neurospheres during maturation, H9 

and 007 neurospheres were cultured in a dynamic shaking incubator (shaker neurospheres) and 

compared to neurospheres cultured in a static incubator (stationary neurospheres) (Fig. 3.5). In the 

stationary H9 neurospheres, SOX10 expression was localised at the periphery, away from neural 

rosettes, whereas, in the shaker neurospheres SOX10 expression was dispersed throughout the 

neurosphere (Fig. 3.5 A). Additionally, there was a significantly decreased proportion of SOX10+ 

cells within the shaker neurospheres (15.5 ± 1.0%) compared to the stationary neurospheres (20.9 ± 

1.3%), (t(57)=3.339, p= 0.0015, Fig. 3.5 B). Similar to the H9 neurospheres, SOX10 expression was 

localised at the edges of the 007 stationary neurospheres but was dispersed throughout the shaker 

neurospheres, albeit at low levels (Fig. 3.5 C). The SOX10 expression in the 007 shaker neurospheres 

(9.3 ± 1.4%) did not change compared to the stationary neurospheres (5.7 ± 1.5%), (t(30)=1.735, p = 

0.09, Fig. 3.5 D). Hence, the dynamic incubation system failed to enhance the proportion of SOX10 

positive cells in day 7 neurospheres and consequently was not implemented in the differentiation 

protocol.  
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Figure 3.5: Dynamic culture conditions does not enhance the generation of SOX10+ cells. Neurospheres 
were generated using day 5 CNPs, cultured in Neuronal Media supplemented with 20 ng/mL FGF2 and 10 
ng/mL BMP2. At 24 h following sphere formation, neurospheres were kept in a static incubator (stationary) 
or transferred to a dynamic shaker incubator (shaker) at 120 rpm. Neurospheres were harvested at day 7. 
Representative immunofluorescence images of the neural crest marker SOX10 (red) in (A) H9 and (C) 007 
neurospheres cultured in stationary or shaker conditions. Nuclei shown in blue. Scale bar = 50 µm. The 
percentage SOX10 expression in (B) H9 and (D) 007 day 7 neurospheres cultured in either stationary or shaker 
conditions (n = 2, with > 7 spheres per biological replicate). Data shown represents the mean ± SEM of 
individual spheres slices. One-way ANOVA with Tukey post-hoc test, **p < 0.01.  
 

To determine whether neural crest cells (SOX10+/P75NTR+) could be enriched by sorting for P75NTR, 

H9 day 7 neurospheres were enzymatically disaggregated and sorted using P75NTR magnetic beads 

(Neural Crest Stem Cell MicroBeads) to obtain the P75NTR- and P75NTR+ fractions (Fig. 3.6). Sorting 

for P75NTR successfully separated the P75NTR+ cells from P75NTR- cells, however no enrichment of 

the SOX10+ population within the neurosphere cultures was observed (Fig. 3.6 A). Interestingly, the 

proportion of SOX10 positive cells within the P75NTR+ fraction (25.8 ± 2.0%) was similar to that 

within the P75NTR- fraction (26.0 ± 1.4%) (Fig. 3.6 B). Thus, it was determined that due to the low 
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proportion of SOX10+/P75NTR+ cells and high proportion of SOX10-/P75NTR+ cells within day 7 

neurospheres, sorting did not substantially enrich for the desired SOX10+/P75NTR+ neural crest cell 

population.  

 

 
Figure 3.6: Expression of neural crest makers, SOX10 and P75NTR, in P75NTR sorted day 7 H9 
neurospheres. H9 neurospheres were generated using day 5 CNPs, cultured in Neuronal Media supplemented 
with 20 ng/mL FGF2 and 10 ng/mL BMP2. Day 7 neurospheres were disaggregated into single cells, sorted 
using P75NTR magnetic sorting beads (Neural Crest Stem Cell MicroBeads), and separated into the P75NTR- 
and P75NTR+ fractions. (A) Representative immunofluorescence images of SOX10 (red) and P75NTR (green) 
in P75NTR- and P75NTR+ fractions. Nuclei shown in blue. Scale bars = 50 µm. (B) The percentage of SOX10 
positive cells in the P75NTR- fraction and P75NTR+ fractions compared to the number of nuclei (n = 1 biological 
replicate, 3 technical replicates). Data shown represents the mean ± SEM.  
 

Due to the localisation of SOX10+/P75NTR+ cells at the edges of day 7 neurospheres, it was 

hypothesised that this pertained to the ‘migrating neural crest’ population observed in vivo, which 

could be enriched for when plating the cells onto a monolayer. Thus, to enrich for the migrating neural 

crest population, H9 and 007 day 7 neurospheres were disaggregated into single cells and seeded as 

a monolayer, or 3 whole spheres were placed per well. Both groups were maintained in Neuronal 

Media supplemented with 10 µM Y-27632 for 24 h or 48 h (Fig. 3.7). H9 whole neurospheres plated 

for 24 h revealed a 5.9-fold increase in SOX10+ cells (83.7 ± 5.9%) compared to 24 h monolayers of 

disaggregated neurospheres (14.3 ± 1.2%) (F(3, 8) = 62.52, p<0.0001, 24 h disag: 24 h whole, 

p<0.0001, Fig. 3.7 B). Similarly, whole neurospheres plated for 48 h showed a 3.5-fold increase in 

SOX10+ cells (66.4 ± 5.5%) compared to disaggregated monolayer cultures (18.9 ± 3.1%) (48 h 

disag: 48 h whole, p= 0.0001). There was no difference in SOX10+ cells between whole 24 h and 48 

h neurospheres (p = 0.087), co-expression with P75NTR was detected on the migrating cells from 48 
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h whole spheres (Fig. 3.7 A). The neural crest marker PAX3/7 was detected in all H9 conditions 

(Supplementary figure 3.1).  

 

Consistent with the H9 condition, the 007 whole neurospheres plated for 24 h had a 3.3-fold increase 

in SOX10+ cells (58.6 ± 8.1%) compared to 24 h monolayers of disaggregated neurospheres (17.9 ± 

6.6%), (F (3, 9) = 8.258, p = 0.0060, 24 h disag: 24 h whole p = 0.0123, Fig. 3.7 C, D). Whole 

neurospheres plated for 48 h exhibited increased proportion of SOX10+ cells (55.8 ± 3.5%) compared 

to 48 h disaggregated neurospheres (25.2 ± 8.3%), however, this was not statistically significant (48 

h disag: 48 h whole p = 0.0736). Similar to the H9 condition, the 007 whole neurospheres at 48 h also 

contained a population of SOX10+/P75NTR+ cells migrating away from the neurosphere (Fig. 3.7 C). 

Thus, 48 h of migration away from whole spheres was considered sufficient for the enrichment of 

SOX10+/P75NTR+ neural crest cells and was implemented in all experiments henceforth. 
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Figure 3.7: Enrichment of SOX10+/P75NTR+ cells in H9 and 007 plated whole spheres compared to 
disaggregated monolayers. Day 7 neurospheres were either disaggregated into single cells or plated as whole 
spheres in Neuronal Media supplemented with 10 µM Y-27632 for 24 h or 48 h. Representative 
immunocytochemistry images of the neural crest markers, SOX10 (red) and P75NTR (green), in either (A) H9 
or (C) 007 disaggregated or whole spheres after 24 h and 48 h. Nuclei shown in blue. Scale bars = 50 µm. The 
percentage of SOX10 positive cells in either (B) H9 or (D) 007 disaggregated or whole spheres after 24 h and 
48 h compared to the number of nuclei. Data shown represents the mean ± SEM of (n) 3 biological replicates 
including > 300 cells per biological replicate. One-way ANOVA with Tukey post-hoc test was performed to 
test for statistical differences between plating approaches: *p < 0.05, ***p < 0.001, ****p < 0.0001, nsp > 0.05.  
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3.4 Discussion  

Enrichment of neural crest cells from hPSCs is a critical step for the efficient differentiation of DRG 

sensory neuron cultures. The work described in this Chapter demonstrates the successful generation 

and enrichment of neural crest cells from hPSCs via extrinsic factor supplementation and selection 

of migrating neural cell cells. The combination of CHIR99021 and SB431542 treatment for 5 days 

successfully differentiated hPSCs into a high proportion of SOX2+/OCT-/PAX6- CNPs. 

Furthermore, CNPs could be differentiated to neural crest cells by forming neurospheres in neuronal 

media supplemented with BMP2 and FGF2 for 1 week, albeit with modest efficiency (< 30% 

SOX10+). The proportion of SOX10+/P75NTR+ neural crest cells were substantially enriched by 

plating whole neurospheres in the presence of the RHO/ROCK inhibitor Y-27632, followed by 

physical removal of the neurosphere after 48 h plating. The enriched SOX10+/P75NTR+ population 

of neural crest cells represents the key progenitor population required for differentiating various 

sensory neuron subtypes, which was implemented for the remaining research work presented in this 

thesis. 

 

Neural crest cell formation was assessed over the course of neurosphere development (days 2, 5 and 

7) by quantifying the proportion of cells expressing SOX10 and P75NTR. Day 7 neurospheres had the 

highest proportion of SOX10+ cells compared to day 2 and 5 spheres, with P75NTR displaying 

expression dispersed at each developmental timepoint. However, the proportion of SOX10+ cells 

within day 7 neurospheres was lower than expected (< 30%), compared to the previously reported 

protocol (Alshawaf et al., 2018). Differences in the yield efficiency could be due to limitations in 

extrinsic factor-based protocols, which can vary based on slight differences in culture conditions, 

reagents, and factors specific to individual-laboratories methods (Schwartzentruber et al., 2018; 

Volpato et al., 2018; Wu et al., 2007). For example, hPSCs seeded at high densities differentiate into 

a population of PAX6+ neural progenitors in dual-SMAD inhibition conditions, whereas, under the 

same extrinsic factor conditions low seeding density causes hPSCs to differentiate into a mixed 
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population of progenitors containing a PAX6+ population, as well as a P75NTR+/HNK1+ population 

of neural crest cells (30%) (Chambers et al., 2009). Additionally, extrinsic factor protocols often 

report low or variable proportions of neural crest cells, requiring additional enrichment and/or sorting 

steps (Chambers et al., 2009; Chimge and Bayarsaihan, 2010; Hotta et al., 2009; Kreitzer et al., 2013; 

Lee et al., 2010, 2007). The SOX10- cells observed within the neurospheres may represent CNPs 

differentiated into alternative caudal neural plate lineages including ventral floor plate cells, dorsal 

roof cells, SOX10- neural crest cells or other SOX10- neural and glial lineages. While possible that 

the SOX10- cells could represent other populations of neural crest cells, SOX10 expression is critical 

for (1) neural crest cell survival, (2) maintaining neural crest multipotency, (3) controlling the 

transition of pre-migratory to post-migratory neural crest cells, and (4) neural crest differentiation 

potential towards neuronal lineages (Bondurand et al., 1998; Kapur, 1999; Kim et al., 2003; Lai et 

al., 2021; Paratore et al., 2001; Southard-Smith et al., 1998). As such, the current protocol was further 

modified to enrich for the SOX10+ neural crest cells.  

 

SOX10+ cells were consistently localised to the periphery of the day 7 neurospheres. It was 

hypothesised that the peripheral localisation of SOX10+ cells was due to the inability of the media 

and growth factors to permeate into the neurosphere core and thus only the cells in the outermost 

layers were exposed to the growth factors and effectively differentiated into SOX10+ cells. Dynamic 

culturing of spheroids in shaking incubators or microfluidic devices improve aeration, distribution of 

media within the sphere, promote the formation of complex structures and improve differentiation 

efficiency in organoids (Liu et al., 2015; Newland et al., 2020; Ovando-Roche et al., 2018; Tunesi et 

al., 2016). Thus, neurospheres were cultured in a shaking incubator to investigate whether a dynamic 

culture system would increase the proportion of SOX10+ cells compared to stationary neurospheres. 

However, neurospheres cultured dynamically had a decreased proportion of SOX10+ cells compared 

to stationary neurospheres, suggesting that the low proportion of SOX10+ cells within stationary 

neurospheres was due to factors other than a lack of media penetration. Importantly, the dynamic 



  Chapter 3 

 70 

shaker conditions appeared to disrupt the distribution and organisation of the SOX10+ cells within 

the stationary neurosphere, however, further work is required to validate this observation. Since the 

organisation of SOX10+ cells at the periphery of the static neurospheres was not due to a lack of 

media penetration, it was instead hypothesised that the hPSC-derived cultures were mimicking 

structures observed during development, such as the neural rosettes present in day 7 stationary 

spheres. Additionally, SOX10+ cells were observed to migrate away from the rosettes structures 

towards the periphery of the neurospheres, akin to the neural crest formation and migration from the 

neural tube that occurs in vivo. Consistent with this observation, neural crest differentiation protocols 

using extrinsic factors have noted the formation of neural rosettes with outwardly migrating neural 

crest cells (Chambers et al., 2009; Lee et al., 2010, 2007; Li et al., 2018), which then required 

additional enrichment and/or purification steps. Overall, the observed findings suggest that the 

localisation of SOX10+ cells to the periphery of the neurospheres may result from neurospheres 

forming organised structures that are reminiscent of neural tube formation and neural crest migration 

in vivo. 

 

Due to the low proportion of SOX10+ cells within the neurospheres, further sorting and enrichment 

steps were taken for SOX10+/P75NTR+ neural crest cells enrichment. Neural crest cells express a 

range of markers throughout the precursor, pre-migratory, migratory and region specific migratory 

neural crest stages that include SOX10, SOX9, PAX3, PAX7, AP-2a, FOXD3 and the cell surface 

markers HNK1 and P75NTR. However, the exact expression of these markers is species, time, and 

region specific (Betters et al., 2010; Dottori et al., 2001; Maczkowiak et al., 2010; Paratore et al., 

2001; Rogers et al., 2012; Simões-Costa and Bronner, 2015). Protocols differentiating hPSCs into 

neural crest cells often include additional enrichment and/or sorting steps, however, neural crest 

sorting is limited to the use of cell surface markers P75NTR and/or HNK1 (Chambers et al., 2009; 

Jiang et al., 2009; Lee et al., 2007; Li et al., 2018). Additionally, human migrating neural crest cells 

and early DRG neural crest cells are positive for SOX10 and P75NTR but negative to HNK1 (namely 
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SOX10+/P75NTR+/HNK1- (Betters et al., 2010). Thus, HNK1 is not a suitable marker for the desired 

neural crest population, hence sorting proceeded using P75NTR. P75NTR sorting successfully enriched 

for P75NTR+ cells from disaggregated day 7 neurospheres, with the cultures containing populations 

of SOX10+/P75NTR+ cells as well as SOX10-/P75NTR+ cells. However, the proportion of SOX10+ 

cells within the P75NTR+ fraction was low and undistinguishable from that observed in the P75NTR- 

fraction (~ 26% SOX10+ cells in both groups). The SOX10-/P75NTR+ cells within the sorted cultures 

could represent neural crest cells which do not express SOX10 and/or could contain P75NTR+ cell 

types outside of the neural crest cell lineages (Adly et al., 2009; Becker et al., 2018; Betters et al., 

2010; Zuccaro et al., 2014). Nevertheless, the low proportion of SOX10+/P75NTR+ cells within the 

sorted fraction indicated that P75NTR alone is insufficient to enrich for the neural crest cells generated 

in this study. 

 

The population of SOX10+/P75NTR+ neural crest cells were successfully enriched for by plating 

whole neurospheres onto a 2D surface in the presence of the RHO/ROCK inhibitor Y-27632, which 

allowed the neural crest cells to migrate away from the neurospheres in a manner akin to neural crest 

migration in vivo. Plating the whole neurospheres resulted in a significantly higher proportion of 

SOX10+ cells compared to monolayers of dissociated neurosphere cells after 24 h and 48 h. The 

increased proportion of SOX10+ cells can be attributed to enrichment for the SOX10+ cells localised 

to the periphery of the neurospheres along with the inhibition of the RHO/ROCK pathway, which 

promotes the delamination and differentiation of neural crest cells from the developing neural tube 

(Groysman et al., 2008), effectively increasing the proportion of neural crest cells during hPSC 

differentiation (Hotta et al., 2009; Kim et al., 2015). Interestingly, SOX10+/P75NTR- cells appeared 

after 24 h of neurosphere plating, whereas SOX10+/P75NTR+ cells were observed 48 h of post-plating. 

This is consistent with SOX10 expression spanning various stages of neural crest development (e.g., 

from the progression of precursors to migrating neural crest cells), with P75NTR predominantly co-

expressed with SOX10 in the migratory cells (Betters et al., 2010; Curchoe et al., 2010; McKeown 
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et al., 2005). The expression of PAX3/7, which are transcription factors commonly expressed 

throughout neural crest development and specifically in pre-migratory and migratory neural crest 

cells (Basch et al., 2006; Betters et al., 2010; Maczkowiak et al., 2010; Murdoch et al., 2012), was 

also observed in SOX10- and SOX10+ cells in the disaggregated monolayer and whole sphere 

cultures at varying levels. Overall, this approach is consistent with other neural crest protocols, which 

follow cells expressing neural crest markers (e.g., AP-2a+/P75NTR+ or HNK1+/P75NTR+) that 

migrate away from neural rosette structures and involve manual removal of the neural rosette 

structures (Hotta et al., 2009; Lee et al., 2010; Li et al., 2018). Additionally, neural crest cells which 

have migrated away from neurospheres can then be transduced with lineage specific transcription 

factors to generate populations of sensory neurons (Nickolls et al., 2020; Schrenk-Siemens et al., 

2015). Thus, it was determined that 48 h migrating SOX10+/P75NTR+ cells represent an enriched 

population of migrating neural crest cells optimally suited for the generation of somatosensory neuron 

subtypes. 

 

Overall, this research work completed in this Chapter achieved the aim of generating an enriched 

population of neural crest cells from hPSCs, following an extrinsic factor mediated approach. hPSCs 

were differentiated into CNPs (SOX2+/OCT4-/PAX6-), which were then differentiated into neural 

crest cells. Enrichment of the SOX10+/P75NTR+ neural crest cells was achieved by plating day 7 

whole neurospheres onto a 2D surface, supplemented with Y-27632 that promoted SOX10+/P75NTR+ 

cells to migrate out of the neurosphere. Generation of an enriched population of SOX10+/P75NTR+ 

neural crest cells is a critical step prior to differentiating and obtaining sensory neuron subtypes, as 

required for the remaining work presented in this thesis. 
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3.5. Supplementary 

 

 
 
Supplementary figure 3.1: Expression of the neural crest makers, PAX3/7 and SOX10, in H9 24 h and 
48 h disaggregated and whole spheres. Day 7 neurospheres were either disaggregated into single cells 
monolayers or plated as whole spheres in Neuronal Media supplemented with 10 µM Y-27632 for 24 h and 
48 h. Representative immunofluorescence images of the neural crest markers PAX3/7 (green) and SOX10 
(red) in H9 neurospheres plates as disaggregated monolayers or whole spheres after 24 h and 48 h. Nuclei are 
shown in blue. Scale bars = 50 µm. 
 



  Chapter 4 

 74 
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and functional features of sensory neurons 

generated by the induced expression of 

NGN1 or NGN2 in hPSC-derived neural 

crest cells 
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4.1 Introduction  

The detection of sensations such as pain, itch, temperature, touch, spatial positioning, as well as 

internal organ sensations such as bowel and bladder fullness are critical for everyday life. The 

detection of sensations requires specialised sensory neurons within the DRG to detect and transmit 

stimuli to the central nervous system for processing. The sensory neurons of the DRG can be broadly 

classified as nociceptive that sense noxious stimuli, or mechanoreceptive that are finely tuned to 

detect mechanical stimuli. Nociceptors detect pain arising from harmful thermal, mechanical, and 

chemical stimuli. The mechanosensory neurons are subdivided in two major sub-groups that include 

(1) LTMRs, which detect cutaneous touch, hair deflection, vibration and internal organ sensations, 

and (2) the proprioceptors, which detect spatial position, movement, muscle pressure, stretch, and 

tension. These broad classifications are based on phenotypic (e.g., cell body size), transcriptional 

profiling (expression of relevant of transcription factors, receptors, and ion channels) as well as by 

the functional profile and the predominant type of stimuli that the neurons are specialised to detect 

(nociceptive vs low threshold mechanical stimuli). Nevertheless, sensory neurons can be further sub-

grouped based on the unique expression and functional overlap between such features (Haberberger 

et al., 2019; Hjerling-Leffler et al., 2007; Teichert et al., 2012b; Usoskin et al., 2015; Zheng et al., 

2019). During development, the sensory neurons of the DRG arise from two key waves of migrating 

neural crest cells, which bias the neural crest cells towards certain sensory fates (Ma et al., 1999; 

Perez et al., 1999). The first wave of sensory neurogenesis is controlled by the transient expression 

of the transcription factor Ngn2, which results in the generation of proprioceptors and LTMRs (Ma 

et al., 1999; Perez et al., 1999; Zirlinger et al., 2002). The second wave of sensory neurogenesis is 

controlled by the transient expression of Ngn1 in migrating neural crest cells, which results the in 

generation of peptidergic and non-peptidgergic nociceptors (Ma et al., 1999; Perez et al., 1999). As 

can be expected with multiple neuronal types, there are a plethora of diseases and sensory 

neuropathies associated with dysfunction in the development or function of each DRG sensory 

subtype (Damasceno et al., 2008; Kuntzer et al., 2004; Martinez et al., 2012; Pandolfo, 2009). 
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However, there is limited understanding of the fundamental physiological processes that underpin 

sensation and importantly the pathophysiology of diseases that affect sensory neurons. Consequently, 

it is of significant interest to develop models to investigate the sensory neuron subtypes that are 

implicated in debilitating sensory neuropathies.  

 

There have been major challenges in studying sensory perception and disease, including the difficulty 

in acquiring human tissue samples and the limitations in the translatability of rodent models due to 

inherent differences between human and rodent sensory neurons (Chang et al., 2018; Han et al., 2015; 

Rostock et al., 2018; Schwaid et al., 2018; Sheahan et al., 2018; Zylka et al., 2003). To date, the use 

of hPSCs provides a promising approach to study sensory development and peripheral neuropathies 

in vitro. Protocols to generate sensory neurons from hPSCs typically do so by mimicking sensory 

neurogenesis by the stepwise addition of extrinsic factors (small molecules and growth factors) to 

direct cells from progenitor states towards distinct neuronal types, and/or by the induced expression 

of lineage-specifying transcription factors often bypassing the progenitor states (Alshawaf et al., 

2018; Blanchard et al., 2015; Chambers et al., 2012; Hotta et al., 2009; Wainger et al., 2015). 

Extrinsic factor-based differentiation approaches have been widely applied to generate multiple 

neuronal classes, however, these are often limited by low reproducibility, low neuronal yields, 

prevalence of non-neuronal cells within the cultures, as well as the requirement of long maturation 

stages to obtain functionally mature neurons (Johnson et al., 2007; Schwartzentruber et al., 2018; 

Volpato et al., 2018; Wu et al., 2007). Whereas recent approaches circumvent extrinsic factor-alone 

limitations (Boisvert et al., 2015; Nickolls et al., 2020; Schrenk-Siemens et al., 2015) by combining 

the use of extrinsic factors to generate progenitor cell types, such as neural crest cells, with the 

induced expression of transcription factors mimicking neurogenesis and developmental patterning by 

inducing the expression of lineage specific transcription factors at key developmental stages.  

 



  Chapter 4 

 77 

Due to the role of NGN1 and NGN2 in sensory development, both transcription factors represent 

ideal lineage-specific transcription factors for use in hPSC-derived differentiation protocols to 

generate nociceptors and mechanosensory neurons from hPSCs, respectively. However, while the 

induced expression of NGN1 and NGN2 has been used to differentiate hPSCs into sensory neurons, 

the role in biasing sensory subtype fate is unclear (Blanchard et al., 2015; Boisvert et al., 2015; 

Nickolls et al., 2020; Plumbly et al., 2022; Schrenk-Siemens et al., 2022). For example, NGN1-

induced sensory neurons are reported to generate nociceptors, however, the reported cultures render 

populations of neurons that respond to nociceptive and/or mechanoreceptive stimuli, or alternatively 

result in heterogenous cultures with low proportions of nociceptive stimuli-responsive neurons 

(Boisvert et al., 2015; Holzer et al., 2022; Schrenk-Siemens et al., 2022). Similarly, induced-NGN2 

sensory neuron protocols are reported to generate mechanosensory neurons, however, the cultures 

also contain neurons that respond to nociceptive stimuli (Nickolls et al., 2020). Furthermore, the 

induced expression of NGN2 in hPSC-derived neural crest cells has also been reported to generate 

nociceptors (Plumbly et al., 2022). Thus, it is unclear whether NGN1 and NGN2 can bias sensory 

neuron subtype fate during the differentiation of hPSCs. Furthermore, there has been no direct 

comparison of the induced expression of NGN1 or NGN2 in hPSC-derived neural crest cells to assess 

whether induced NGN1 expression can bias progenitors towards the nociceptor fate and whether 

NGN2 biases progenitors towards mechanosensitive neurons (LTMRs and proprioceptors) in the 

same progenitor type (hPSC-derived neural crest cells) and in the same extrinsic factor conditions. 

Thus, the aim of this Chapter was to examine the candidate transcription factors, NGN1 and 

NGN2, for driving the differentiation of hPSC-derived neural crest cells to sensory neurons. 

Specifically, to determine whether the induced expression of NGN1 or NGN2 in hPSC-derived 

neural crest cells enhances sensory neurogenesis and whether NGN1 and NGN2 expression 

enriches for nociceptors and mechanosensory neurons (LTMRs and proprioceptors), respectively. 

This Chapter outlines the transcriptional and functional characterisation of NGN1- and NGN2-
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induced sensory neurons (iSNNGN1 and iSNNGN2, respectively) differentiated from hPSC-derived 

neural crest cells in comparison to extrinsic factor-alone differentiated sensory neurons (SNs).   
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4.2 Methods 

4.2.1 Plasmid design and generation of lentiviral particles  

The plasmids used in this study include third-generation lentiviral packaging plasmids and lentiviral 

expression vectors listed in (Table 4.1). The lentiviral expression vectors for the pLV-TetO-eGFP-

PuroR (GFP control vector) and pLV-TetO-hNGN1-eGFP-PuroR (NGN1 expression vector) were 

designed using the pLV-TetO-hNGN2-eGFP-PuroR (NGN2 expression vector, Addgene #79823) as 

a backbone (Fig. 4.1). For the GFP control vector, the Ngn2 sequence was removed resulting in a 

vector that could only encode GFP and the puromycin resistance gene. The NGN1 expression vector 

was designed by replacing the human Ngn2 sequence with the human Ngn1 coding DNA sequence 

(CDS) (NM_006161), resulting in a vector that encodes human Ngn1, GFP and puromycin resistance. 

The cloning and sequencing were conducted by GenScript. The plasmid transformation, storage, 

amplification, purification, and lentiviral particle production was conducted as described in Chapter 

2 sections 2.1.1 – 2.1.4. 

 

Table 4.1. Plasmid description  

Name  Background  Bacterial 
resistance  

Role/description  

pLV-TetO-
eGFP-PuroR 

Designed by A 
Hulme for this 
work 

Ampicillin  Inducible lentiviral vector: expresses GFP and 
puromycin resistance, induced by doxycycline 

pLV-TetO-
hNGN1-eGFP-
PuroR 

Designed by A 
Hulme for this 
work 

Ampicillin  Inducible lentiviral vector: expresses human Ngn1, 
GFP and puromycin resistance, induced by 
doxycycline  

pLV-TetO-
hNGN2-eGFP-
PuroR 

Addgene 
(#79823) 

Ampicillin  Inducible lentiviral vector: expresses human Ngn2, 
GFP and puromycin resistance, induced by 
doxycycline  

FUW-M2rtTA Addgene 
(#20342) 

Ampicillin  Lentiviral vector: expresses the reverse tetracycline 
transactivator 

pMDL Addgene 
(#12251) 

Ampicillin  Lentiviral packaging plasmid  

vSVG Addgene 
(#8454) 

Ampicillin Lentiviral packaging plasmid 

pRSV Addgene 
(#12253) 

Ampicillin Lentiviral packaging plasmid 
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Figure 4.1: Doxycycline-inducible lentiviral vectors encoding for the expression of human Ngn1 or 
human Ngn2 in mammalian cells. Third generation lentiviral vectors under a TetON promotor. In the open 
reading frame, vectors encode either (A) pLV-TetO-eGFP-PuroR: enhanced green fluorescent protein (eGFP), 
2A peptide linker and puromycin resistance; (B) pLV-TetO-hNGN1-eGFP-PuroR: human Ngn1 
(NM_006161), 2A peptide linker, eGFP, 2A peptide linker and puromycin resistance; or (C) pLV-TetO-
hNGN2-eGFP-PuroR (NGN2) (Addgene #79823): human Ngn2 (NM_024019), 2A peptide linker, eGFP, 2A 
peptide linker and puromycin resistance. (D) FUW_M2rtTA (Addgene # 20342) expresses the reverse 
tetracycline transactivator. Plasmids are high copy number and contain ampicillin resistance (AmpR) (maroon) 
for bacterial selection.  
 

4.2.2 hPSC culture and differentiation to sensory neurons 

hPSC culture and differentiation to neural crest cells and sensory neurons was performed as described 

in Chapter 2 sections 2.1.5 – 2.1.6.4. The hPSC line H9 (WA09, WiCell) was utilised in this study. 

Briefly, hPSCs were differentiated into CNPs (days 1-5) and then neurospheres were formed (days 

5-12). The neurospheres were transiently plated onto a 2D surface (day 12) and then removed after 

48 h (day 14), to enrich for migrating neural crest cells. The neural crest cells were transduced with 

viral particles containing the FUW-M2rtTA and either pLV-TetO-eGFP-PuroR (final neuronal 

cultures denoted as SN), pLV-TetO-hNGN1-eGFP-PuroR (final neuronal cultures denoted as 

iSNNGN1), pLV-TetO-hNGN2-eGFP-PuroR (final neuronal cultures denoted as iSNNGN2) (day 14) and 

expression was induced for 96 h to mimic the transient expression of NGN1 or NGN2 that occurs in 
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vivo. The cultures were matured and proliferating cells were removed by AraC treatment (days 24 – 

26). The SN, iSNNGN1 and iSNNGN2 were sampled for immunocytochemistry and RT-qPCR (day 34) 

or for calcium imaging and patch clamping (days 34 – 48). 

 

4.2.3 RNA purification, cDNA synthesis and RT-qPCR 

RNA purification, cDNA synthesis and RT-qPCR were conducted on day 34 SN, iSNNGN1, iSNNGN2 

cultures as described in Chapter 2 sections 2.1.7 – 2.1.9 using primers listed in Table 2.5.  

 

4.2.4 Immunocytochemistry  

Immunocytochemistry was performed on day 34 SN, iSNNGN1, iSNNGN2 cultures as described in 

Chapter 2 section 2.1.10. The antibodies used in this Chapter are outlined in Table 2.6. The 

proportion of BRN3A+ or ISLET1+ cells present in these cultures were calculated according to:  

% Positive cells = (average number of positive cells) ÷ (average number of nuclei) * 100  

 

4.2.5 Protein harvesting, quantification, and western blotting  

To confirm lentiviral transduction and protein overexpression, the hPSCs were harvested for protein 

following transduction. Protein harvesting, purification, quantification, and western blotting was 

conducted as described in Chapter 2 sections 2.1.11 – 2.1.12. The antibodies used for western blotting 

are outlined in Table 2.7.  

 

4.2.6 Whole-cell patch-clamp electrophysiology 

To assess neuronal excitability and the presence of MA currents in days 34 – 48 SN, iSNNGN1 and 

iSNNGN2, whole-cell current and voltage clamp recordings were performed as described in Chapter 2 

sections 2.1.14 – 2.1.15. Spontaneous activity was assessed in current clamp at the neuron resting 

membrane potential and recorded in “still bath” conditions (i.e., without active perfusion) for 5 – 10 

min.  
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4.2.7 Calcium imaging  

To assess the response to specific stimuli, Fura-2 live cell calcium imaging was conducted on day 34 

– 48 SN, iSNNGN1 and iSNNGN2 cultures as described in Chapter 2 section 2.1.13.  
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4.3 Results  

4.3.1 Confirmation of plasmid design and overexpression in hPSCs 

Successful generation of the lentiviral particles and expression of GFP and/or NGN1 or NGN2 were 

confirmed by transducing H9 hPSCs with lentiviral particles containing the reverse tetracycline 

transactivator and either the GFP control vector, NGN1 expression vector (iNGN1) or NGN2 

expression vector (iNGN2). To induce the expression of either the GFP control, iNGN1 or iNGN2 

the viral transduction media was replaced with Maintenance Media supplemented with doxycycline 

to induce the expression of the proteins of interest. Following doxycycline administration, GFP 

expression was verified by confocal microscopy in hPSCs transduced with GFP control, iNGN1 and 

iNGN2 (Fig. 4.2 A). Furthermore, NGN1 or NGN2 protein expression was detected in hPSCs 

transduced with either iNGN1 or iNGN2, respectively (Fig. 4.2 B, C). Vector expression was also 

confirmed via immunocytochemistry, with GFP expression detected in the GFP control, iNGN1 and 

iNGN2 hPSCs (Fig. 4.2 D). NGN1 expression was only detected in the iNGN1 hPSCs and NGN2 

expression was only detected in iNGN2 hPSCs, indicating that the viral particles specifically induced 

either NGN1 or NGN2 protein expression. Thus, the transduction of the lentiviral particles derived 

from the designed vectors resulted in robust expression of GFP, NGN1 and NGN2 in hPSCs and were 

henceforth employed for the experiments summarised in this Chapter.  
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Figure 4.2: Confirmation of GFP, NGN1 and NGN2 expression upon viral transduction of hPSCs. hPSCs 
were co-transduced with viral particles containing the reverse tetracycline transactivator (rTTA) and either 
pLV-TetO-eGFP-PuroR, pLV-TetO-hNGN1-eGFP-PuroR, or pLV-TetO-hNGN2-eGFP-PuroR. Protein 
expression was induced by doxycycline treatment 24 h post-transduction. (A) Robust expression of GFP was 
confirmed after 96 h of doxycycline treatment in the 3 experimental groups. Scale bars = 150 µm. Western 
blot immunodetection of (B) NGN1, and (C) NGN2 protein expression in the respective transduction groups, 
iNGN1 and iNGN2, respectively. Note the absence of protein bands coresponding to NGN1 or NGN2 in the 
lanes loaded with GFP control transduced cell lysate. (D) Cellular co-localisation of GFP (green) and either 
NGN1 (red), or NGN2 (cyan) in iNGN1 and iNGN2 cells. No immunoreactivity against NGN1 or NGN2 
antibodies was detected in GFP control vector transduced cells. Nuclei are shown in blue. Scale bars = 50 µm. 
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4.3.2 Generation and molecular profile of SN, iSNNGN1and iSNNGN2 

The work described in this Chapter was performed to determine whether the induced expression of 

lineage-specific transcription factors NGN1 and NGN2 in hPSC-derived neural crest cells enhance 

sensory neurogenesis and whether the induced expression of NGN1 or NGN2 enriches the resulting 

sensory neuron cultures for nociceptors or LTMRs/proprioceptors, respectively. hPSCs were 

differentiated into CNPs and neural crest cells were enriched for as described in Chapter 2 sections 

2.1.5 – 2.1.6.4 and Chapter 3 and transduced with viral particles containing FUW-M2rtTA and either 

pLV-TetO-eGFP-PuroR (neuronal cultures denoted SN), pLV-TetO-hNGN1-eGFP-PuroR (cultures 

denoted as iSNNGN1), and pLV-TetO-hNGN2-eGFP-PuroR (cultures denoted as iSNNGN2). The 

expression of the desired proteins (GFP, puromycin resistance and NGN1 or NGN2) was induced by 

doxycycline treatment for 96 h. Successfully transduced cells contain puromycin resistance and thus 

were selected by puromycin treatment (1 µg/mL, 72 h) 24 h following initial doxycycline addition. 

The SN, iSNNGN1 and iSNNGN2 cultures were matured for an additional 3 weeks (day 34) and cultures 

were sampled for immunocytochemistry and RT-qPCR (day 34) or for calcium imaging and whole-

cell patch-clamp electrophysiology (days 34 – 48). 

 

Following maturation, the expression of DRG sensory neuron markers and cellular morphology was 

assessed to determine the presence of neurons within the SN, iSNNGN1 and iSNNGN2 cultures. Soma 

size is often used to assess the maturity of hPSC-derived neurons and is broadly associated with 

sensory neuron type, as nociceptors typically display small cell soma while LTMRs and 

proprioceptors are typically larger. The soma size was assessed in the SN, iSNNGN1 and iSNNGN2 

cultures by measuring the 2D area of the somas (Fig. 4.3 A, B) revealing that the iSNNGN1 and iSNNGN2 

cultures had a ~3-fold significantly larger soma size compared to the SN cultures (F (2, 375) = 577.0, 

p < 0.0001, Fig. 4.3 B). There was no difference in soma size between the iSNNGN1 and iSNNGN2 

(208.5 ± 6.8 µm2 vs 205.3 ± 5.9 µm2, p = 0.87). The expression of the neuronal markers b-III-

TUBULIN and MAP2 was detected in all the SN, iSNNGN1 and iSNNGN2 cultures (Fig. 4.3 C). 



  Chapter 4 

 86 

Whereas there was a higher expression of the sensory neuron markers PERIPHERIN and NF200 

observed in the iSNNGN1 and iSNNGN2 compared to the SN (Fig. 4.3 C). There were no notable 

differences in PERIPHERIN and NF200 expression between the iSNNGN1 and iSNNGN2. Overall, the 

iSNNGN1 and iSNNGN2 had an increased soma size and increased expression of the sensory neuronal 

markers compared to the SN. 

 
 
Figure 4.3: The iSNNGN1 and iSNNGN2 have a larger soma size and increased expression of pan-
sensory neuronal markers compared to the SN. (A) Representative bright-field images of SN, iSNNGN1, 
iSNNGN2 at day 34. Scale bars = 50 µm. (B) 2D area of SN, iSNNGN1, and iSNNGN2 somas imaged on a DMI8 
microscope calculated using the LAS X Life Science Microscope Software Platform. One-way ANOVA with 
Tukey post hoc test, ****p<0.0001, nsp > 0.05. n = 60 – 230 neurons in total, n = 3 biological replicates. Data 
shown represent mean ± SEM. (C) Representative immunocytochemistry images of the neuronal markers ß-
III-TUBULIN (red) and MAP2 (red) and the sensory neuronal markers PERIPHERIN (red) and NF200 (red), 
nuclei are shown in blue. Scale bars are noted on each panel (50 µm or 20 µm). 
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To determine the proportion of DRG sensory neurons within the SN, iSNNGN1 and iSNNGN2 cultures, 

the expression of the pan-sensory neuronal markers, BRNA3 and ISLET1, was assessed (Fig. 4.4). 

There was a ~3.5-fold increase in the proportion of BRN3A+ cells in the iSNNGN1 (85.7% BRN3A+ 

cells) and iSNNGN2 (81.7% BRN3A+ cells) compared to the SN (24.2% BRN3A+ cells) group (F (2, 

9) = 84.44, p < 0.0001, Fig. 4.4 A, B). There was a similar high proportion of BRN3A+ cells within 

both the iSNNGN1 and iSNNGN2 cultures (p = 0.77). A trend for increased mRNA expression of BRN3A 

(encoded for by POU4F1) in the iSNNGN1 and iSNNGN2 compared to the SN was observed, however 

this did not reach statistical significance (F (2, 14) = 3.579, p = 0.056, Fig. 4.4 D). Consistent with 

the BRN3A expression profile, there was a 4.3-fold significant increase in the proportion of ISLET1+ 

cells in the iSNNGN1 (92.3% ISLET1+ cells) and iSNNGN2 (90.9 % ISLET1+ cells) compared to the 

SN (21.2 % ISLET1+ cells) (F (2, 9) = 151.2, p < 0.0001, Fig. 4.4 C). Additionally, there was no 

difference in the proportion of ISLET1+ cells between the iSNNGN1 and iSNNGN2 cultures (p = 0.963), 

with both cultures containing a high proportion of BRN3A+ and ISLET1+ cells. There was a non-

significant (F (2, 14) = 2.373, p = 0.130) trend for increased ISLET1 transcript expression (encoded 

by ISL1) in the iSNNGN1 and iSNNGN2 cultures compared to SN (Fig. 4.4 E). Thus, in comparison to 

the SN group, there was an increase in the proportion of neurons expressing pan-sensory neuronal 

markers BRN3A and ISLET1 in iSNNGN1 and iSNNGN2.  
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Figure 4.4: The iSNNGN1 and iSNNGN2 have a larger proportion of BRN3A+ and ISLET1+ cells compared 
to the SN cultures. (A) Representative immunocytochemistry images of the sensory neuron markers BRN3A 
(red) and ISLET1 (red) in the SN and iSNs, nuclei are shown in blue. Scale bars = 20 µm. The percentage of 
SN, iSNNGN1, iSNNGN2 expressing (B) BRN3A and (C) ISLET1 relative to the number of nuclei, n = 3 – 4 
biological replicates, >200 cells counted per biological replicate. Fold change of mRNA expression of the 
genes encoding (D) BRN3A (POU4F1) and (E) ISLET1 (ISL1) compared to the SN cultures, normalised to 
the house keeping genes B2M, PPIA and GAPDH n = 6 – 7 biological replicates. One-way ANOVA with 
Tukey post-hoc test, ****p < 0.0001, nsp > 0.05. Data shown represent mean ± SEM.  
 

Typically, differential expression of the TRK receptors marks distinct DRG sensory neuron subtypes, 

with neurons expressing TRKA classified as nociceptors, TRKB as LTMRs and TRKC as 

proprioceptors. At the protein level, expression of TRKA, TRKB and TRKC was detected in SN, 

iSNNGN1 and iSNNGN2 cultures (Fig. 4.5 A). The SN, iSNNGN1 and iSNNGN2 were all observed to 

display similar punctate TRKA expression and low levels of TRKB expression. TRKC expression 

was detected within all the cultures with a higher TRKC expression observed in the iSNNGN1 and 

iSNNGN2 compared to the SN cultures (Fig. 4.5 A). Additionally, the SN, iSNNGN1 and iSNNGN2 

cultures expressed the NTRK1, NTRK2, NTRK3 transcripts (encoding for TRKA, TRKB and TRKC, 

respectively). While a trend for increased NTRK1 mRNA expression in the iSNNGN1 and iSNNGN2 

compared to the SN group was observed, this was not statistically significant (F (2, 20) = 2.193, p = 

0.1376, Fig. 4.5 B). Additionally, the expression of NTRK2 and NTRK3 mRNA were similar between 
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the SN, iSNNGN1 and iSNNGN2 cultures (Fig 4.5 C, D). Overall, the expression of TRKA, TRKB and 

TRKC was detected in all cultures with no detectable differences in the expression of TRKA, TRKB 

and TRKC expression between the SN, iSNNGN1 and iSNNGN2 cultures. 

 

 
Figure 4.5: TRKA, TRKB and TRKC expression is detected in populations of neurons within the SN, 
iSNNGN1 and iSNNGN2 cultures. (A) Representative immunocytochemistry images of the sensory neuron 
subtype markers TRKA (red), TRKB (red) and TRKC (red) in iSNs, nuclei are shown in blue. Scale bars = 
20 µm. Fold change of mRNA expression of the genes encoding (B) TRKA (NTRK1), (C) TRKB (NTRK2) 
and (D) TRKC (NTRK3) compared to the SN cultures, normalised to the house keeping genes B2M, PPIA and 
GAPDH, n = 4 – 8 biological replicates. One-way ANOVA with Tukey post-hoc test, nsp > 0.05. Data shown 
represent mean ± SEM.  
 

Since there were no clear differences in TRKA, TKRB and TRKC expression, the mRNA transcript 

expression of additional markers for nociceptor, LTMR and proprioceptor neurons was investigated 

(Fig. 4.6). The voltage-gated sodium channels Nav1.7, Nav1.8 and Nav1.9 are predominantly 

expressed throughout the peripheral nervous system. Nav1.7 (encoded for by SCN9A) is ubiquitously 

expressed in sensory neurons, whereas the presence of Nav1.8 and Nav1.9 (encoded for SCN10A and 

SCN11A, respectively) is strongly associated with nociceptive neuronal subtypes. Therefore, the 

expression of SCN9A, SCN10A and SCN11A mRNA transcripts in the SN, iSNNGN1 and iSNNGN2 

cultures was also investigated. The relative expression of SCN9A transcripts was higher in iSNNGN2 
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and iSNNGN1 compared to the SN cultures, yet statistical significance was only detected for the 

iSNNGN2 (F (2, 13) = 6.167, p = 0.013, iSN vs iSNNGN2 p = 0.010, Fig. 4.6 A). A similar trend was 

observed for SCN10A mRNA expression in iSNNGN1 and iSNNGN2 cultures, yet only the iSNNGN1 

cultures had significantly increased transcript levels compared to the SN (F (2, 17) = 3.589, p = 0.050, 

SN vs iSNNGN1 p = 0.040, Fig. 4.6 B). Furthermore, there were similar expression levels of SCN11A 

transcripts between the SN, iSNNGN1 and iSNNGN2 cultures (F (2, 14) = 1.964, p = 0.177, Fig. 4.6 C). 

Interestingly the expression of SCN9A, SCN10A and SCN11A transcripts was statistically 

indistinguishable (p > 0.05) between the NGN1 and NGN2 induced sensory neurons, which were 

generated and evaluated under near identical conditions in this research work. Low levels of mRNA 

transcripts for the non-peptidergic nociceptor marker RUNX1 were detected in all cultures, however, 

there was no difference in RUNX1 expression between the SN, iSNNGN1 and iSNNGN2 cultures (F (2, 

17) = 0.290, p = 0.752, Fig, 4.6 D).  

 

To determine whether there was a shift in the expression of LTMR markers between the SN, iSNNGN1 

and iSNNGN2, the LTMR markers MAF, SHOX2 and RET were investigated. There was no difference 

in MAF mRNA expression between the SN, iSNNGN1 and iSNNGN2 cultures (F (2, 17) = 3.068, p = 

0.073, Fig. 4.6 E). There was a trend for an increase in SHOX2 and RET expression in the iSNNGN1 

and iSNNGN2 cultures compared to the SN, however, this was not statistically significant (F (2, 13) = 

2.297, p = 0.140, Fig. 4.6 F; F (2, 13) = 2.186, p = 0.152, Fig. 4.6 G, respectively). 

 

Similarly, to determine whether there were differences in proprioceptor marker expression between 

the SN, iSNNGN1 and iSNNGN2, RUNX3, PARVALBUMIN, OSTEOPONTIN and ASIC1 (encoded 

for by RUNX3, PVALB, SPP1, ACCN2, respectively) expression was investigated. All of the markers 

were detected in the SN, iSNNGN1 and iSNNGN2 cultures, however, there was no difference in RUNX3, 

PVALB, SPP1 or ACCN2 mRNA expression between the cultures (RUNX3 F (2, 17) = 1.033, p = 

0.377; Fig. 4.6 H; PVALB F (2, 14) = 0.200, p = 0.821; Fig. 4.6 I; SPP1 F (2, 14) = 0.110, p = 0.896, 
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Fig. 4.6 J; ACCN2 F (2, 14) = 1.599, p = 0.237;, Fig. 4.6 K). In summary, when evaluated under 

identical conditions, apparent trends were observed, however, there was no substantial enrichment 

for nociceptor, LTMR, or proprioceptor markers between the iSNNGN1 and iSNNGN2 cultures despite 

the induced expression of the putative lineage-specific transcription factors NGN1 and NGN2. Of 

note, in some replicates there was no mRNA transcript expression of SCN10A, RUNX1 or RUNX3 

detected within the SN iSNNGN1 and iSNNGN2 cultures. Future work using single-cell RNA sequencing 

could provide an in-depth overview of the exact proportions of neuronal subtypes within the cultures. 

Additional sensory neuron markers are investigated in comparison with the functional responses in 

section 4.3.3.  
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Figure 4.6: Nociceptor, LTMR and proprioceptor mRNA transcripts are present within the SN, iSNNGN1 
and iSNNGN2 cultures. Fold change of mRNA expression of the pan-sensory marker (A) SNC9A; nociceptor 
markers (B) SCN10A, (C) SCN11A, (D) RUNX1; LTMR markers (E) MAF, (F) SHOX2, (G) RET and 
proprioceptor markers (H) RUNX3, (I) PVALB, (J) SPP1 and (K) ACCN2 compared to the SN cultures, 
normalised to the house keeping genes B2M, PPIA and GAPDH, n = 4 – 6 biological replicates. One-way 
ANOVA with Tukey post-hoc test, *p < 0.05, nsp > 0.05. Data shown represent mean ± SEM.  
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4.3.3 Functional characterisation of SN, iSNNGN1 and iSNNGN2  

The ability of a neuron to respond and transmit stimuli is a critical determinant of hPSC-derived 

differentiation success. Additionally, differences in neuronal excitability can be used to define and 

characterise neuronal subtypes. Thus, to determine whether the generated neurons were functionally 

mature and to determine if the neurons exhibited differences in excitability between one another, the 

SN, iSNNGN1 and iSNNGN2 were assessed by whole-cell patch-clamp electrophysiology and live-cell 

calcium imaging.  

 

4.3.3.1 Functional hallmarks of SN, iSNNGN1 and iSNNGN2  

The passive and active properties of neuronal membranes dictate the excitability profile. The 

comparison between the excitability of the SN, iSNNGN1 and iSNNGN2 included characterisation of the 

passive electrical properties such as capacitance, resting membrane potential and rheobase, as well as 

the active firing properties such as the number of action potentials fired at 2 x rheobase and action 

potential shape at rheobase under current-clamp conditions. The SN had proportions of neurons 

within the cultures displaying phasic action potential firing (Fig. 4.7 A) and proportions with tonic 

action potential firing in response to increasing current injection. The iSNNGN1 and iSNNGN2 both 

displayed robust tonic action potential firing in response to increasing current injection (Fig. 4.7 B, 

C). The capacitance was recorded immediately after achieving whole-cell configuration under 

voltage-clamp conditions and the SN, iSNNGN1 and iSNNGN2 all had a similar average capacitance of 

32.4 ± 4.2 pF, 32.2 ± 3.5 pF and 33.1 ± 5.9 pF, respectively, (F (2, 35) = 0.0113, p = 0.989, Fig. 4.7 

D). Additionally, the SN, iSNNGN1 and iSNNGN2 had comparatively similar resting membrane 

potentials of 52.6 ± 1.3 mV, 54.0 ± 0.8 mV and 53.5 ± 0.9 mV, respectively, (F (2, 35) = 0.5177, p = 

0.600, Fig. 4.7 E). The minimum current required to elicit one action potential, denoted as the 

rheobase, was similar between the cultures, with an injection of 40 pA required for SNs and 50 pA 

required for both iSNNGN1 and iSNNGN2, (F (2, 35) = 0.447, p = 0.643, Fig. 4.7 F) to fire one action 

potential. Additionally, the SN, iSNNGN1 and iSNNGN2 fired 5 ± 1, 4 ± 1 and 5 ± 1 action potentials in 
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response to a current injection equivalent to twice of the rheobase for each individual neuron (2x 

rheobase) (F (2, 35) = 0.398, p = 0.675, Fig. 4.7 G).  

 

Differences in the active electrical properties of neurons, such as the action potential shape, can be 

used to distinguish between neuron types and DRG sensory neuron subtypes. The action potential 

shape at rheobase was analysed in the SN, iSNNGN1 and iSNNGN2. The SN, iSNNGN1 and iSNNGN2 fired 

action potentials with peak amplitudes of 89.8 ± 5.8 mV, 95.0 ± 2.4 mV and 96.9 ± 2.3 mV, 

respectively, (F (2, 36) = 0.997, p = 0.379, Fig. 4.7 H). The SN and iSNNGN2 displayed action 

potentials with similar half-widths of ~4.6 ms, whilst iSNNGN1 action potentials were comparatively 

narrower (half-width of 3.1 ms), however, these differences did not reach statistical significance (F 

(2, 34) = 2.567, p = 0.092, Fig. 4.7 I). There was no difference in the action potential rise times 

between the SN (85.4 ± 41.0 ms), iSNNGN1 (25.2 ± 4.3 ms), and iSNNGN2 (40.0 ± 10.9 ms) (F (2, 36) 

= 2.080, p = 0.140, Fig. 4.7 J). The average action potential time to peak for the SN, iSNNGN1 and 

iSNNGN2 was 126.4 ± 53.4 ms, 58.6 ± 11.1 ms and 64.2 ± 11.7 ms, respectively, (F (2, 36) = 1.683, p 

= 0.200, Fig. 4.7 K). While the action potentials fired by the iSNNGN1 had an apparently higher rise 

slope, there was no significant difference between the SN, iSNNGN1 and iSNNGN2 cultures with action 

potential rise slopes of 0.6 ± 0.2 mV/ms, 2.8 ± 1.3 mV/ms and 0.8 ± 0.2 mV/ms (F (2, 36) = 1.739, p 

= 0.190, Fig. 4.7 L). The SN, iSNNGN1 and iSNNGN2 displayed robust membrane hyperpolarisation 

“sags” during -150 pA current injections (Fig. 4.7 A, B, C). The change in the membrane potential 

from steady state current to the membrane potential peak during -150 pA current injection was 

calculated and determined to be -67.3 ± 15.8 mV, -38.6 ± 5.7 mV and -55.4 ± 8.5 mV in the SN, 

iSNNGN1 and iSNNGN2, respectively, (F (2, 36) = 2.150, p = 0.131, Fig. 4.7 M). Overall, the SN, 

iSNNGN1 and iSNNGN2 displayed similar passive and active electrical properties in response to current 

injection, consistent with functionally mature neurons. However, there were no discerning differences 

in the passive and active electrical properties between the SN, iSNNGN1 and iSNNGN2 cultures.  
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Figure 4.7: Excitability profile of SN, iSNNGN1 and iSNNGN2. Representative current-clamp recordings of (A) 
SN, (B) iSNNGN1, and (C) iSNNGN2. Membrane potential responses were elicited by incremental current 
injections (from -150 to +150 pA, ∆ 10 pA, 1 s, 0.1 Hz). Only every second trace (i.e., D20 pA) is displayed 
for clarity. Traces corresponding to rheobase and 2× rheobase are highlighted in orange and red, respectively. 
Inset: first action potential fired at rheobase. (D) Cell capacitance, (E) Resting membrane potential, (F) 
Rheobase, (G) Number of action potentials fired at 2x rheobase. The first action potential at rheobase 
characteristics: (H) Peak amplitude, (I) Half-width, (J) Time to peak, (K) Rise slope and (L) Rise time. (M) 
HCN current at -150 pA hyperpolarisation. n = 3 biological replicates, n = 11 – 15 neurons in total. One-way 
ANOVA with Tukey post-hoc test, nsp > 0.05. Data shown represent mean ± SEM. 
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The magnitude of the INa and IK in neurons are critical determinants of the firing responses and thus 

neuronal function and excitability; consequently, the current components were investigated under 

voltage-clamp conditions in the SN, iSNNGN1 and iSNNGN2 and are expressed as current density 

(pA/pF) to account for potential differences in cell size (Fig. 4.8 A). Under quasi-physiological ionic 

conditions (140 K+ in/ 140 Na+ out), the SN, iSNNGN1 and iSNNGN2 displayed robust inward currents 

predominantly carried by Nav channels elicited by depolarization (Fig. 4.8 B, C, D). Quantification 

of INa was performed from peak current amplitude of the transient currents elicited by depolarization 

to -20 mV after a pre-pulse to -120 mV (see Chapter 2 section 2.1.14). The iSNNGN1 had a 

significantly higher INa density (402.0 ± 41.0 pA/pF) compared to the SN (232.4 ± 33.8 pA/pF), and 

to the iSNNGN2 (261.4 ± 29.6 pA/pF), (F (2, 38) = 6.564, p = 0.0036, SN vs iSNNGN1 p = 0.0059, 

iSNNGN1 vs iSNNGN2 p = 0.0216) (Fig. 4.8 E). Depolarization to -20 mV did not result in detectable 

Na+ current density differences between the SN and iSNNGN2 (p = 0.8531). Similarly, the SN, iSNNGN1 

and iSNNGN2 displayed robust Kv channel mediated currents upon depolarization to 20 mV and 40 

mV (Fig. 4.8 B, C, D). Additionally, the iSNNGN1 group evidenced significantly larger IK (83.4 ± 7.6 

pA/pF) compared to SN (57.0 ± 7.8 pA/pF) determined upon depolarization to 20 mV (F (2, 41) = 

3.998, p = 0.0259, p = 0.0349, Fig 4.8 F), without significant difference between IK in the iSNNGN2 

(61.7 ± 6.0 pA/pF) and SN (p = 0.9028). Additionally, there was no difference in the IK at +20 mV 

between the iSNNGN1 and iSNNGN2 (p = 0.0978). There was no difference in the IK at +40 mV 

depolarization between the SN, iSNNGN1 and iSNNGN2 (F (2, 41) = 3.587, p =0.0367, Fig. 4.8 G).  
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Figure 4.8: Voltage-gated sodium and potassium currents in SN, iSNNGN1, iSNNGN2. (A) Stimulation 
protocol for INa and IK under whole cell voltage clamp conditions. Representative voltage clamp recordings of 
(B) SN, (C) iSNNGN1, and (D) iSNNGN2. (E)The INa density at -20mV. The IK at (F) +20 mV and (G) +40 mV. 
n = 13 – 18 neurons across 3 biological replicates. One-way ANOVA with Tukey post-hoc test, **p < 0.01, 
*p < 0.05, nsp > 0.05. Data shown represent mean ± SEM. 
 

4.3.3.2 KCl depolarization-induced intracellular Ca2+ responses in the SN, iSNNGN1 and 

iSNNGN2  

To assess the functional capacity of SN, iSNNGN1 and iSNNGN2 an elevated concentration of KCl (60 

mM) was applied to depolarize the neurons, activating the calcium channels, which was then 

measured through Fura-2 calcium imaging (Fig. 4.9). The SN (Fig. 4.9A), iSNNGN1 (Fig. 4.9 B) and 
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iSNNGN2 (Fig. 4.9 C) responded to KCl-depolarization by increasing the Fura-2 fluorescence (as 

340/380 fluorescence ratio from baseline), with the SN cultures displaying a large spread in KCL 

responsiveness, consisting of low-high responding neurons. The iSNNGN1 and iSNNGN2 had 

significantly larger peak KCl responses compared to the SN (F (2, 2886) = 109.0, p < 0.0001; SN vs 

iSNNGN1, p < 0.0001; iSN vs iSNNGN2, p < 0.0001 Fig. 4.9 D). Additionally, the iSNNGN1 and iSNNGN2 

had similar large KCl responses (p = 0.294). Thus, the SN, iSNNGN1 and iSNNGN2 cultures contained 

depolarization-competent functional neurons; interestingly, in the absence of induced NGN1 or 

NGN2 expression, the responses spanned a substantially broader range consistent with a more 

heterogeneous population of neurons in the SN cultures.  

 

 
Figure 4.9: The SN, iSNNGN1 and iSNNGN2 respond to KCl-depolarization. Representative live cell Fura-2 
intracellular calcium responses of (A) SN, (B) iSNNGN1 and (C) iSNNGN2. Traces represent the change in Fura-
2 fluorescence ratio (D340/380F) (imaged every 0.7 s) from baseline, of 7 individual neurons perfused (1 
mL/min) with 60 mM KCl with CBS washes before and after treatment. (D) The maximum responses to KCl 
depolarization for SN, iSNNGN1 and iSNNGN2. One-way ANOVA with Tukey post-hoc test, ****p < 0.0001, nsp 
> 0.05. Responses were obtained for > 800 neurons across 3 biological replicates. Data shown represent mean 
± SEM.  
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4.3.3.3 Spontaneous activity  

Under normal conditions, mature DRG sensory neurons are not spontaneously active and rarely fire 

action potentials in the absence of a triggering stimulus. To determine whether the SN, iSNNGN1 and 

iSNNGN2 cultures contain spontaneously active neurons, the SN, iSNNGN1 and iSNNGN2 were recorded 

under calcium imaging and current clamp conditions with no stimuli, monitoring changes in the 

340/380 fluorescence and action potential firing, respectively (Fig. 4.10). Under calcium imaging 

conditions, 34% of the neurons in the SN cultures displayed rhythmic or bursting properties and could 

also respond to KCl depolarization (Fig. 4.10 A, D). Whereas the iSNNGN1 and iSNNGN2 displayed no 

spontaneous activity, while still responding to KCl depolarization confirming that the neurons were 

functionally responsive (Fig. 4.10 B, C, D). Similarly, under current clamp 43% of the SNs displayed 

unstimulated action potential firing activity (Fig. 4.10 E, H). Conversely, no spontaneous firing 

activity could be detected in the iSNNGN1 and iSNNGN2 cultures (Fig. 4.10 F, G, H).  
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Figure 4.10: The SN, but not the iSNNGN1 and iSNNGN2, cultures contain spontaneously active neurons. 
Representative live cell Fura-2 intracellular calcium response traces of (A) SN, (B) iSNNGN1 and (C) iSNNGN2. 
Traces represent the change in the 340/380 fluorescence ratio (D340/380F) (imaged every 0.7 s) from baseline, 
of 3 – 4 individual neurons perfused (1 mL/min) with CBS for 6 min followed by 60 mM KCl and CBS wash. 
(D) The proportion of neurons with spontaneous activity (defined by changes in the 340/380 ratio without any 
stimuli, purple) and no spontaneous activity (defined by no changes in the 340/380 ratio without any stimuli, 



  Chapter 4 

 101 

grey), n = 3 biological replicates, n > 500 neurons in total. Representative current clamp recording of a (E) 
SN, (F) iSNNGN1 and (G) iSNNGN2 neuron. Membrane potential responses were recorded under current-clamp 
conditions on static bath at resting membrane potential without stimulation. (H) The proportion of neurons 
with spontaneous activity (defined by unstimulated firing of at least one action potential, purple) and no 
spontaneous activity (defined by the absence of action potential firing without stimuli, grey), recordings from 
a total of 7 – 8 neurons across 3 biological replicates.  
 

4.3.4 The SN, iSNNGN1, iSNNGN2 response to class specific sensory stimuli 

The defining characteristic of sensory neurons is the ability to respond to specific stimuli. In turn, 

these responses can be used distinguish between DRG neuron classes such as nociceptors, LTMRs, 

and proprioceptors. Thus, to determine (1) the presence of different functional classes of DRG 

neurons within the SN, iSNNGN1 and iSNNGN2 cultures and (2) whether the induced expression of 

NGN1 or NGN2 biased the neurons towards a specific functional sensory classes, the cultures were 

exposed to a range of ligands including the neurotransmitter glutamate, nociceptive ligands: ATP, 

AITC, capsaicin, menthol, GSK1702934A, as well as mechanical stimulation and responses were 

measured by calcium imaging or patch-clamp. Neurons that displayed spontaneous activity were 

excluded from the response to agonist analysis as it wasn’t possible to ascertain whether a peak was 

from the spontaneously active cell or a real response from agonist addition. 

 

4.3.4.1 Response to glutamate  

Glutamate is one the main excitatory neurotransmitters in the CNS and PNS and is typically released 

by sensory neurons to transmit stimuli, however the role of glutamate in DRG sensory neurons 

remains contentious (Cui et al., 2022; Fernández-Montoya et al., 2017; Ferrari et al., 2014; Kung et 

al., 2013; Masuoka et al., 2016). (To determine whether there were glutamate-responsive neurons 

within the SN (Fig. 4.11 A), iSNNGN1 (Fig. 4.11 B) and iSNNGN2 (Fig. 4.11 C) the cultures were 

stimulated using 10 µM glutamate pulse and the maximal change in Fura-2 340/380 fluorescence 

ratio was compared to the maximal 340/380 peak from the subsequent KCl-depolarization. The SN 

cultures had the largest proportion of glutamate responsive neurons (98%) compared to the iSNNGN1 

(29%) and iSNNGN2 (74%) cultures (Fig. 4.11 D). Of the glutamate-responsive neurons, the SN also 

had significantly larger responses to glutamate (35.0 ± 1.4% of the KCl response) compared to the 
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iSNNGN1 (5.3 ± 0.8% of the KCl response) and iSNNGN2 (10.8 ± 1.4% of the KCl response) glutamate-

responsive neurons (F (2, 560) = 93.39, p < 0.0001, SN vs iSNNGN1 p < 0.0001, SN vs iSNNGN2 p < 

0.0001, Fig. 4.11 E). Interestingly, the iSNNGN2 had a larger proportion of glutamate responsive 

neurons compared to the iSNNGN1 (74% vs 29%) and of those glutamate-responsive neurons, there 

was a non-significant trend for a larger glutamate response in the iSNNGN2 compared to iSNNGN1 

(10.8% vs 5.3% of the KCl response; p = 0.2654; Fig. 4.10 D, E). Immunodetection of the glutamate 

receptor, vGLUT1, was consistent with the calcium imaging glutamate responses with abundant 

staining detected in the SN, modest staining in the iSNNGN2, and minimal detection in the iSNNGN1 

(Fig. 4.11 F). 
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Figure 4.11: Subpopulations of neurons within the SN, iSNNGN1 and iSNNGN2 cultures respond to 
glutamate. Representative live cell Fura-2 calcium imaging traces of (A) SN, (B) iSNNGN1 and (C) iSNNGN2 
cultures treated with 10 µM glutamate followed by 60 mM KCl. Traces represent the change in the 340/380 
fluorescence ratio (D340/380F) (imaged every 0.7 s) from baseline, of 3 – 4 individual neurons perfused (1 
mL/min) with 10 µM glutamate followed by 60 mM KCl with CBS washes before and after treatments. (D) 
The proportion of glutamate responsive neurons, which were classified into no response (< 2%, grey), small 
responses (2 – 5%, light purple) or medium-to-high responsive neurons (> 5%, purple) relative to the KCl 
response. n = 3 biological replicates, n > 100 neurons in total. (E) The percentage glutamate response 
normalised to the KCl response. One-way ANOVA with Tukey post-hoc test, ****p < 0.0001, nsp > 0.05. Data 
shown represent mean ± SEM. A cut-off of below 2% response was classified as no response and 
indistinguishable from noise, as indicated by the dotted line across the graph, and was thus not included in the 
analysis. (F) Representative immunocytochemistry images of vGLUT1 (red) in the SN, iSNNGN1 and iSNNGN2, 
nuclei are shown in blue. Scale bars = 20 µm.  
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4.3.4.2 Response to K2ATP 

ATP activates the purinergic (P2X and P2Y) receptors, that are abundantly expressed in nociceptors 

and are also associated with non-nociceptive mechanosensation in proprioceptors and LTMRs 

subtypes (Cook et al., 1997; Jahr and Jessell, 1983, 1983; Khakh et al., 1997; Lewis et al., 1995; 

Moehring et al., 2018a; Nakamura and Strittmatter, 1996; Zagorodnyuk et al., 2007). To determine 

whether the SN, iSNNGN1 and iSNNGN2 cultures contained ATP-responsive neurons, the responses to 

20 µM K2ATP were assessed by calcium imaging. More than 60% of the SN (Fig. 4.12 A), iSNNGN1 

(Fig. 4.12 B) and iSNNGN2 (Fig. 4.12 C), cultures contained ATP-responsive neurons, with the SN 

containing the largest proportion of ATP-responsive neurons (84%) followed by iSNNGN2 (66%) and 

iSNNGN1 (63%) (Fig. 4.12 D). Of the ATP-responsive neurons, the SN cultures had a significantly 

larger response to ATP (12.6 ± 1.1% of the KCl response) compared to iSNNGN1 and iSNNGN2 cultures 

(4.6 ± 0.4%, 8.4 ± 0.8 of the KCl response, respectively), (F (2, 344) = 15.54, p < 0.0001, SN vs 

iSNNGN1 p < 0.0001, SN vs iSNNGN2 p =0.0096, Fig. 4.12 E). Additionally, there was a large range in 

the amount the SN ATP-responsive neurons could respond to ATP (Fig. 4.12 E). Interestingly, the 

iSNNGN2 cultures contained 3 populations of ATP-responsive neurons including ATP-nonresponsive 

(< 2% of the KCl response), low-responsive (~2 – 3 % of the KCl response) and a medium-responding 

group (~12 % of the KCl response).  
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Figure 4.12: Subpopulations of neurons within the SN, iSNNGN1 and iSNNGN2 cultures respond to K2ATP. 
Representative live cell Fura-2 calcium imaging traces of (A) SN, (B) iSNNGN1 and (C) iSNNGN2 cultures. 
Traces represent the change in the 340/380 fluorescence ratio (D340/380F) (imaged every 0.7 s) from baseline, 
of 4 – 5 individual neurons perfused (1 mL/min) with 20 µM K2ATP followed by 60 mM KCl with CBS 
washes before and after treatments. (D) The proportion of ATP responsive neurons, n = 3 biological replicates, 
n > 100 neurons in total. (E) The percentage peak ATP response normalised to the peak KCl response. A cut-
off response < 2% was classified as “no response” and indistinguishable from noise, as indicated by the dotted 
line across the graph, and was thus not included in the analysis. One-way ANOVA with Tukey post-hoc test, 
**p < 0.01, ****p < 0.0001, nsp > 0.05. Data shown represent mean ± SEM.  
 

4.3.4.3 Response to AITC 

The functional expression of TRPA1 in sensory neurons has roles in the detection of irritants such as 

AITC and transducing signals of pain, itch, and inflammatory processes. Thus, to determine the 

proportion of neurons within the SN, iSNNGN1 and iSNNGN2 cultures that could respond to the TRPA1 

activator, AITC, the SN (Fig. 4.13 A), iSNNGN1 (Fig. 4.13 B), and iSNNGN2 (Fig. 4.13 C) response to 

100 µM AITC was assessed by calcium imaging. The SN cultures had the highest proportion of AITC 

responsive neurons (33%) compared to the iSNNGN1 (25%) and iSNNGN2 (13%) (Fig. 4.13 D). Of the 

responsive neurons, the SN had significantly larger responses to AITC (13.6 ± 3.3% of KCl response) 

compared to the iSNNGN1 neurons (3.1 ± 0.2% of the KCl response) (F (2, 158) = 6.679, p = 0.0016; 
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SN vs. iSNNGN1 p = 0.0027, Fig. 4.13 E). However, there was no difference in the peak amplitude of 

the AITC response between the SN and iSNNGN2 AITC-responsive neurons (p = 0.8684). 

Additionally, while there was a lower proportion of AITC-responsive neurons within the iSNNGN2 

cultures compared to the iSNNGN1, the AITC response was significantly larger in the iSNNGN2 (11.7 ± 

4.0% of the KCl response) compared to the iSNNGN1 (3.1 ± 0.2% of the KCl response) (p = 0.035). 

Consistent with the proportion of AITC-responsive neurons within the cultures, the SN cultures had 

a significantly higher expression of TRPA1 mRNA transcripts compared to the iSNNGN1 and iSNNGN2 

(F (2, 11) = 9.518, p = 0.004; SN vs iSNNGN1, p = 0.0199; SN vs iSNNGN2, p = 0.0045; Fig 4.13 F).  

 

 
Figure 4.13: Subpopulations of neurons within the SN, iSNNGN1 and iSNNGN2 cultures respond to the 
TRPA1 activator AITC. Representative live cell Fura-2 calcium imaging traces of (A) SN, (B) iSNNGN1 and 
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(C) iSNNGN2. Traces represent the change in the 340/380 fluorescence ratio (D340/380F) (imaged every 0.7 s) 
from baseline, of 4 individual neurons perfused (1 mL/min) with 100 µM AITC followed by 60 mM KCl with 
CBS washes before and after treatments. (D) The proportion of AITC responsive neurons which were classified 
into no response (< 2%, grey), small responses (2 – 5%, light purple) or medium-to-high responsive neurons 
(> 5%, purple) relative to the KCl response. n > 100 neurons per neuron group, across 3 biological replicates. 
(E) The percentage AITC response normalised to the KCl response. The dotted line indicates the ‘no response’ 
cut-off of below < 2%. (F) Fold change of TRPA1 mRNA expression compared to the SN cultures, normalised 
to the house keeping genes B2M, PPIA and GAPDH. One-way ANOVA with Tukey post-hoc test, *p < 0.05, 
**p < 0.01, nsp>0.05, n = 4 – 5 biological replicates. Data shown represent mean ± SEM.  
 

4.3.4.4 Response to capsaicin  

In sensory neurons TRPV1 has roles in the detection of heat, protons and irritants like capsaicin. The 

proportion of neurons that responded to the TRPV1 activator, capsaicin (1 µM) within the SN (Fig. 

4.14 A), iSNNGN1 (Fig. 4.14 B) and iSNNGN2 (Fig. 4.14 C) assessed using live-cell calcium imaging. 

Less than 30% of the neurons within the SN, iSNNGN1 and iSNNGN2 cultures responded to capsaicin. 

From those, SN contained the largest proportion of capsaicin-responsive neurons (24%), followed by 

iSNNGN2 (18%) and iSNNGN1 (9%) (Fig. 4.14 D). Of the capsaicin-responsive neurons, there was no 

difference in the peak amplitude of the capsaicin response between the SN (11.5 ± 1.7% of the KCl 

response), iSNNGN1 (8.8 ± 4.3 of the KCl response) and iSNNGN2 (6.0 ± 1.1% of the KCl response) (F 

(2, 133) = 2.365, p = 0.0978, Fig. 4.14 E). Additionally, the SN cultures presented a large range in 

the amplitude of capsaicin responses (Fig. 4.14 E). Interestingly, there was a trend for an increase in 

TRPV1 expression in the iSNNGN1 and iSNNGN2 cultures compared to SN, however, this did not reach 

significance (F (2, 11) = 2.334, p = 0.143, Fig. 4.14 F). Consistent with the low proportion of 

capsaicin-responsive neurons and the relatively small responses to capsaicin, there was a low to 

minimal expression of TRPV1 protein that could be immunodetected in the SN, iSNNGN1 and iSNNGN2 

cultures (Fig. 4.14 G).  
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Figure 4.14: Subpopulations of neurons within the SN, iSNNGN1 and iSNNGN2 cultures respond to the 
TRPV1 activator capsaicin. Representative live cell Fura-2 calcium imaging traces of (A) SN, (B) iSNNGN1 
and (C) iSNNGN2. Traces represent the change in the 340/380 fluorescence ratio (D340/380F) (imaged every 
0.7 s) from baseline, of 4 individual neurons perfused (1 mL/min) with 1 µM capsaicin followed by 60 mM 
KCl with CBS washes before and after treatments. (D) The proportion of capsaicin responsive neurons, which 
were classified into no response (< 2%, grey), small responses (2 – 5%, light purple) or medium-to-high 
responsive neurons (> 5%, purple) relative to the KCl response. n > 100 neurons across 3 biological replicates. 
(E) The percentage peak capsaicin response normalised to the peak KCl response. The dotted line indicates 
the ‘no response’ cut-off of below < 2%. (F) Fold change of mRNA expression of TRPV1, compared to the 
SN cultures, normalised to the house keeping genes B2M, PPIA and GAPDH. n = 4 – 5 biological replicates 
(G) Representative immunocytochemistry images of TRPV1 (red) in the SN, iSNNGN1 and iSNNGN2, nuclei are 
shown in blue. One-way ANOVA with Tukey post-hoc test, nsp > 0.05. Data shown represent mean ± SEM. 
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4.3.4.5 Response to menthol  

In sensory neurons, TRPM8 is involved in the detection and transduction of cold stimuli. The 

proportion of neurons that could respond to the TRPM8 activator menthol (250 µM), the SN (Fig. 

4.15 A), iSNNGN1 (Fig. 4.15 B) and iSNNGN2 (Fig. 4.15 C) was assessed using live-cell calcium 

imaging. There was a low proportion of menthol-responsive neurons within the SN, iSNNGN1 and 

iSNNGN2 cultures, the SN contained the largest proportion of menthol-responsive neurons (31%), 

followed by iSNNGN2 (23%) and iSNNGN1 (15%) (Fig. 4.15D). While the iSNNGN1 had the lowest 

proportion of menthol-responsive neurons, the iSNNGN1 neurons had a larger mean response to 

menthol (10.7 ± 1.8% of the KCl response) compared to SN and iSNNGN2 (5.8 ± 0.8%, 5.1 ± 0.6% of 

the KCl response, respectively) (F (2, 234) = 7.263, p = 0.0009; SN vs iSNNGN1 p = 0.0045; iSNNGN1 

vs iSNNGN2 p = 0.0006; Fig. 4.15 E). However, there was no significant difference in the bulk TRPM8 

mRNA expression between the SN, iSNNGN1 and iSN cultures (F (2, 11) = 2.414, p = 0.135; Fig. 4.15 

F). 
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Figure 4.15: Subpopulations of neurons within the SN, iSNNGN1 and iSNNGN2 cultures respond to the 
TRPM8 activator menthol. Representative live cell Fura-2 calcium imaging traces of (A) SN, (B) iSNNGN1 
and (C) iSNNGN2 cultures. Traces represent the change in the 340/380 fluorescence ratio (D340/380F) (imaged 
every 0.7 s) from baseline, of 3 – 4 individual neurons perfused (1 mL/min) with 250 µM menthol followed 
by 60 mM KCl with CBS washes before and after treatments. (D) The proportion of menthol responsive, which 
were classified into no response (< 2%, grey), small responses (2 – 5%, light purple) or medium-to-high 
responsive neurons (> 5%, purple) relative to the KCl response. n > 200 neurons across 3 biological replicates. 
(E) The percentage peak menthol response normalised to the peak KCl response. The dotted line indicates the 
‘no response’ cut-off of below < 2%. (F) Fold change of mRNA expression of TRPM8, compared to the SN 
cultures, normalised to the house keeping genes B2M, PPIA and GAPDH replicates. n = 3 – 5 biological 
replicates. Data shown represent mean ± SEM. One-way ANOVA with Tukey post-hoc test, **p < 0.01, ***p 
< 0.001, nsp > 0.05,  
 

4.3.4.6 Response to GSK1702934A 

In sensory neurons TRPC3 and TRPC6 have been implicated in the detection of light touch, itch and 

inflammatory sensitisation, however the exact TRPC3/TRPC6 functions are unclear (Dong et al., 
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2017; Quick et al., 2012; Sexton et al., 2016; Usoskin et al., 2015). To determine the proportion of 

neurons that responded to the TRPC3/6 activator, GSK1702934A (1 µM), the SN (Fig. 4.16 A), 

iSNNGN1 (Fig. 4.16 B) and iSNNGN2 (Fig. 4.16 C) responses were recorded using live-cell calcium 

imaging. The SN cultures had the highest proportion of GSK1702934A-responsive neurons (32%) 

compared to the iSNNGN1 (13%) and iSNNGN2 (13%) (Fig. 4.16 D), albeit these responses were very 

small (Fig. 4.16 A, B, C, E). Nevertheless, the iSNNGN2 GSK1702934A-responsive neurons displayed 

a significantly larger responses to GSK1702934A (6.7 ± 1.6% of the KCl response) compared to 

iSNNGN1 (2.8 ± 0.1% of the KCl response) (F (2, 145) = 6.483, p = 0.0020; iSNNGN1 vs iSNNGN2 p = 

0.0019; Fig. 4.16 E). However, there was no difference in the GSK1702934A response from the SN 

neurons compared to the iSNNGN1 or iSNNGN2 (SN vs iSNNGN1 p = 0.056; SN vs iSNNGN2 p = 0.363; 

Fig. 4.16 E). Consistent with the low proportion of responsive neurons and negligible peak 

amplitudes to GSK1702934A addition, there was no significant difference in TRPC3 mRNA 

transcript expression between the SN, iSNNGN1 and iSNNGN2 cultures (F (2, 14) = 0.2450, p = 0.786, 

Fig. 4.16 F). 
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Figure 4.16: Subpopulations of neurons within the SN, iSNNGN1 and iSNNGN2 cultures respond to the 
TRPC3/6 activator GSK1702934A. Representative live cell Fura-2 calcium imaging traces of (A) SN, (B) 
iSNNGN1 and (C) iSNNGN2. Traces represent the change in the 340/380 fluorescence ratio (D340/380F) (imaged 
every 0.7 s) from baseline, of 3 – 4 individual neurons perfused (1 mL/min) with 1 µM GSK1702934A 
followed by 60 mM KCl with CBS washes before and after treatments. (D) The proportion of GSK1702934A 
responsive neurons, which were classified into no response (< 2%, grey), small responses (2 – 5%, light purple) 
or medium-to-high responsive neurons (> 5%, purple) relative to the KCl response. n > 100 neurons across 3 
biological replicates. (E) The percentage GSK1702934A response normalised to the KCl response. The dotted 
line indicates the ‘no response’ cut-off of below < 2%. (F) Fold change of mRNA expression of TRPC3, 
compared to the SN cultures, normalised to the house keeping genes B2M, PPIA and GAPDH replicates, n = 
5 – 6 biological replicates. Data shown represent mean ± SEM. One-way ANOVA with Tukey post-hoc test, 
**p < 0.01, nsp > 0.05. 
 

4.3.4.7 Response to mechanical stimulation  

To determine the proportion of neurons within the SN, iSNNGN1 and iSNNGN2 cultures that could 

respond to mechanical stimulation, whole-cell mechano-clamp recordings were implemented. For 
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these, patch-clamped neurons were mechanically stimulated by probe indentation causing membrane 

displacement from 0.1 µm to 1 µm displacements (D 0.1 µm) (Fig. 4.17). The SN (Fig. 4.17 A), 

iSNNGN1 (Fig. 4.17 B), iSNNGN2 (Fig. 4.17 C) cultures contained neurons that responded to 

mechanical stimulation. Only 1 neuron out of 6 SN neurons responded to mechanical stimulation 

(Fig. 4.17 D), whereas both the iSNNGN1 and iSNNGN2 cultures contained a comparatively large 

proportion of neurons that could respond to mechanical stimulation (iSNNGN1: 6/7 and iSNNGN2: 5/7 

mechanically responsive neurons). Of the mechanically responsive neurons, there was a large spread 

in the amplitude of the MA current that could be elicited by 1 µm membrane probe indentation 

between neurons (Fig. 4.17 E). It must be noted that the mechano-clamp data presented here was 

extracted from neurons generated within two independent biological replicates, and therefore 

additional biological replicates are required in order to draw sound conclusions regarding the yields 

of mechanically sensitive neurons as well as the magnitude of mechanically activated currents in the 

SN, iSNNGN1 and iSNNGN2 cultures. Consistent with the functional evidence of mechanosensitivity 

within the cultures, PIEZO2 transcripts, encoding the main mechanosensitive channel expressed in 

DRG sensory neurons, PIEZO2, were detected in the SN, iSNNGN1 and iSNNGN2 cultures (Fig. 4.17 

G). There was a significant increase in PIEZO2 mRNA transcript expression in the iSNNGN1, and a 

trend for an increase in the iSNNGN2, compared to SN cultures (F (2, 16) = 5.85, p = 0.012, SN vs 

iSNNGN1 p = 0.014, SN vs iSNNGN2 p = 0.056 Fig. 4.17 G). Interestingly, PIEZO2 transcript 

expression was similar between iSNNGN1 and iSNNGN2 (iSNNGN1 vs iSNNGN2 p = 0.783, Fig. 4.17 G). 
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Figure 4.17: Subpopulations of neurons within the SN, iSNNGN1 and iSNNGN2 cultures respond to 
mechanical stimulation. Representative traces of MA currents from (A) SN, (B) iSNNGN1 and (C) iSNNGN2 
neurons, under voltage-clamp. Stimulus: 0.1 to 1 μm membrane displacement caused by increasing probe 
indentation in 0.1 μm steps. (D) The proportion of neurons that respond to 1 µm probe indentation, classified 
into: no response (grey), small responses (< 5 pA/pF, light purple), or medium-to-large responses (> 5 pA/pF, 
purple) relative to the KCl response. n = 6 – 7 neurons across 2 biological replicates. The MA current density 
of the mechanically sensitive neurons in response to (E) 1 µm probe indentation. (G) Fold change of PIEZO2 
mRNA expression compared to the SN cultures, normalised to the house keeping genes B2M, PPIA and 
GAPDH, n = 6 biological replicates. One-way ANOVA with Tukey post-hoc test, *p < 0.05, nsp > 0.05. Data 
shown represent mean ± SEM.  
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4.4 Discussion  

The sensory neurons of the DRG are implicated in a range of debilitating peripheral neuropathies and 

thus it is critical to generate functional human sensory neurons that can be applied for the study of 

sensory neuron development, peripheral neuropathies, screening of therapeutic compounds and for 

further understanding human sensory neuron biology. The work in this Chapter describes the 

generation and characterization of functional sensory neurons via the induced the expression of either 

NGN1 or NGN2 in hPSC-derived neural crest cells (Figure 4.18). The expression of either NGN1 or 

NGN2 in hPSC-derived neural crest cells enhanced the sensory neuron differentiation efficiency, 

resulting in cultures of highly enriched sensory neurons (NF200+, PERIPHERIN+, 80 – 90 % 

BRN3A+, ISLET1+). The iSNNGN1 and iSNNGN2 were functionally mature firing multiple action 

potentials in response to electrical stimulation. Additionally, the iSNNGN1 and iSNNGN2 cultures 

contained heterogenous populations of sensory neurons with expression and functional characteristics 

consistent with the presence of multiple sensory subtypes including nociceptors and mechanosensory 

neurons such as LTMRs and proprioceptors. Interestingly, the induced expression of NGN1 or NGN2 

in neural crest cells did not significantly bias cultures towards specific nociceptor or mechanosensory 

(LTMR and proprioceptor) fates, respectively. Thus, while induced expression of NGN1 and NGN2 

is sensory specific, it is not lineage specific. The iSNNGN1 and iSNNGN2 contain enriched cultures of 

functional sensory neurons that represent an excellent model for investigating functional 

heterogenous DRG-like sensory neurons in development and disease and for screening therapeutics.  

 



  Chapter 4 

 116 

 

Figure 4.18: Induced expression of NGN1 or NGN2 in neural crest cells enhances sensory neuron 
differentiation efficiency, generating a heterogenous population of functional sensory neurons. hPSCs 
were first differentiated into neural crest cells and were then differentiated into cultures of sensory neurons 
through either (1) extrinsic factors alone, (2) extrinsic factors and the induced expression of NGN1 and (3) 
extrinsic factors and the induced expression of NGN2. In the presence of extrinsic factors alone, the resulting 
SN cultures contained a mixed population of neuronal cell types with varying functional profiles and a low 
proportion of sensory neurons. The induced expression of the lineage specific transcription factors, NGN1 or 
NGN2, in hPSC-derived neural crest cells resulted in highly enriched cultures of functionally mature sensory 
neurons (NF200+, PERIPHERIN+, 80 – 90 % BRN3A+, ISLET1+). Interestingly, the iSNNGN1 and iSNNGN2 
cultures contained similar heterogenous populations of sensory neurons with expression and functional 
properties consistent with the presence of multiple sensory subtypes including nociceptors LTMRs and 
proprioceptors. 
 
 

4.4.1 The extrinsic factor-alone SN protocol generates a mixed population of neurons 

To determine whether the induced expression of NGN1 or NGN2 in neural crest cells enhanced or 

biased sensory neurogenesis, as a baseline, the hPSC-derived neural crest cells were also 

differentiated towards sensory neurons without the expression of transcription factors (extrinsic 

factor-alone) generating the SN cultures. The SNs ranged in size but were typically small with soma 

sizes of ~71 µm2. The SNs expressed the neuronal markers b-III-TUBULIN and MAP2, however, 

had a low expression of the pan-sensory neuron markers NF200 and PERIPHERIN and only ~20% 

of the SNs were BRN3A+ and ISLET1+. Overall, the high expression of general neuronal markers 

and low levels of sensory neuron markers indicate that there was a sub-optimal proportion of sensory 
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neurons and the presence of other neuronal types within the SNs. To assess the relative maturity of 

the SN cultures, a high concentration of KCl was applied to globally depolarize the neurons, 

activating voltage-gated calcium channels resulting in calcium influx into the soma of the neurons, 

which could be measured through ratiometric calcium imaging (Fox et al., 2010; Rienecker et al., 

2020). Differences in the size of the KCl response is indicative of the proportion of channels that can 

be depolarized and activated, providing a relative indication of neuronal maturity (Fox et al., 2010; 

Rienecker et al., 2020; Silva et al., 2020). Interestingly, within the SN cultures there was a range in 

the size of the KCl response between individual neurons, indicating that the SNs had mixed levels of 

maturity of neuronal cells, with a proportion of immature, low responding neuronal cells. It is possible 

that these low responders are progenitor neuronal cells that could further mature with longer 

maturation stages (> 3 weeks) or that low responders are different neuronal cells within the cultures 

(Alshawaf et al., 2018; Silva et al., 2020). Additionally, the SNs were functionally responsive, with 

an average resting membrane potential of ~-53 mV, similar to other extrinsic factor based hPSC-

derived cultures (Alshawaf et al., 2018; Bardy et al., 2015; Meents et al., 2019; Silva et al., 2020; 

Young et al., 2014), and contained neurons that could fire multiple action potentials, however, ranged 

between tonic and phasic firing. Since the presence of BRN3A-/ISLET1- neurons were detected 

within the SN cultures, it was hypothesized that the cultures also contained CNS neurons, some of 

which would be spontaneously active (Amin et al., 2016; Autar et al., 2022; Das Sharma et al., 2020; 

Illes et al., 2014; Rosa et al., 2020). As such, the SNs contained a proportion of ~30-40% 

spontaneously active neurons, confirming the presence of other functional neuronal types within the 

SNs. The presence of spontaneously active neurons within the SNs is consistent with findings 

reported in other studies, showing mixed populations of neurons based on protocols that use extrinsic 

factor-alone approaches (Amin et al., 2016; Illes et al., 2014; Saito-Diaz et al., 2021; Schoepf et al., 

2020). Glutamate is one of the main excitatory neurotransmitters in the CNS and PNS and is released 

by sensory neurons to transmit stimuli. However, the exact role glutamate plays on sensory neurons 

is still unclear, for example, glutamate has been reported to have roles in sensory neuron sensitisation, 
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excite sensory neurons or contrastingly stimulate no response sensory neurons (Cui et al., 2022; 

Fernández-Montoya et al., 2017; Ferrari et al., 2014; Kung et al., 2013; Masuoka et al., 2016). The 

majority (98%) of the SNs responded to glutamate addition, which could indicate the presence of 

glutamate-responsive sensory neurons or indicate the presence of other glutamate-responsive PNS or 

CNS neurons within the cultures. However, further work is required to determine the role of 

glutamate in sensory neurons and to determine the exact other CNS or PNS neuronal types within the 

SNs. Taken together, the low expression of sensory neuron markers, presence of spontaneous activity 

and range of the KCl response, indicates the extrinsic factor-alone protocol resulted in a mixed 

population of neuronal types, with varying maturity, as expected.  

 

While there was a low proportion of sensory neurons in the SNs, of the sensory neurons, the presence 

of sensory subtypes were detected, with expression and functional characteristics consistent with 

nociceptor, LTMR and proprioceptor phenotypes. The expression of mRNA transcripts for 

peptidergic and non-peptidergic nociceptor markers, which encode for Nav1.8, Nav1.9, TRKA, 

TRPV1, TRPA1, TRPM8, TRPC3, RET and low levels of RUNX1, were detected within the SNs. 

Consistent with the expression profile, proportions of the SN could respond to the nociceptor agonists 

AITC (33%), capsaicin (24%), menthol (31%) and GSK1702934A (32%). Of note, any neurons 

displaying spontaneous activity were excluded from the analysis, and consequently these proportions 

represent only the non-spontaneously active neurons and thus the proportions of agonist-responsive 

neurons are likely lower in the total culture. The SNs had a large proportion of neurons that could 

respond to relatively low concentrations of ATP (84%), the primary role of ATP in sensory neurons 

is associated with nociception, sensitisation and pain transduction by activating the P2X receptors, 

however, ATP is also associated with large DRG neurons (LTMRs and proprioceptors) with roles in 

non-nociceptive mechanosensation (Cook et al., 1997; Jahr and Jessell, 1983, 1983; Khakh et al., 

1997; Lewis et al., 1995; Nakamura and Strittmatter, 1996; Zagorodnyuk et al., 2007). Thus, further 

work investigating the expression of the P2X and P2Y receptors is required to elucidate the 
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proportions of ATP-responsive subtypes within the SNs. Additionally, it is likely that the SN cultures 

contain polymodal neurons which can respond to multiple types of stimuli (Teichert et al., 2012b, 

2012a). Future work investigating the presence and proportion of polymodal sensory neuron subtypes 

within the cultures by screening multiple treatments on the same cells could further elucidate the 

subtypes within the cultures and contribute to defining different classes of human sensory neurons 

from hPSC-derived protocols. The expression of LTMR markers including mRNA transcripts which 

encode for TRKB, MAF, SHOX2, RET and PIEZO2 and proprioceptor markers, which encode for 

TRKC, PVALBUMIN, OSTEPOINTIN, ASIC1 and PIEZO2 were also detected within the SNs. 

Since both LTMRs and proprioceptors are characterised by a response to fine mechanical stimuli and 

both subtypes express PIEZO2, the proportion of SN that could respond to mechanical stimuli was 

assessed. Overall, only a low proportion of SNs were mechanically sensitive (1/6), however, 

additional replicates are required to make definitive conclusions. Altogether, the SNs contain a 

heterogenous population of neurons, including subtypes that have expression and functional profiles 

consistent with nociceptors, LTMRs and proprioceptors, similar to subtype proportions within the 

mammalian DRG (Ernsberger, 2009). The proportions of neurons within the SNs are similar to other 

extrinsic factor-based protocols, which detect the presence of multiple subtypes, and the presence of 

contaminating cell types within the cultures (Alshawaf et al., 2018; Saito-Diaz et al., 2021). Thus, 

while the extrinsic factor-based protocol generates sensory neurons, the variability in differentiation 

efficiency, presence of other PNS and CNS neuron types and differences in the functional maturity 

limits the use of the SN extrinsic factor-based protocol for investigating the development, 

dysfunction, and screening of therapeutics in sensory neurons.  

 

4.4.2 Expression of NGN1 or NGN2 in neural crest cells generated functionally mature 

sensory neurons  

The induced expression of NGN1 or NGN2 in neural crest cells significantly enhanced sensory 

neurogenesis and neuronal maturity. The transient induced expression of NGN1 or NGN2 in neural 
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crest cells resulted in a population of mature sensory neurons expressing the pan-sensory neuron 

markers PERIPHERIN, NF200, BR3NA and ISLET1. Furthermore, there was a significant increase 

in the proportion of BRN3A+/ISLET+ cells (~80 – 90 %) in both the iSNNGN1 and iSNNGN2 compared 

to the SNs (~20%), indicating a significant sensory enrichment. Additionally, both the iSNNGN1 and 

iSNNGN2 neurons had significantly larger somas (~210 µm2) compared to the SNs (~71 µm2), 

indicating either a bias towards large DRG sensory neurons and/or an increase in neuronal maturity 

(Bardy et al., 2016; Ernsberger, 2009). While soma size and capacitance are used to assess DRG 

neuronal lineage, the size of hPSC-derived neurons can vary based on plating density, replicate 

differentiations and on the maturity of the cultures, with an increased size associated with a 

functionally mature neuron and thus size alone cannot indicate the neuronal subtype in the context of 

hPSC-derived neurons (Bardy et al., 2016; Lam et al., 2017). Consistent with a purer sensory neuron 

population, the iSNNGN1 and iSNNGN2 cultures contained no spontaneously active contaminating 

neurons. Additionally, the iSNNGN1 and iSNNGN2 cultures contained functional neurons with robust 

sodium and potassium conductance’s and could fire repetitive tonic action potentials after only 3 

weeks of maturation. Furthermore, the iSNNGN1 and iSNNGN2 had large responses to KCl 

depolarization with less variability in the responses compared to the SN, indicating that the iSNNGN1 

and iSNNGN2 had a more homogenous maturity and/or cell type compared to the SN. Of note, a 

common pitfall of hPSC differentiation protocols is that differentiations often fail or crash during the 

differentiation process, this can be due to a multitude of reasons, including differences in coating 

reagents, small molecules, growth factors or arbitrary culture differences. However, the induced 

expression of NGN1 or NGN2 in neural crest cells drastically reduced the number of ‘failed’ 

differentiations and consistently resulted in populations of functional BRN3A+/ISLET1+ neurons. 

Whereas the extrinsic factor-alone SN protocol had a higher failure rate and variability in the final 

neuronal population, ranging with different proportions of other cell types within the cultures. The 

iSNNGN1 and iSNNGN2 cultures had significantly smaller responses to glutamate and less glutamate-

responsive neurons within the cultures, compared to the SN. This decreased response could be 



  Chapter 4 

 121 

attributed to the shift towards a more sensory neuron phenotype; however, further work is required 

to identify the excitatory role of glutamate within sensory neurons (Crupi et al., 2019; Fernández-

Montoya et al., 2017; Ferrari et al., 2014; Kung et al., 2013; Masuoka et al., 2016; Swaminathan et 

al., 2019; Zhou and Danbolt, 2014). Additionally, the iSNNGN1 had a lower proportion of glutamate-

responsive neurons (29%) compared to the iSNNGN2 (79%) indicating differences in the proportions 

of glutamate-responsive sensory neurons within the cultures. However, future studies are required to 

interrogate the glutamate response in sensory neurons subtypes. Altogether, the induced expression 

of NGN1 or NGN2 in neural crest cells forced the differentiation of the progenitors towards a sensory 

neuron lineage as evidenced by an increase in pan-sensory neuron markers, loss of contaminating cell 

types and a homogenous neuronal maturity, thus, enhancing the generation of a mature population of 

sensory neurons.  

 

4.4.3 Induced expression of NGN1 or NGN2 in neural crest cells results in the generation 

of a heterogenous population of sensory neurons 

The induced expression of NGN1 in neural crest cells generated a heterogenous population of sensory 

neurons, which contained expression and functional characteristics consistent with the presence of 

nociceptors, LTMRs and proprioceptors. The expression of peptidergic and non-peptidergic 

nociceptor markers, as well as populations that could respond to nociceptive stimuli were detected 

within the iSNNGN1 cultures, however, at lower levels and proportions than initially hypothesised. 

There was a trend for an increase in the expression the nociceptor markers, NTRK1, TRPV1 and 

TRPM8, no difference in the expression of RUNX1 and TRPC3, and a significant decrease in the 

expression of TRPA1 in the iSNNGN1 compared to the SNs. Consistent with the expression profile, 

low proportions of the iSNNGN1 could respond to nociceptor stimuli including AITC (25%), capsaicin 

(9%), menthol (15%) and GSK1702934A (13%). Additionally, the percentage of the responses were 

small compared to the KCl response indicating that the responsive neurons were not highly sensitive 

to the stimuli. Interestingly, 60% of the iSNNGN1 could respond to ATP, however, the responses were 
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relatively small compared to SNs. Thus, while the iSNNGN1 cultures contained neurons that could 

respond to nociceptive stimuli, there was no clear shift towards a population of nociceptors in the 

iSNNGN1 compared to the SN and iSNNGN2 cultures. Since both LTMRs and proprioceptors can detect 

fine mechanical stimuli, the iSNNGN1 were mechanically stimulated by fine probe indentation to the 

soma (0.1 – 1 µm) to determine whether there were populations of mechanosensory neurons within 

the iSNNGN1 cultures. Interestingly, a high proportion of the iSNNGN1 (6/7) could respond to 

mechanical stimulation, at varying levels. Consistent with the high proportion of mechanically 

sensitive neurons, there was a significant increase in the expression of the mechanosensitive channel, 

PIEZO2, in the iSNNGN1 compared to the SNs. However, it is unclear which subtype of sensory 

neurons these mechanically sensitive neurons belong to. For example, the iSNNGN1 had a trend for an 

increase in the LTMR marker mRNA transcripts (MAF, SHOX2 and RET) compared to the SNs, 

however, there was no difference in the protein or mRNA expression of the key LTMR marker 

TRKB. Similarly, the expression of mRNA transcripts for proprioceptor markers (RUNX3, PVALB, 

SPP1 and ACCN2) were detected within the iSNNGN1, however at similar levels to the SN cultures. 

Contrastingly, there was a high expression of a key proprioceptor marker, TRKC, detected in the 

iSNNGN1. Taken together, the iSNNGN1 contained neurons that could respond to nociceptor stimuli, a 

large proportion of neurons that were mechanically sensitive and the expressed markers for 

nociceptors, LTMRs and proprioceptors and thus the expression of NGN1 in neural crest cells 

resulted in the differentiation of a heterogenous population of sensory neurons. 

 

There is a multitude of sodium, potassium and calcium channels that are expressed in DRG sensory 

neurons, which alter the size and shape of the sodium, potassium and calcium currents and can dictate 

action potential shape and firing (Bennett et al., 2019; Chang et al., 2018; Giacobassi et al., 2020; 

Tsantoulas and McMahon, 2014; Zheng et al., 2019). Furthermore, altered expression patterns of 

voltage-gated ion channels are increasingly associated with chronic pain and sensitization, and thus, 

the functional presence specific Nav, Kv and Cav channels is critical for pain modelling (Bennett et 
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al., 2019; Chang et al., 2018; Fuchs et al., 2007; Rasband et al., 2001; Tsantoulas and McMahon, 

2014). Typically, the differential expression of specific channels can be used to distinguish between 

different sensory subtypes, however, there is considerable overlap between channel expression 

(Giacobassi et al., 2020; Zheng et al., 2019). Nociceptors are characterised by high expression of the 

TTX-sensitive channel, Nav1.7 (encoded by SCN9A), and the TTX-resistant channels Nav1.8 and 

Nav1.9 (encoded by SCN10A and SCN11A, respectively) (Amaya et al., 2000; Coward et al., 2000; 

Fjell et al., 2000; Zheng et al., 2019). Within the iSNNGN1 cultures there was a trend for an increase 

in SCN9A and SCN11A expression and a significant increase in SCN10A expression compared to the 

SNs. Furthermore, there was a significant increase in the Nav current density in the iSNNGN1 cultures 

compared to the SN and the iSNNGN2. The increase in the iSNNGN1 Nav current density could be 

attributed to the increase in SCN10A mRNA expression and in turn an increase in the presence of 

Nav1.8 channels. Furthermore, additional characterisation of the Nav currents in the iSNNGN2 

determined that the majority of the Nav current was attributed to TTX-sensitive currents with a small 

proportion contributed by TTX-resistant currents (~10%) (Appendix 1: (Hulme et al., 2020)). 

However, further profiling is required to determine the proportion of TTX-resistant currents within 

the SN and iSNNGN1 cultures to determine which channels that are contributing to the sodium currents. 

Interestingly, while Nav1.8 and Nav1.9 currents are defining features of nociceptive neurons, reports 

describing homogenous cultures of hPSC-derived sensory neurons do not display robust Nav1.8 and 

Nav1.9 currents (Alsaloum et al., 2021; Blanchard et al., 2015; Boisvert et al., 2015; Chambers et 

al., 2012; Eberhardt et al., 2015; Holzer et al., 2022; Schrenk-Siemens et al., 2022). For example, 

hPSC-derived nociceptors either have a low proportion of neurons that contain TTX-resistant currents 

and for the neurons that do, only represent a small percentage of the sodium current (Alsaloum et al., 

2021; Boisvert et al., 2015; Eberhardt et al., 2015; Schrenk-Siemens et al., 2022). Furthermore, the 

presence of a TTX-resistant Nav current does not necessarily indicate the presence of functional 

Nav1.8 and Nav1.9 currents (Alsaloum et al., 2021; Eberhardt et al., 2015). For example, Eberhardt 

et al. generated sensory neurons with expression and functional characteristics similar to nociceptors, 
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with 79% of the neurons containing TTX-resistant currents. However, upon further interrogation 

Eberhardt et al. determined that the TTX-resistant currents were attributed to the presence of 

functional Nav1.5 rather than Nav1.8 or Nav1.9, resembling early embryonic sensory neurons. Thus, 

future work investigating the presence of Nav1.8 and Nav1.9 currents in the iSNNGN1 and methods to 

optimise and/or enrich for such currents would be of interest to generate functional human nociceptors 

that can be used for disease modelling and screening of specific Nav channel therapeutics.  

 

Similar to the Nav current, there was a significant increase in the Kv current density in the iSNNGN1 

compared to the SN. Differential expression of Kv channels can be used to identify DRG sensory 

neuron subtypes, however, the Kv channels are the most diverse family with 40 different human Kv 

channels making the identification of the specific Kv channels that contribute to the K conductance 

challenging (Giacobassi et al., 2020; Tsantoulas and McMahon, 2014; Zheng et al., 2019). 

Pharmacological analyses identified contributions of the major Kv families (Kv1, Kv2, Kv3 and Kv4) 

towards the Kv currents within the iSNNGN2 cultures (Appendix 1: (Hulme et al., 2020)). 

Interestingly, the proportions of the Kv1, Kv2, Kv3 and Kv4 families mediating the Kv conductance 

in the iSNNGN2 cultures varied between neurons indicating heterogeneity within the iSNNGN2 cultures 

(Appendix 1: (Hulme et al., 2020)). Further work investigating the functional presence of the 

different Kv channels by expression, electrophysiological properties and pharmacological analyses 

could elucidate the key channels expressed in the iSNNGN1 cultures providing a model for 

investigating the role of Kv channels in peripheral neuropathies.  

 

Induced expression of NGN2 in neural crest cells resulted in the differentiation of a heterogenous 

population of sensory neurons, similar to the iSNNGN1 cultures. The iSNNGN2 cultures contained 

populations of neurons that expressed nociceptor markers and could respond to nociceptive stimuli. 

For example, the iSNNGN2 had a significant increase in the expression of SCN9A, trend for an increase 

in the expression of NTRK1, TRPV1, TRPM8, SCN10A and SCN11A, no differences in the expression 
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of TRPC3 and RUNX1 and a decrease in the expression of TRPA1 compared to the SNs. Similar to 

the expression pattern, the iSNNGN2 cultures contained proportions of neurons that could respond to 

the nociceptive stimuli including AITC (13%), capsaicin (18%), menthol (23%), GSK1702934A 

(13%) and ATP (66%). Interestingly, there were two populations of ATP-responsive neurons within 

the iSNNGN2, with 28% displaying small responses and 38% displaying medium responses to ATP 

(3% vs 13% of the KCl response, respectively), highlighting the presence of distinct subtypes within 

the cultures. To assess for the presence of LTMRs and/or proprioceptors, the iSNNGN2 were 

mechanically stimulated by fine probe indentation to the soma. Most of the assessed iSNNGN2 neurons 

(5/7) responded to fine mechanical stimulation, however, at varying current densities, indicating the 

presence of multiple mechanosensory subtypes within the cultures. Additionally, the iSNNGN2 

expressed markers for LTMRs, with a trend for an increase in the expression of SHOX2, RET and 

PIEZO2 and a similar expression of NTRK2 and MAF compared to the SNs. Similarly, the iSNNGN2 

expressed proprioceptor markers including RUNX3, PVALBUMIN, SPP1 and ACCN2, however, at a 

similar level compared to the SNs. Similar to the iSNNGN1, the iSNNGN2 cultures contained a high 

expression of the key proprioceptor marker, TRKC. Altogether, the iSNNGN2 contained sensory 

neurons that could respond to nociceptive stimuli, a proportion of neurons that were mechanically 

sensitive and the cultures expressed markers for nociceptors, LTMRs and proprioceptors, similar to 

the iSNNGN1 cultures.  

 

Induced expression of NGN1 or NGN2 in neural crest cells resulted in the generation of heterogenous 

populations of sensory neurons with expression and functional characteristics consistent with the 

presence of multiple sensory subtypes. Overall, there was no significant difference in the expression 

of nociceptor, LTMR or proprioceptor markers between the iSNNGN1 and iSNNGN2 cultures. 

Functionally, both the iSNNGN1 and iSNNGN2 had similar proportions of neurons that could respond to 

nociceptive and mechanical stimuli. Thus, while the expression of both transcription factors enhanced 

sensory neurogenesis, the data suggested a bias towards mechanosensitive neurons. While the 
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induced expression of NGN1 in hPSC-derived neural crest cells has previously been suggested to 

generate nociceptors, the characterisation of iSNs typically indicate the presence of heterogenous 

polymodal sensory neurons (Boisvert et al., 2015; Holzer et al., 2022; Schrenk-Siemens et al., 2022). 

Other similar studies describing induced sensory neurons via ectopic NGN1 expression, reportedly 

contain populations of neurons that can respond to capsaicin (40 – 60 %) and ATP (30 – 80 %) and 

express some nociceptor markers, however, often lack (1) other hallmark nociceptor markers such as 

TRKA or Nav1.8 (Holzer et al., 2022), (2) responses to other nociceptor stimuli, (3) lack the presence 

of TTX-resistant currents and/or (4) the investigation of other sensory neuron subtypes (Boisvert et 

al., 2015; Holzer et al., 2022). Furthermore, the studies that have assessed for responses to mechanical 

stimuli in iSNNGN1 cultures, report the presence of mechanically sensitive neurons (~60-90%), with 

varying response sizes and the expression of LTMR and proprioceptor markers such as TRKB, MAF, 

TRKC and PVALB (Schrenk-Siemens et al., 2022). Thus, the conclusion of pure populations of 

nociceptors cannot be drawn and instead reports are consistent with this Chapter’s findings of a 

heterogenous population of sensory neurons. Similarly, the induced expression of NGN2-alone or in 

combination with BRN3A in hPSC-derived neural crest cells has been reported to generate 

mechanosensitive neurons and, depending on the length of induced expression, also respond to 

nociceptive stimuli (e.g., menthol) at varying proportions (Nickolls et al., 2020; Plumbly et al., 2022; 

Schrenk-Siemens et al., 2015). Thus, consistent with this Chapter’s findings, the induced expression 

of NGN1 or NGN2 in neural crest cells results in a heterogenous population of polymodal sensory 

neurons, with a bias towards mechanosensitive neurons. Additionally, the heterogeneity within the 

iSNNGN1 and iSNNGN2 cultures is consistent with the inherent heterogeneity of DRG sensory neurons. 

However, exactly how iSN differentiate into distinct subtypes while in the presence of the same 

extrinsic factors is not fully understood. A possible reason for this heterogeneity could be due to cell-

to-cell interactions, with cellular diversity occurring due to the presence of other differentiated cell 

types within the vicinity of one another (Armingol et al., 2021; Smith et al., 2015). Another 

possibility is that the differentiating sensory neurons acquire subtype fate by intrinsic cellular 
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mechanisms and/or by stochastic processes (Losick and Desplan, 2008; Shin et al., 2020; Smith et 

al., 2015; Stumpf et al., 2017). It is likely a combination of factors that dictate the cellular diversity 

within the iSN and in order to generate a purer population of specific sensory neuron subtypes, then 

additional factors (induced transcription factors and/or extrinsic factors) are likely required during 

the differentiation process.  

 

The expression of NGN1 was hypothesized to enrich for nociceptors and the expression of NGN2 

was hypothesized to generate a population of LTMRs and proprioceptors. However, in this study the 

expression of NGN1 was not sufficient to bias the subtype fate to an enriched nociceptor lineage. 

These results contrast the waves of neurogenesis theory that, during rodent and chick development, 

NGN1 and NGN2 have distinct roles in sensory neurogenesis as NGN2 is critical for the development 

of LTMRs and proprioceptor lineages with NGN2-null mice exhibiting a loss of TRKB+ and TRKC+ 

neurons, which can in part be rescued by NGN1 expression and NGN1 is critical for the development 

of nociceptor lineages, with NGN1-null mice exhibiting a complete loss of TRKA+ neurons (Ma et 

al., 1999). However, a recent sensory neurogenesis theory has recently been proposed determining 

that all sensory neuron progenitors undergo multiple transition steps initially expressing NGN2, 

followed by the co-expression of NGN2 and NGN1 and later by expression of NGN1 alone (Faure et 

al., 2020). Additionally, sensory neuron progenitors follow a single trajectory of sensory biasing by 

NGN2 and NGN1 expression and upon cell cycle exit these neurons are unspecialised to a particular 

sensory subtype fate (Sharma et al., 2020). Instead, specification is hypothesised to be controlled by 

an array of additional intrinsic factors and by time- and location-dependent extrinsic cues (Faure et 

al., 2020; Sharma et al., 2020). Thus, in a differentiation system with all extrinsic media conditions 

controlled for, the expression of NGN1 vs NGN2 theoretically may not alter the specification of 

sensory neuron subtypes. Similar to the results of this Chapter, induced expression of BRN3A in 

combination with NGN1 or NGN2 in human fibroblasts also generates a heterogenous population of 

sensory neurons, albeit with a 1% efficiency (Blanchard et al., 2015). Both populations of 
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BRN3A/NGN1 and BRN3A/NGN2 neurons respond to similar proportions of nociceptor stimuli and 

express similar levels of TRKA, TRKB and TRKC to one another (Blanchard et al., 2015), indicating 

that the expression of NGN1 or NGN2 was not sufficient to alter sensory fate. Another possible 

reason why NGN1 and NGN2 did not significantly bias the cultures could be due to inherent 

differences between human and rodent/chick development and that more transcription factors and/or 

growth factors are required to enrich for specific human sensory fates. Additionally, differences in 

the induced transcription factor expression length, growth factor conditions, use of additional lineage 

specific transcription factors or coculture conditions could be used to further specify sensory fate.  

 

The inherent heterogeneity of sensory neurons raises questions of how to further enrich for specific 

populations of sensory subtypes. Heterogenous populations of sensory neurons can provide excellent 

models for sensory neuron development and disease. However, if only a specific sensory subtype is 

affected in a particular peripheral neuropathy, then a purer and more homogenous population of 

sensory neurons is required. Since the iSNNGN1 cultures did not bias towards nociceptors, it was 

hypothesised that the combination of NGN1 with the nociceptor lineage-specific transcription factor 

RUNX1 would enrich for nociceptors (Supplementary Fig. 4.1). However, the combination of 

NGN1 and RUNX1 in hPSC-derived neural crest cells resulted in large amounts of cell death and 

was thus not further used in this thesis (Supplementary Fig. 4.1). Thus, other lineage specific 

transcription factors or different culture conditions are required to enrich for the nociceptor lineage. 

Interestingly, even the induced expression of five transcription factors (ASCL1, MYT1L, ISL2, 

NGN1 and KLF7) in human fibroblasts generates a heterogeneous population of nociceptors 

(Wainger et al., 2015). Similarly, the combination of three transcription factors (NGN1, ISL2, KLF7) 

in hPSC-derived neural crest cells also generates a heterogenous population of nociceptors, with a 

small proportion of mechanically sensitive neurons (Schrenk-Siemens et al., 2022). Additionally, 

altering the induced expression length, serum and growth factor conditions can alter the proportions 

of iSN that are responsive to nociceptive and mechanical stimuli (Nickolls et al., 2020; Schrenk-



  Chapter 4 

 129 

Siemens et al., 2022), however, further work is required to determine the optimal conditions to enrich 

for a homogenous population of specific sensory neuron subtypes.  

 

Overall, the work in this Chapter describes the generation and characterisation of functional sensory 

neurons differentiated by the induced expression of either NGN1 or NGN2 in hPSC-derived neural 

crest cells. The induced expression of NGN1 or NGN2 significantly enhanced sensory neuron 

differentiation and maturation, which resulted in NF200+, PERIPHERIN+, BRN3A+, and ISLET1+ 

neuron populations. Furthermore, the iSNNGN1 and iSNNGN2 cultures contained similar heterogenous 

populations of neurons that could respond to nociceptive stimuli and a large proportion that were 

mechanically sensitive. Overall, the induced expression of NGN1 or NGN2 in hPSC-derived neural 

crest cells were specific to sensory neurons, however, were not specific to subtype lineages since 

iSNNGN1 cultures were not significantly biased towards the nociceptor lineages. The iSNNGN1 and 

iSNNGN2 cultures contain enriched populations of functional sensory neurons that represent an 

excellent model for investigating DRG development and peripheral neuropathy diseases and 

conditions. 
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4.5 Supplementary  

 

 
 
Supplementary figure 4.1: Confirmation of GFP, NGN1 and RUNX1 expression in hPSCs. hPSCs were 
transduced with viral particles containing the reverse tetracycline transactivator (rTTA) and pLV-TetO-
hNGN1-hRUNX1-eGFP-PuroR. Doxycycline was administered 24 h following transduction. (A) 
Confirmation of GFP expression following 96 h of doxycycline administration. (B) Confirmation and cellular 
co-localisation of GFP (green) with NGN1 (red) and RUNX1 (red), nuclei are shown in blue. However, when 
expressed in neural crest cells there was a large amount of cell death indicating further optimisation was 
required. Scale bars = 50 µm. 
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5.1 Introduction 

Mechanosensation, the transduction of mechanical stimuli into neural signals, is essential for 

everyday functions such as sitting, walking, holding objects, and internal organ sensation. The 

detection of mechanosensation requires specialised DRG mechanosensory neuron subtypes; 

including (1) proprioceptors, which detect spatial position, movement, muscle pressure, stretch, and 

tension and (2) LTMRs, which detect touch, hair deflection, vibration and internal organ sensation. 

These mechanosensory neurons are characterised based on the expression of specific transcription 

factors, receptors, ion channels, their functional profile and, importantly, by their ability to respond 

to and discriminate between varying types of mechanical stimuli and intensities (Handler and Ginty, 

2021; Hao and Delmas, 2010; Parpaite et al., 2021; Zheng et al., 2019). During sensory neurogenesis, 

the sensory neurons of the DRG arise from two key waves of migrating neural crest cells (Ma et al., 

1999; Perez et al., 1999). The first wave of sensory neurogenesis is controlled by the transient 

expression of the transcription factor NGN2, which results in the generation of the mechanosensory 

neurons (Ma et al., 1999; Perez et al., 1999; Zirlinger et al., 2002). Expression of NGN2 biases the 

neural crest cells into sensory progenitors, with subsequent expression of RUNX3 resulting in the 

generation of TRKC+ proprioceptors and expression of SHOX2 resulting in the differentiation of 

sensory progenitors into TRKB+ LTMRs (Abdo et al., 2011; Faure et al., 2020; Inoue et al., 2007; 

Kramer et al., 2006; Nakamura et al., 2008; Ogihara et al., 2016; Scott et al., 2011). However, the 

exact mechanisms regulating, distinguishing and transducing different sensory stimuli between the 

mechanosensory neurons is still unknown (Handler and Ginty, 2021; Parpaite et al., 2021; Rugiero 

et al., 2010). Furthermore, there is limited understanding regarding the mechanisms underpinning the 

pathophysiology of proprioceptors and LTMRs in neurodevelopmental and neurodegenerative 

diseases and in conditions of injury and inflammation. Consequently, it is critical to develop 

mechanosensory models to investigate proprioceptors and LTMRs to further the understanding of 

human mechanosensory physiology and enable the development of directed therapies toward these 
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neuronal populations that become compromised by trauma and neurodevelopmental or 

neurodegenerative conditions.  

 

A major challenge in studying human mechanosensation and the pathophysiology of associated 

developmental and degenerative diseases is the availability of human mechanosensory neurons. 

However, the use of hPSCs provides a promising approach to study human mechanosensory neurons 

in vitro. Recent approaches that rapidly generate sensory neurons have combined the use of extrinsic 

factors to generate hPSC-derived neural crest cells with the induced expression of key transcription 

factors that mimic neurogenesis and developmental patterning to drive differentiation towards 

functional sensory neurons (Boisvert et al., 2015; Hulme et al., 2020; Nickolls et al., 2020; Schrenk-

Siemens et al., 2022, 2015). While the combination of extrinsic factor with transcription factor 

protocols generates mixed mechanosensory neuron populations, to our knowledge, there are currently 

no protocols that combine general sensory neurogenesis transcription factors (e.g., NGN2) with 

lineage-specific transcription factors to drive the differentiation towards a specific mechanosensory 

subtype. Furthermore, while the induced expression of NGN2 biases neural crest cells to a sensory 

neuron fate, in on itself NGN2-alone does not specifically enrich cultures for a particular sensory 

neuronal subtype. Additionally, the induced expression of NGN1 or NGN2 in neural crest cells 

enhanced sensory neurogenesis but did not enrich for one specific population of sensory neurons as 

determined in Chapter 4. Instead, both transcription factors generated similar populations of sensory 

neurons to one another, highlighting a requirement for additional lineage-specific transcription factors 

to differentiate hPSCs into specific populations of mechanosensory neurons, such as proprioceptors 

or LTMRs. 

 

Due to the developmental role of RUNX3 and SHOX2 in the specification of proprioceptors and 

LTMRs in vivo, respectively, both RUNX3 and SHOX2 represent potential lineage-specific 

transcription factors that could be combined with NGN2 expression for use in hPSC-derived 
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differentiation protocols to generate induced-proprioceptors and induced-LTMRs. Thus, the aims of 

this Chapter were to determine: (1) whether the induced expression of NGN2 with either RUNX3 

or SHOX2 in hPSC-derived neural crest cells enriches for populations of proprioceptors and 

LTMRs, respectively; (2) whether there are functional differences in the mechanosensory 

physiology between two classes of hPSC-derived mechanosensory neurons; and (3) which channel 

is responsible for the response to mechanical stimulation in these neurons. This Chapter outlines 

the transcriptional and functional characterisation of induced-proprioceptor neurons 

(NGN2+RUNX3, iPN) and induced-LTMR neurons (NGN2+SHOX2, iLTMR) differentiated from 

hPSC-derived neural crest cells. Furthermore, the work in this Chapter describes the characterisation 

of the iPN and iLTMR neuronal responses to varying types of mechanical stimulation including 

stretch, increasing intensities of mechanical probe indentation to the soma, repetitive mechanical 

stimuli, and action potential firing in response to mechanical stimuli. Finally, experiments in which 

siRNA knockdown (KD) of the major sensory mechanosensitive channels, PIEZO1 and PIEZO2, 

were performed to characterize their role in modulating the functional responses to mechanical 

stimulation in the iPNs and iLTMRs.  
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5.2 Methods  

5.2.1 Plasmid design and generation of lentiviral particles  

The plasmids used in this study include the third-generation lentiviral packaging plasmids and 

lentiviral expression vectors (Table 5.1). The lentiviral expression vector for the pLV-TetO-eGFP-

PuroR (GFP control vector) was designed as described in Chapter 4 section 4.2.1. The pLV-TetO-

hNGN2-hRUNX3-GFP-PuroR (NGN2 + RUNX3 expression vector) and pLV-TetO-hNGN2-

hSHOX2-GFP-PuroR (NGN2 + SHOX2 expression vector) were designed using the pLV-TetO-

hNGN2-eGFP-PuroR (Addgene #79823) as an original backbone (Fig. 5.1). For the NGN2 + RUNX3 

expression vector, a sequence composed of the human Runx3 transcript variant 1 (NM_001031680.2) 

(hRUNX3) with the stop codon removed, followed by a GSG linker, E2A peptide linker and GSG 

linker was designed. The sequence was synthesised and cloned into the pLV-TetO-hNGN2-eGFP-

PuroR vector inserted prior to the eGFP sequence resulting in pLV-TetO-hNGN2-hRUNX3-GFP-

PuroR (Fig. 5.1 A). For the NGN2 + SHOX2 expression vector, the pLV-TetO-hNGN2-hRUNX3-

GFP-PuroR was used as a backbone. The hRunx3 was cloned out and replaced with the human Shox2 

transcript variant 1 (NM_003030.4) with the stop codon removed (Fig. 5.1 B). The human Runx3 and 

Shox2 genes have multiple transcript variants, however, for this work the Runx3 transcript variant 1 

and Shox2 transcript variant 1 were chosen as both are longest transcript variants. Additionally, the 

GSG linkers were included to provide flexibility between the transcripts and 2A peptide linkers. The 

E2A linker was chosen as alternating the 2A linker sequences (P2A, E2A, T2A) enhances protein 

expression efficiency (Liu et al., 2017). The cloning and sequencing were conducted by GenScript. 

The plasmid transformation, storage, amplification, purification, and lentiviral particle production 

was conducted as described in Chapter 2 sections 2.1.1 – 2.1.4. 
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Table 5.1: Plasmid description  

Name  Background  Bacterial 
resistance  

Role/description  

pLV-TetO-eGFP-
PuroR 

Designed by A 
Hulme for this 
work 

Ampicillin  Inducible lentiviral vector: expresses GFP and 
puromycin resistance, induced by 
doxycycline 

pLV-TetO-
hNGN2-hRUNX3-
eGFP-PuroR 

Designed by A 
Hulme for this 
work 

Ampicillin  Inducible lentiviral vector: expresses human 
Ngn2, Runx3, GFP and puromycin 
resistance, induced by doxycycline  

pLV-TetO-
hNGN2-hSHOX2-
eGFP-PuroR 

Designed by A 
Hulme for this 
work 

Ampicillin  Inducible lentiviral vector: expresses human 
Ngn2, Shox2, GFP and puromycin 
resistance, induced by doxycycline  

FUW-M2rtTA Addgene (#20342) Ampicillin  Lentiviral vector: expresses the reverse 
tetracycline transactivator 

pMDL Addgene (#12251) Ampicillin  Lentiviral packaging plasmid  
vSVG Addgene (#8454) Ampicillin Lentiviral packaging plasmid 
pRSV Addgene (#12253) Ampicillin Lentiviral packaging plasmid 

 

 
 
Figure 5.1: Doxycycline-inducible lentiviral expression vectors for the expression of NGN2 in 
combination with either RUNX3 or SHOX2. Third generation lentiviral vectors under a TetON promotor. 
In the open reading frame, vectors encode either (A) pLV-TetO-hNGN2-hRUNX3-GFP-PuroR: human Ngn2, 
2A peptide linker, human Runx3 transcript variant 1 (NM_001031680.2), 2A peptide linker, eGFP, 2A peptide 
linker and puromycin resistance or (B) pLV-TetO-hNGN2-hSHOX2-GFP-PuroR: human Ngn2, 2A peptide 
linker, human Shox2 transcript variant 1 (NM_003030.4), 2A peptide linker, eGFP, 2A peptide linker and 
puromycin resistance. Plasmids are high copy number and contain ampicillin resistance (AmpR) (maroon) for 
bacterial selection.  
 

5.2.2 hPSC culture and differentiation to sensory neurons 

hPSC culture and differentiation to neural crest cells and sensory neurons was performed as described 

in Chapter 2 sections 2.1.5 – 2.1.6.4. The hPSC line H9 (WA09, WiCell) was utilised in this study. 

Briefly, hPSCs were differentiated into CNPs (days 1 – 5) and then neurospheres were formed (days 

5-12). To enrich for migrating neural crest cells, the neurospheres were plated down onto a monolayer 
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(day 12) and then removed after 48 h (day 14). The neural crest cells were transduced with viral 

particles containing FUW-M2rtTA and either pLV-TetO-eGFP-PuroR (final neuronal cultures 

denoted as SN, as described in Chapter 4), pLV-TetO-hNGN2-hRUNX3-GFP-PuroR (final neuronal 

cultures denoted as induced-proprioceptor neurons [iPN]), and pLV-TetO-hNGN2-hSHOX2-GFP-

PuroR (final neuronal cultures denoted as induced-LTMR neurons [iLTMR]). Expression was 

induced for 96 h using doxycycline. To select for successfully transduced cells, 0.5 µg/mL puromycin 

was added 48 h after the initial doxycycline addition for 48 h. The cultures were then matured initially 

in Neuronal Media and then phased into BrainPhys Media. Proliferating cells were removed using 

AraC (days 24 – 26). The iPN and iLTMR were sampled for immunocytochemistry and RT-qPCR 

(day 34) or for calcium imaging and patch clamping (days 34 – 48). The focus of this Chapter was 

on the iPN and iLTMRs, however, the SN cultures (Chapter 4) were utilised as a RT-qPCR reference 

control.  

 

5.2.3 Protein harvesting, quantification, and western blotting  

To confirm lentiviral transduction and protein overexpression of NGN2, RUNX3 and SHOX2 in 

hPSCs, the hPSCs were harvested for protein following transduction. Protein harvesting, purification, 

quantification, and western blotting was conducted as described in Chapter 2 sections 2.1.11 – 2.1.12. 

The antibodies used for western blotting are outlined in Table 2.7.  

 

5.2.4 Immunocytochemistry  

Immunocytochemistry was performed on day 34 iPN and iLTMR cultures as described in Chapter 2 

section 2.1.10. The antibodies used in this Chapter are outlined in Table 2.6. The number of BRN3A+ 

or ISLET1+ cells in the cultures were calculated using the following equation:  

% Positive cells = (average number of positive cells) ÷ (average number of nuclei) * 100 
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5.2.5 RNA purification, cDNA synthesis and RT-qPCR 

RNA purification, cDNA synthesis and RT-qPCR was conducted on day 34 iPN and iLTMR cultures 

as described in Chapter 2 sections 2.1.7 – 2.1.9. The primers utilised in the Chapter are outlined in 

Table 2.5.  

 

5.2.6 RNA sequencing 

RNA was purified as described in Chapter 2 section 2.1.7 and RNA quality was assessed using a 

Bioanalyzer (Agilent). RNA samples that passed the quality control check (A260:280 >= 2.0, RNA 

and integrity number > 7.0) were utilised for sequencing. Library preparation and RNASeq analyses 

were performed as a service from the Garvin Institute for Medical Research (Genome One) (2x 100 

base pairs, 30 million read pairs). Computational analyses of the RNA Seq data was performed in 

collaboration with Dr Amarinder Thind (UOW). 

 

5.2.7 Whole-cell patch-clamp electrophysiology  

To assess the excitability of the day 34 – 48 iPNs and iLTMRs, the neurons were whole-cell patch 

clamped as described in Chapter 2 sections 2.1.14 – 2.1.15. The inward currents, predominately 

caried by voltage gated sodium channels (INa), and outward currents, predominantly carried by 

potassium channels (IK), recorded under voltage-clamp conditions. Excitability and action potential 

firing was recorded in current-clamp conditions. The action potential shape was examined at 

rheobase. All traces and action potentials were analysed and exported using Clampfit version 

11.1.0.23. 

 

5.2.8 Calcium imaging  

To assess the response to specific stimuli, Fura-2 live cell calcium imaging was conducted on day 34 

– 48 iPN and iLTMR cultures as described in Chapter 2 section 2.1.13.  
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5.2.9 Calcium imaging response to isotropic stretch - IsoStretcher  

To determine the iPN and iLTMR response to stretch, the cultures were matured and stretched on an 

isotropic stretcher (Supplementary Figure 5.1). The polydimethylsiloxane (PDMS) IsoStretcher 

chambers and IsoStretcher (Schürmann et al., 2016) were made available through collaboration with 

Professor Boris Martinac (Victor Chang Cardiac Research Institute, NSW). Prior to plating the neural 

crest cells, the PDMS IsoStretcher chambers were coated in 10 μg/mL Poly-D-Lysine for 30 min and 

10 μg/mL laminin overnight at 4˚C. hPSCs were differentiated and transduced as described in 

Chapter 2 section 2.1.6 and Chapter 5 section 5.2.2, however, for the isotropic stretch experiments 

the neural crest cells were plated onto and matured on the PDMS IsoStretcher chambers. 

 

When the iPN and iLTMR cultures reached the required maturity (day 34 – 38), the chambers were 

incubated in CBS (160 mM NaCl, 2.5 mM KCL, 5 mM CaCl2, 1 mM MgCl2, 10 mM HEPES 5 mM 

Glucose, pH 7.4, 320 mOsm/kg) with 6 µM Fura-2AM and 0.04% pluronic for 40 min at 37˚C 5% 

CO2. To remove any free dye, the chambers were washed in CBS for 20 min at 37˚C 5% CO2, 

followed by 4 x 1 min gentle CBS washes. For experiments using the IsoStretcher, the perfusion 

system could not be utilised and thus experiments were performed in static CBS bath conditions. The 

IsoStretcher was controlled by an external computer and calibrated using LabVIEW-to-Arduino 

interface software. Once calibrated, the chamber was gently fit into the IsoStretcher actuator. Using 

a Leica DMi8 microscope and the Leica calcium imaging software, the 340 and 380 channels were 

imaged every 0.45 s, using 20x dry magnification, with imaging parameters set at 2x2 binning, 50 ms 

exposure, mercury lamp setting 2 (exposure varied based on the mercury lamp settings and quality), 

16-bit size. 

 

When stretched, the PDMS chambers slightly shift in the focal z plane. Initial stretch experiments 

were conducted to determine the µm z plane shift caused by stretching the PDMS chambers and thus 

to determine the expected final plane of view. To account for the change in the z focal plane, the 
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focus was manually adjusted to the predetermined final plane so that the neurons would come into 

focus immediately when stretched, and thus, the entire response could be recorded in the correct focal 

plane. To establish the baseline fluorescence intensity of the neurons and account for the z plane shift, 

the iPNs and iLTMRs in the PDMS chambers were imaged for 30s in the initial focus and then 30s 

in the shifted z plane focus. Following the 1 min of baseline imaging, cultures on the IsoStretcher 

were isotropically stretched by 10% using the LabVIEW-to-Arduino interface software. A final 

maximal depolarization was achieved by KCl addition (final concentration of 60 mM) to the PDMS 

chamber 3 min post-stretch. The chambers were then relaxed from the stretch in 2% increments (data 

not shown). The iPN and iLTMR could only be stretched once as repeat stretches resulted in the 

cultures detaching from the chambers. 

 

Additional control isotropic stretch experiments included the use of the non-specific inhibitor of 

mechanosensitive ion channels, gadolinium, and an extracellular calcium free control solution. For 

the gadolinium experiments, chambers were incubated in 300 µM gadolinium (Gadolinium (III) 

chloride hexahydrate, 13450-84-5, Sigma) for 5 min prior to imaging and stretching. For the 

extracellular calcium-free control, the CBS solution was exchanged with a calcium-free CBS (10 mM 

EGTA, 162 mM NaCl, 2.5 mM KCL, 1 mM MgCl2, 10 mM HEPES 5 mM Glucose, pH 7.4, 320 

mOsm/kg) during the four 1 min washes and imaging experiments proceeded as described above. 

 

The 340/380 traces were calculated, exported, and analysed as described in Chapter 2 section 2.1.13, 

with modifications. Using the Leica calcium imaging software ROIs were manually drawn on soma 

and neurite bundles. Traces were generated by calculating the change in the 340/380 fluorescence 

ratio subtracted by the baseline fluorescence of each cell. Due to some soma and neurites shifting in 

and out of the field of view once the stretch occurred, the baseline fluorescence of each cell was taken 

as the average fluorescence intensity of 20 s prior to KCl addition.  

The percentage response was calculated by: 
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Percentage response = (maximum of agonist) ÷ (maximum of KCl) * 100 

To determine the proportion of responsive cells, a cut-off threshold of below 2% was set and values 

below 2% were classified as no response and indistinguishable from noise. All imaging experiments 

were conducted in the dark. 

 

5.2.10 Whole-cell patch-clamp electrophysiology - mechano-clamp 

MA currents were recorded under either voltage-clamp or current-clamp conditions as previously 

described in Chapter 2 section 2.1.15. Briefly, the neurons were stimulated by probe indentions using 

a fire-sealed borosilicate glass pipette at an angle of 45˚. To determine the point at which the neuron 

was being touched and mechanically activated the micromanipulator probe was set to increase by 0.5 

µm steps while recording in gap-free voltage-clamp conditions, once the indentation was noted 

(appearance of transient current response) the probe was stepped backwards by 3 µm and then the 

required stimulation protocol was run.  

 

To calculate the mean t current decay, MA currents were recorded in gap-free voltage-clamp 

conditions with a 0.5 µm (100 ms duration) membrane probe indentation and the MA current was fit 

to a standard exponential function: 

𝑓(𝑡) = 	5𝐴&

'

&()

𝑒*%/,& + 𝐶 

 

To calculate the response to increasing increments of mechanical stimulation, the MA currents were 

recorded in gap-free voltage-clamp conditions, with mechanical stimulations of increasing 0.1 µm 

increments (1 s duration) of membrane probe indentation steps until 1 µm indentation, with 2 s rest 

in between each probe indentation (0.1 µm – 1.0 µm, ∆ 0.1 µm). The MA current density (denoted at 

IMA) at each indentation was calculated as:  

IMA (pA/pF) = current (pA) ÷ capacitance (pF) 
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To compare the mechanical activation kinetics of the iPNs and iLTMRs, the IMA was normalised to 

the maximum response (denoted as IMAX) for each individual neuron (denoted as IMA/IMAmax) and was 

fit to a Boltzmann sigmoidal with the constraints ‘top = 1, bottom = 0’ generating a ‘mechanical 

dependence of activation’ curve. Using the mechanical dependence of activation curve, the probe 

indentation required to achieve 50% of the maximum response (Indent50) and the mechanosensitivity 

(slope) was determined.  

 

To characterise the iPN and iLTMR response to repetitive stimuli, the neurons were mechanically 

stimulated by 10 consecutive 0.5 µm membrane probe indentations (100 ms duration) followed by 5 

s rest (no mechanical stimulation). To determine whether the iPN and iLTMR fired action potentials 

in response to mechanical stimulation, and the membrane displacement (in µm) required to elicit an 

action potential, the neurons were mechanically stimulated by 0.1 µm (1 s long) increments of 

membrane probe indentation steps until 1 µm indentation, with 2 s rest in between each probe 

indentation (0.1 µm – 1.0 µm, ∆ 0.1 µm, 0.5 Hz), under current-clamp conditions from resting 

membrane potential. To determine whether the MA currents could be blocked by a non-specific 

mechanosensitive ion channel inhibitor, the neurons were whole-cell patch clamped under voltage-

clamp conditions, mechanically stimulated by probe indentation by 0.5 µm indentation (100 ms 

duration) every 5 s and once responses to mechanical stimulation were noted 300 µM gadolinium 

(Gadolinium(III) chloride hexahydrate, 13450-84-5, Sigma) was directly added into the extracellular 

solution and 0.5 µm indentations (100 ms duration) every 5 s were continued for an additional 5 min. 

 

All traces were analysed and exported using Clampfit version 11.1.0.23, unless specified elsewhere. 

MA currents were baselined to the average current level 30 ms prior to mechanical stimulation using 

Clampfit. To reduce the background noise, the recordings were filtered by the Clampfit settings: 

Lowpass, Gaussian, 13 coefficients. Mechano-clamp recordings were exported into excel csv files 



  Chapter 5 

 143 

and the maximum peak was calculated using a custom script written by Dr. Nicholas Marzano on 

Python software available on https://doi.org/10.5281/zenodo.7460899. Figures and statistics were 

analysed and presented using GraphPad Prism 9 software. 

 

5.2.11 PIEZO1 and PIEZO2 knockdown in iPN and iLTMR 

To determine whether the mechanical response in the iPN and iLTMR is controlled by either PIEZO1, 

PIEZO2 or a combination of PIEZO1 and PIEZO2, siRNA knockdown (KD) was performed on the 

iPN and iLTMRs (differentiation day 34 – 48). The Accell SMARTpool siRNAs were utilised as they 

(1) are designed to transfect ‘difficult to transfect’ cell types such as neurons, (2) contain 4 different 

target sequence siRNAs for the same RNA target as a single reagent to increase potency and 

specificity and (3) enter the cells without the need for transfection reagents. The neurons were 

transfected (KD day 1) with either no siRNA, 1 µM non-targeting siRNA (D-001960-01-20, Accell, 

Horizon Discovery Group Company), 1 µM human SMARTpool PIEZO1 siRNA (E-020870-00-050, 

Accell, Horizon Discovery Group Company), 1 µM PIEZO2 (E-013925-00-0050, Accell, Horizon 

Discovery Group Company), or a combination of 1 µM PIEZO1 and 1 µM PIEZO2 in BrainPhys 

Media supplemented with 10 μM Y-27632, 10 ng/mL BDNF, 10 ng/mL GDNF, 10 ng/mL NT-3 and 

10 ng/mL ß-NGF. Following 48 h transfection (KD day 3), a full media change containing fresh 

siRNAs was conducted. The iPNs and iLTMRs were whole-cell patch clamped 72 h post initial 

siRNA transfection (KD day 4). To confirm siRNA knockdown, neurons were harvested for RNA 

and RT-qPCR was conducted.  

 

To determine the mechanical response following transfection with either no siRNA, non-targeting 

siRNA, PIEZO1 siRNA, PIEZO2 siRNA or PIEZO1 siRNA and PIEZO2 siRNA, the iPN and 

iLTMR were whole-cell patch clamped using borosilicate glass patch pipettes fire polished to a 

resistance between 2 – 4 MΩ and filled with CsF-intracellular buffer (110 mM CsF, 30 mM CsCl, 10 

mM NaCl, 2 mM MgCl2, 10 mM HEPES and 5 mM EGTA, pH 7.2, osmolarity 295± 5 mOsm/kg) 
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denoted as intracellular buffer 2, under voltage-clamp conditions. Prior to patching, the neurons were 

perfused with extracellular buffer for 10 min at a flow rate of 1 mL/min, perfusion was then stopped 

for the duration of whole-cell patch clamping. To determine the response to increasing mechanical 

stimulation, the MA currents were recorded in gap-free voltage-clamp conditions with mechanical 

stimulations of increasing 0.1 µm increments (1 s duration) of membrane probe indentation steps, 

with 2 s rest in between each probe indentation (0.1 µm – 1.0 µm, ∆ 0.1 µm). Images before and after 

mechanical stimulation were acquired to visually record the indentation. Analysis was conducted as 

per section 5.2.9. 
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5.3 Results  

5.3.1 Confirmation of plasmid design and overexpression in hPSCs 

Successful generation of the pLV-TetO-hNGN2-hRUNX3-GFP-PuroR and pLV-TetO-hNGN2-

hSHOX2-GFP-PuroR plasmids and lentiviral particle production was confirmed by transducing H9 

hPSCs with lentiviral particles containing the reverse tetracycline transactivator and either the GFP 

control vector, NGN2 + RUNX3 expression vector (iNGN2 + iRUNX3) or NGN2 + SHOX2 

expression vector (iNGN2 + iSHOX2) (Fig. 5.2). To induce the expression of either the GFP control, 

iNGN2 + iRUNX3 or iNGN2 + iSHOX2 vectors, the viral media was removed and replaced with 

Maintenance Media supplemented with doxycycline. Following doxycycline administration, GFP 

expression was detected in hPSCs transduced with the GFP control, iNGN2 + iRUNX3 or iNGN2 + 

iSHOX2 vectors (Fig. 5.2 A). Western blot analysis confirmed the expression of NGN2 and RUNX3 

in the iNGN2 + iRUNX3 hPSCs and NGN2 and SHOX2 expression in the iNGN2 + iSHOX2 hPSCs 

following 96 h of doxycycline administration (Fig. 5.2 B, C). Similar confirmation of expression 

results were observed when the hPSCs were further analysed using immunocytochemistry, with GFP 

expression detected in all conditions (Fig. 5.2 D). For both hPSC cultures, NGN2 expression was 

either colocalised with RUNX3 (for iNGN2 + iRUNX3 cultures) or SHOX2 (for iNGN2 + iSHOX2 

cultures). Thus, the designed vectors and generated lentiviral particles successfully transduced hPSCs 

for the expression of either GFP alone or the co-expression of either NGN2 and RUNX3 or NGN2 

and SHOX2 and were subsequently employed for the experiments in this Chapter.  
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Figure 5.2: Confirmation of GFP, NGN2 and either RUNX3 or SHOX2 expression in hPSCs. hPSCs 
were transduced with viral particles containing the reverse tetracycline transactivator (rTTA) and either pLV-
TetO-eGFP-PuroR (GFP control), pLV-TetO-hNGN2-hRUNX3-GFP-PuroR (iNGN2 + iRUNX3) or pLV-
TetO-hNGN2-hSHOX2-GFP-PuroR (iNGN2 + iSHOX2). Viral particles were removed and doxycycline was 
administered 24 h following transduction. hPSCs were harvested for western blotting or immunocytochemistry 
after 96 h of doxycycline adminstration. (A) Representative images of transduced cultures that confirm the 
expression of GFP after 96 h of doxycycline incubation. The ‘no virus’ and ‘GFP control’ are the same controls 
used in supplementary figure 4.1. Western blots of hPSC protein lysates probed for (B) NGN2 and RUNX3 or 
(C) NGN2 and SHOX2 protein expression. (D) Representative immunocytochemistry images showing the 
cellular co-localisation of GFP (green) with NGN2 (magenta) and RUNX3 (red) or (E) with NGN2 (magenta) 
and SHOX2 (red). Nuclei are shown in blue. Scale bars = 50 µm 
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5.3.2 Generation and molecular characterisation of iPNs and iLTMRs 

To determine whether the induced expression of NGN2 with either RUNX3 or SHOX2 in neural crest 

cells generates proprioceptor-like and LTMR-like neurons, respectively, hPSCs were differentiated 

into CNPs and neural crest cells were enriched for as described in Chapter 3. Neural crest cells were 

transduced with viral particles containing FUW-M2rtTA and either pLV-TetO-eGFP-PuroR (final 

neuronal cultures denoted as SN, as described in Chapter 4), pLV-TetO-hNGN2-hRUNX3-GFP-

PuroR (final neuronal cultures denoted as induced-proprioceptor neurons [iPN]) and pLV-TetO-

hNGN2-hSHOX2-GFP-PuroR (final neuronal cultures denoted as induced-LTMRs [iLTMR]) and 

expression was induced by doxycycline for 96 h and 0.5 µg/mL puromycin was added 48 h after the 

initial doxycycline addition for 48 h. The SN, iPN and iLTMR cultures were matured for an additional 

3 weeks (day 34) and cultures were sampled for immunocytochemistry and RT-qPCR (day 34) or for 

calcium imaging and patch clamping (days 34 – 48). 

 

Following maturation (day 34), the presence of large neuronal somas and dense neurite networks 

were observed (Fig. 5.3 A). Neuronal soma size is often used to assess the maturity of hPSC-derived 

neurons and to distinguish between sensory neuron subtypes; typically, a large soma size is associated 

with mature neurons and with proprioceptors and LTMRs. Thus, the soma area of the iPNs and 

iLTMRs was assessed and compared to the SNs (Fig. 5.3 B). The soma area of the iPNs (243 ± 8.7 

µm2) and iLTMRs (240 ± 5.7 µm2) were significantly larger than the SN somas (70.5 ± 1.5 µm2) 

(F(2, 354) = 831.0, p < 0.0001; SN vs iPN p < 0.0001, SN vs iLTMR p < 0.0001), while there was 

no difference in the soma area between the iPN and iLTMRs (p = 0.8467). Of note, the iPN cultures 

were observed to have a larger amount of cell death compared to the iLTMRs, however, this was not 

quantified. The expression of the neuronal marker b-III-TUBULIN, and the sensory neuronal markers 

PERIPHERIN and NF200, were detected in both the iPN and iLTMRs (Fig. 5.3 C).  
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Figure 5.3: The iPN and iLTMR have a large soma size and express pan-neuronal and pan-sensory 
neuron markers. (A) Representative brightfield images of iPN and iLTMR at day 34. Scale bars = 50µm (B) 
2D area of iPN and iLTMR somas compared to SNs, imaged on a DMI8 microscope calculated using the LAS 
X Life Science Microscope Software Platform. One-way ANOVA with Tukey post hoc test, **** p < 0.0001, 
nsp > 0.05. n = 3 biological replicates, 56 – 230 neurons in total. Data shown represent mean ± SEM. (C) 
Representative immunocytochemistry images of the neuronal marker ß-III-TUBULIN (red) and the sensory 
neuronal markers PERIPHERIN (red) and NF200 (red). Nuclei are shown in blue. Scale bars = 20µm 
 

To determine the proportion of DRG sensory neurons within the iPN and iLTMR cultures, the 

expression of the pan-sensory neuronal markers BRNA3 and ISLET1 was assessed (Fig. 5.4 A). 

There was a large proportion of BRN3A+ cells within both the iPN (88.0 ± 2.2%) and iLTMR (89.4 

± 2.6%) cultures (Fig. 5.4 B). Consistently, there was a large proportion of ISLET1+ cells within 

both the iPN (84.5 ± 6.9%) and iLTMR (88.6 ± 1.1%) cultures (Fig. 5.4 C). The expression of 

BRN3A (encoded for by POU4F1) and ISLET1 (encoded for by ISL1) was also detected at the 

mRNA transcript level (Fig. 5.4 D, E). There was a significant increase in POU4F1 mRNA 
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expression in the iPN cultures and a trend for an increase in iLTMRs compared to the SNs (F (2, 15) 

= 6.306, p = 0.0103, SN vs iPN p = 0.0084, SN vs iLTMR p = 0.1363, Fig. 5.4 D). There was no 

difference in POU4F1 mRNA expression between the iPN and iLTMR cultures (p = 0.4451). 

Additionally, there was a trend for an increase in ISL1 mRNA expression in the iPN and iLTMR 

cultures, however, this did not approach significance (F (2, 14) = 2.566, p = 0.1123, Fig. 5.4 E). 

Similar to the POU4F1 expression, there was no difference in ISL1 expression between the iPNs and 

iLTMRs. Overall, both the iPN and iLTMR cells had large soma sizes compared to the SNs, were 

observed to possess dense neurite networks and expressed pan-sensory neuronal markers (e.g., 

PERIPHERIN, NF200, BRN3A and ISLET1) indicating the successful generation of sensory 

neurons.  

 

 
Figure 5.4: The iPN and iLTMR cultures contain a high proportion of BRN3A+ and ISLET1+ neurons. 
(A) Representative immunocytochemistry images of the sensory neuron markers BRN3A (red) and ISLET1 
(red) in the iPN and iLTMR. Nuclei are shown in blue. Scale bars = 20µm. The percentage of iPN and iLTMR 
cells expressing (B) BRN3A and (C) ISLET1 compared to the number of nuclei. n = 3 biological replicates, 
>100 cells counted per biological replicate. Fold change of mRNA expression of the genes encoding (D) 
BRN3A (POU4F1) and (E) ISLET1 (ISL1) compared to the SN cultures, normalised to the house keeping 
genes B2M, PPIA and GAPDH. One-way ANOVA with Tukey post-hoc test, **p < 0.01, nsp > 0.05, n = 5 – 6 
biological replicates. Data shown represent the mean ± SEM.  
 



  Chapter 5 

 150 

DRG sensory neuron subtypes are typically classified according to the expression of the TRK 

receptors, with neurons expressing TRKA classified as nociceptors, TRKB as LTMRs and TRKC as 

proprioceptors. The expression of TRKA, TRKB and TRKC was investigated in the iPN and iLTMRs 

using immunocytochemistry and RT-qPCR (Fig. 5.5). In the iPNs, low levels of TRKA and TRKB 

protein expression and high levels of TRKC protein expression were observed by 

immunocytochemistry (Fig. 5.5 A). Conversely, the iLTMR cultures appeared to exhibit low TRKA 

protein expression and robust immunodetection of TRKB and TRKC at the protein level (Fig. 5.5 A), 

and although not quantified the observation is consistent with a LTMR phenotype. The expression of 

mRNA transcripts for TRKA, TRKB and TRKC (encoded for by NTRK1, NTRK2, NTRK3, 

respectively) were also measured in the iPN and iLTMRs. There was no difference in the expression 

of the NTRK1 mRNA transcript between the SNs, iPNs and iLTMRs (F (2, 20) = 3.938, p = 0.0361, 

Fig. 5.5 B). Whereas, there was no difference in NTRK2 mRNA transcript expression between the 

SNs, iPNs and LTMRs (F(2, 16) = 0.2093, p = 0.8134, Fig. 5.5 C) in discord with the corresponding 

immunostainings. Importantly, there was a significant enrichment for NTRK3 transcript expression 

in the iPNs compared to the SNs and LTMRs (F (2, 21) = 37.59, p < 0.0001; SN vs iPN p < 0.0001, 

iPN vs iLTMR p <0.0001) without detectable differences between the SN and iLTMR cultures (p = 

0.2732). Together with the immunodetection of TRKC in the iPNs, is consistent with the expression 

profile typically associated with primary proprioceptive neurons of the DRG. 
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Figure 5.5: The iPN express TRKC and the iLTMR express TRKB and TRKC. (A) Representative 
immunocytochemistry images of the sensory neuron subtype markers TRKA (red), TRKB (red) and TRKC 
(red) in the iPN and iLTMRs. Nuclei are shown in blue. Scale bar = 20 µm. Fold change of mRNA expression 
of the genes encoding (B) TRKA (NTRK1), (C) TRKB (NTRK2) and (D) TRKC (NTRK3) compared to the 
SN cultures, normalised to the house keeping genes B2M, PPIA and GAPDH. One-way ANOVA with Tukey 
post-hoc test, ****p < 0.0001 nsp > 0.05, n = 6 – 8 biological replicates. Data shown represents the mean ± 
SEM.  
 

To characterise the transcriptional profiles of the iPNs and iLTMRs, the expression of key nociceptor, 

LTMR and proprioceptor markers was investigated by bulk RNAseq and a selected group of 

transcripts further verified by RT-qPCR (Fig. 5.6). Bulk RNAseq data revealed enriched expression 

of key proprioceptor markers including NTRK3, RUNX3, PVALB and SPP1, in the iPNs (Fig. 5.6 A). 

Additionally, the mRNA expression of key LTMR markers NTRK2, GFRA2, MAF and SHOX2 were 

enriched in the iLTMRs. Of note, further in-depth bioinformatic analyses of the RNAseq data is 

currently being undertaken. 
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RT-qPCR analyses were performed on the iPNs and iLTMRs cultures to examine expression of 

selected nociceptor-associated markers such as RUNX1, as well as several DRG associated voltage-

gated sodium channels. Nav1.7 (encoded for by SCN9A) is ubiquitously found in most sensory 

neurons, whereas Nav1.8 and Nav1.9 (encoded for SCN10A and SCN11A, respectively) are highly 

expressed in nociceptive neurons. There was no difference in the SCN9A, SCN10A and RUNX1 

mRNA transcript expression between the SNs, iPNs and iLTMRs (F (2, 15) = 1.630, p = 0.2289 Fig. 

5.6 B, F(2, 11) = 2.256, p = 0.1511 Fig. 5.6 C, F (2, 15) = 0.2645, p = 0.7711 Fig. 5.6 E, respectively). 

Interestingly, there was a significant increase in the mRNA transcript expression of SCN11A in the 

iPNs compared to the SNs (F (2, 17) = 4.484, p = 0.0273, SN vs iPN p = 0.0249, Fig. 5.6 D); however, 

there was no difference in the transcript expression of SCN11A between the SNs and iLTMRs, and 

between the iPNs and iLTMRs (SN vs iLTMR p = 0.2195, iPN vs iLTMR p = 0.6271).  

 

To verify the RNAseq data and determine whether there was a shift in the expression of LTMR 

markers in the iLTMR cultures compared to the SN and iPN cultures, expression of the LTMR 

markers MAF, SHOX2 and RET were investigated. Unlike the RNAseq analysis, there was no 

significant difference in the expression of MAF, SHOX2 and RET mRNA transcript expression 

between the SN, iPN and iLTMRs (F (2, 20) = 1.234, p = 0.3123 Fig. 5.6 K, F (2, 16) = 1.472, p = 

0.2589 Fig. 5.6 G, F (2, 17) = 2.671, p = 0.0980 Fig. 5.6 H, respectively).  

 

To verify the RNAseq data and determine whether there was a shift in the expression of proprioceptor 

markers in the iPNs compared to the SN and iLTMRs, expression of the proprioceptor markers 

RUNX3, PVALB, SPP1 and ACCN2 were investigated. There was significantly greater RUNX3 

mRNA transcript expression in the iPN compared to the SN and iLTMRs (F (2, 18) = 11.14, p = 

0.0007, SN vs iPN p = 0.0011, iPN vs iLTMR p = 0.0042, Fig. 5.6 I); however, there was no 

difference between the SN and iLTMRs (p > 0.9999). Similarly, there was significantly greater 
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PVALB mRNA transcript expression in the iPN compared to the SNs and iLTMRs (F (2, 18) = 10.21, 

p = 0.0011, SN vs iPN p = 0.0011, iPN vs iLTMR p = 0.0135, Fig. 5.6 J) and there was no difference 

between the SN and iLTMR cultures (p = 0.8295). Inconsistent with the RNAseq data, there was a 

significant decrease in SPP1 mRNA transcript expression between the SN and iPN cultures (F (2, 16) 

= 4.520, p = 0.0278, SN vs iPN p = 0.0364, Fig. 5.6 K). There was no difference in SPP1 mRNA 

transcript expression between the SN and iLTMRs (p = 0.1153) and between the iPN and iLTMRs 

(p = 0.8521). There was a significant increase in the ACCN2 transcript expression in the iPN cultures 

compared to the SNs (F (2, 17) = 4.779, p = 0.0225, SN vs iPN p = 0.0215, Fig. 5.6 L). However, 

there was no expression difference between the iPN and iLTMR cultures or between the SN and 

iLTMR cultures (iPN vs iLTMR p = 0.0924, SN vs iLTMR p = 0.9210).  

 

Taken together, the iPNs had a significant enrichment in the expression of proprioceptor markers 

(e.g., TRKC, RUNX3, PVALB, ACCN2) compared to the SN and iLTMR cultures. Furthermore, the 

iLTMRs had a shift towards a LTMR expression phenotype with increased TRKB protein expression 

and an increase in the mRNA transcript levels of key LTMR markers (e.g., TRKB, GFRA2, MAF 

and SHOX2) compared to the iPNs as determined by RNAseq. Overall, the induced co-expression of 

NGN2 and RUNX3 in neural crest cells (i.e., iPNs) enriched for a proprioceptor expression phenotype 

and the co-expression of NGN2 and SHOX2 (i.e., iLTMRs) enriched for a LTMR phenotype. 

Additional sensory neuron markers were investigated in comparison with the cellular functional 

profile in section 5.3.3. 

 



  Chapter 5 

 154 

 
Figure 5.6: Enriched expression of proprioceptor markers in iPNs and LTMR markers in iLTMRs. (A) 
Heatmap of the main proprioceptor and LTMR markers by bulk RNAseq in the iPN and iLTMR, n = 3 
biological replicates. Fold change of mRNA expression of the general sensory neuron marker (B) SCN9A; the 
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nociceptor markers (C) SCN10A, (D) SCN11A, (E) RUNX1; LTMR markers (F) MAF, (G) SHOX2, (H) RET 
and proprioceptor markers (I) RUNX3 (J) PVALB (K) SPP1 (L) ACCN2 compared to the SN cultures. Data is 
normalised to the house keeping genes B2M, PPIA and GAPDH, n = 3 – 7 biological replicates. One-way 
ANOVA with Tukey post-hoc test, *p < 0.05, nsp > 0.05. Data shown represents the mean ± SEM. 
 

5.3.3 Functional profiles of the iPN and iLTMR 

Differences in neuronal excitability and response patterns to stimuli can be utilised to define and 

characterise specific DRG sensory neuron subtypes. Furthermore, in conjunction with expression 

patterns, the neuronal functional profile can be used to distinguish between mechanosensory subtypes 

including proprioceptors and LTMRs. Thus, to determine whether the iPNs and iLTMRs were 

functionally mature and if the neurons exhibited differences in excitability and functional responses 

between one another, whole-cell patch clamping and live-cell calcium imaging approaches were 

conducted. 

 

5.3.3.1 iPN and iLTMR excitability profile 

The passive electrical properties of the iPN and iLTMR were investigated by whole-cell patch-clamp 

electrophysiology under current-clamp conditions by incremental current injections (10 pA). The 

iPNs and iLTMRs both displayed robust action potential firing in response to increasing current 

injection (Fig. 5.7 A, B). The iPNs and iLTMRs had similar passive electrical properties with average 

capacitances of 31.6 ± 2.9 pF and 28.8 ± 2.4 pF, respectively, (t(75) = 0.7744, p= 0.4411, Fig. 5.7 

C). Similarly, the iPN and iLTMR neurons had the same average resting membrane potentials of -

55.4 ± 0.8 mV and -55.4 ± 0.7 mV, respectively (t(80) = 0.0006, p = 0.9995, Fig. 5.7 D). The 

rheobase, defined as the current required to elicit one action potential, was also similar between the 

iPNs (49.4 ± 5.5 pA) and iLTMRs (54.1 ± 5.4 pA) (t(69) = 0.6063, p = 0.5463, Fig. 5.7 E). Finally, 

both the iPNs and iLTMRs fired a similar number of action potentials (7.0 ± 1.0 and 6.0 ± 1.0 for 

iPNs and iLTMRs, respectively) in response a current injection equivalent to twice the rheobase for 

each individual neuron (2x rheobase) (t(64) = 0.9397, p = 0.3509, Fig. 5.7 F).  
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Differences in the active electrical properties of mechanosensory neurons can be used to distinguish 

between proprioceptors and LTMRs (Zheng et al., 2019); thus, the action potential shape at rheobase 

for both iPN and iLTMR cultures was assessed. The iPN and iLTMRs had similar average action 

potential peak amplitudes of 93.3 ± 2.1 mV and 95.1 ± 1.9 mV, respectively (t(69) = 0.6325, p = 

0.5292, Fig. 5.7 G). Interestingly, the iLTMRs had a significantly longer time to peak of 65.3 ± 5.0 

ms compared to the iPNs, which had an average action potential time to peak of 49.7 ± 4.4 ms (t(69) 

= 2.300, p = 0.0245, Fig. 5.7 H). Similarly, the iLTMRs also had a significantly longer action 

potential rise time (40.4 ± 4.1 ms) compared to the iPNs (26.6 ± 2.7 ms) (t(69) = 2.690, p = 0.0090, 

Fig. 5.7 I). Whereas the iPNs had a significantly larger action potential rise slope (0.9 ± 0.1 mV/ms) 

compared to the iLTMRs (0.6 ± 0.1 mV/ms) (t(69) = 2.512, p = 0.0143, Fig. 5.7 J). Additionally, the 

iLTMRs had a significantly longer action potential halfwidth (4.2 ± 0.4 ms) compared to the iPNs 

(2.9 ± 0.1 ms) (t(69) = 2.945, p = 0.0044, Fig. 5.7 K). Furthermore, the iLTMRs and iPNs displayed 

robust membrane hyperpolarisation upon negative current injections, however, there was no 

difference in the change in the membrane potential from steady state current to the membrane 

potential peak during -150 pA current injection between the iLTMRs (-42.8 ± 3.1 mV) and iPN (-

36.7 ± 2.3 mV) (t(64) = 1.590, p = 0.1168, Fig. 5.7 L). Overall, while the iPN and iLTMR displayed 

similar passive electrical properties, the iPN and iLTMR had distinct active electrical properties in 

response to current injection, consistent with the iPN and iLTMR cultures containing different neuron 

types.  
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Figure 5.7: The iPN and iLTMR have distinct excitability profiles. Representative current-clamp recording 
of (A) iPN and (B) iLTMR neurons. Membrane potential responses were recorded under current-clamp 
conditions elicited by progressive current injections (from -150 to +150 pA, ∆ 10 pA, 1 s, 0.1 Hz). Only every 
second trace (i.e., D20 pA) is displayed for clarity. Traces corresponding to rheobase and 2x rheobase are 
highlighted in orange and red, respectively. Inset: action potential at rheobase. (C) Average capacitance of iPN 
and iLTMR. Summary of the excitability properties of the iPN and iLTMR including (D) resting membrane 
potential, (E) rheobase, (F) the number of action potentials fired at 2x rheobase. The action potential features 
at rheobase including (G) peak amplitude, (H) time to peak, (I) rise time, (J) rise slope and (K) action potential 
half-width. (L) Maximal hyperpolarizing response to negative current injection (-150 pA). Unpaired t-test, **p 
< 0.01, *p < 0.05, nsp > 0.05. n = 30 – 45 neurons in total across 7 biological replicates. Data shown represents 
the mean ± SEM. 
 

Sodium and potassium currents are critical determinants of neuronal excitability, and their properties 

can be used to assess sensory neuron subtype identity and were thus investigated by whole-cell patch-

clamp electrophysiology under voltage-clamp conditions (Fig. 5.8). The iPN and iLTMRs displayed 

robust, transient inward currents upon depolarization to -20 mV (Vh = -80 mV; Fig. 5.8 A, B). Despite 

the previous differences in the action potential shape (Fig. 5.7), there was no difference between the 
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INa (total sodium current density) in the iPNs (415.9 ± 25.0 pA/pF) and iLTMRs (416.2 ± 26.6 pA/pF) 

upon -20 mV depolarization (t(132) = 0.007595, p = 0.9940, Fig. 5.8 C). Under quasi-physiological 

ionic conditions (140 K+ in/ 140 Na+ out), the iPNs and iLTMRs displayed robust outwards currents 

upon depolarization to 20 mV and 40 mV mediated by Kv channels (Fig. 5.8 A, B). Similarly, despite 

differences in the action potential shape, there was also no difference in the IK (total potassium current 

density) between the iPN (99.1 ± 5.2 pA/pF) and iLTMR (88.4 ± 5.2 pA/pF) at +20 mV depolarization 

(t(132) = 1.465, 0.1453, Fig. 5.8 D). Similarly, there was no difference in the IK at 40 mV 

depolarization between the iPNs (150.7 ± 7.3 pA/pF) and iLTMRs (141.0 ± 7.3 pA/pF), (t(132) = 

0.9475, p = 0.3451, Fig. 5.8 E). Overall, under voltage-clamp recording conditions, there were no 

detectable differences in the sodium and potassium current densities between the iPN and iLTMRs, 

indicating that differences between action potential shape could be due to differences in the presence 

of specific Nav and Kv channels rather than the global currents. 

 

 
Figure 5.8: The iPN and iLTMR have robust and similar voltage-gated sodium and potassium currents. 
Representative voltage-clamp recording of the INa and IK in an (A) iPN and (B) iLTMR neuron under whole-
cell voltage-clamp conditions. (C) The INa density at -20mV. The IK at (D) 20 mV and (E) 40 mV. Unpaired 
t-test, nsp > 0.05. n = 67 neurons each for both the iPNs and iLTMRs across 7 biological replicates. Data shown 
represents the mean ± SEM. 
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5.3.3.2 KCl depolarization induced intracellular Ca2+ responses in the iPN and iLTMR  

To assess the functional capacity of the iPNs and iLTMRs, an elevated concentration of KCl (60 mM) 

was applied to depolarize the neurons, indirectly activating calcium channels, which was then 

measured through Fura-2 calcium imaging and compared to the SN, iSNNGN1 and iSNNGN2 results 

from Chapter 4 section 4.3.3.2 (Fig. 5.9). The iPN (Fig. 5.9 A) and iLTMRs (Fig. 5.9 B) displayed 

robust responses to KCl-depolarization by increasing the Fura-2 fluorescence (as 340/380 

fluorescence ratio from baseline). Furthermore, the iPN cultures had a significantly higher peak KCl 

response compared to the SN, iSNNGN1 and iSNNGN2 (F (4, 4016) = 200.0, p < 0.0001, SN vs iPN p < 

0.0001, iSNNGN1 vs iPN p < 0.0001, iSNNGN2 vs iPN p < 0.0001, Fig. 5.9 C). Similarly, the iLTMRs 

also had a significantly higher peak KCl response compared to the SN, iSNNGN1 and iSNNGN2 (SN vs 

iLTMR p < 0.0001, iSNNGN1 vs iLTMR p < 0.0001, iSNNGN2 vs iPN p < 0.0001, Fig. 5.9 C). 

Furthermore, the iLTMRs also had a larger average peak KCl response compared to the iPNs (p = 

0.0050). Overall, the iPN and iLTMR cultures contained functional neurons that displayed larger KCl 

depolarization responses compared to the SN, iSNNGN1 and iSNNGN2 cultures.  
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Figure 5.9: The iPN and iLTMR have large and robust responses to KCl-depolarization compared to 
the SN, iSNNGN1 and iSNNGN2 cultures. Representative live cell Fura-2 calcium imaging traces of (A) iPN and 
(B) iLTMR. Traces represent the change in the 340/380 fluorescence ratio (D340/380F) (imaged every 0.7 s) 
from baseline, of 7 individual neurons perfused (1 mL/min) with 60 mM KCl with CBS washes before and 
after treatment. (C) The maximum responses to KCl-depolarization, denoted as the change in the 340/380 
fluorescence ratio from baseline, of SN, iSNNGN1, iSNNGN2, iPN and iLTMR. One-way ANOVA with Tukey 
post-hoc test, ****p < 0.0001, **p < 0.01, nsp > 0.05, n > 500 neurons across 3 biological replicates per group. 
Data shown represent mean ± SEM. 
 

5.3.3.3 Spontaneous activity  

Under normal conditions, mature DRG sensory neurons are not spontaneously active and rarely fire 

action potentials in the absence of a triggering stimulus. To determine whether the iPN and iLTMR 

cultures contained spontaneously active neurons, the iPN and iLTMR cultures were recorded in the 

absence of stimuli under calcium imaging and current-clamp conditions (Fig. 5.10). As expected, the 

majority of the cells within the iPN cultures were not spontaneously active (as assessed by calcium 

imaging); however, there was a small proportion of spontaneously active neurons (~ 2%) (Fig. 5.10 
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A, C). Conversely, the iLTMRs did not contain any spontaneously active neurons (Fig. 5.10 B, C); 

however, both cultures responded to the addition of KCl confirming that the recorded neurons were 

not spontaneously active but were functionally responsive. Similarly, under whole-cell current-clamp 

conditions held at resting membrane potential, the majority of the iPN (96%) and all the iLTMRs 

(100%) did not display spontaneous activity (Fig. 5.10 D, E, F).  

 

 
Figure 5.10: The iPN and iLTMR have minimal-no spontaneous activity. Representative live cell Fura-2 
calcium imaging traces of (A) iPN and (B) iLTMR neurons. Traces represent the change in the 340/380 
fluorescence ratio (D340/380F) from baseline of 3 – 4 individual neurons (imaged every 0.7 s) and perfused 
with CBS (1 mL/min) for 6 min followed by 60 mM KCl and CBS wash. (C) The proportion of neurons with 
spontaneous activity (purple) or without spontaneous activity (grey), defined by the presence or absence of 
calcium influx and efflux in neurons measured by the D340/380F without stimuli, respectively. n > 500 neurons 
across 3 biological replicates. Representative current-clamp recording of an (D) iPN and (E) iLTMR. 
Membrane potential responses were recorded under current-clamp conditions, static bath, at resting membrane 
potential with no stimuli. (F) The proportion of neurons with spontaneous activity (defined by action potential 
firing with no stimuli, purple) and no spontaneous activity (defined by no action potential firing with no 
stimuli, grey), n = 7 biological replicates, n = 27 and 33 neurons in total for iPN and iLTMR, respectively. 
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5.3.4 iPN and iLTMR response to sensory stimuli  

The defining characteristic of sensory neurons is the ability to respond to specific sensory stimuli. 

Specifically, both proprioceptors and LTMRs are defined by an ability to respond to mechanical 

stimuli, such as stretch and mechanical indentation to the soma, and by a lack of and/or small response 

to nociceptive stimuli. Thus, the iPN and iLTMR cultures were examined by exposure to mechanical 

stimuli (e.g., stretch and indentation), the neurotransmitter glutamate and agonists typically 

associated with nociceptive responses, including ATP, AITC, capsaicin, menthol, and 

GSK1702934A. The activity of these neurons in response to these agonists were then measured using 

Fura-2 live cell calcium imaging or by whole-cell patch-clamp electrophysiology. 

 

5.3.4.1. Response to glutamate  

To determine whether the iPN and iLTMR cultures could respond to glutamate, the iPN (Fig. 5.11 

A) and iLTMR (Fig. 5.11 B) activity was measured in response to 10 µM glutamate followed by 60 

mM KCl (depolarization control). The iPN cultures had a large proportion of glutamate responsive 

neurons (82%), whereas a lower proportion of iLTMR cells responded to glutamate (53%) (Fig. 5.11 

C). Of the cells that responded to glutamate, the majority did not exhibit a strong total response to 

glutamate when normalised to the activity of the KCl response for both the iPN and iLTMR cultures 

(5.1 ± 0.4% and 4.1 ± 0.5% of the KCl response, respectively) (t(109) = 1.600, p = 0.1126, Fig. 5.11 

D). Consistent with the small glutamate response, there was low expression of the glutamate receptor 

vGLUT1 detected by immunostaining analyses in the iPN and iLTMRs (Fig. 5.11 E).  
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Figure 5.11: Subpopulations of neurons within the iPN and iLTMR cultures respond to glutamate. 
Representative live cell Fura-2 calcium imaging traces of (A) iPN and (B) iLTMR cultures. Traces represent 
the change in the 340/380 fluorescence ratio (D340/380F) from baseline of 4 individual neurons (imaged every 
0.7 s) perfused (1 mL/min) with 10 µM glutamate followed by 60 mM KCl with CBS washes before and after 
treatments. (C) The proportion of glutamate responsive neurons, which were classified into no response (< 
2%, grey), small responses (2 – 5%, light purple), or medium-to-high responsive neurons (> 5%, purple) 
relative to the KCl response. n > 70 neurons in total across 3 biological replicates. (D) The percentage 
glutamate response normalised to the KCl response. Unpaired t-test, nsp > 0.05. Data shown represents the 
mean ± SEM. Under these experimental conditions, fluorescence fluctuations below 2% D340/380 of the KCl 
response were indistinguishable from noise. Hence, cells displaying calcium signals below the 2% threshold 
were classified as non-responsive. (E) Representative immunocytochemistry images of vGLUT1 (red) in the 
iPN and iLTMR. Nuclei are shown in blue. Scale bars = 20 µm 
 

5.3.4.2. Response to K2ATP  

ATP activates the purinergic (P2X and P2Y) receptors, which are abundantly expressed in 

nociceptors; however, purinergic receptors are also expressed in proprioceptors and LTMRs subtypes 

with roles in non-nociceptive mechanosensation (Cook et al., 1997; Jahr and Jessell, 1983, 1983; 

Khakh et al., 1997; Lewis et al., 1995; Moehring et al., 2018a; Nakamura and Strittmatter, 1996; 

Zagorodnyuk et al., 2007). To determine whether the iPN and iLTMR cultures contained ATP-

responsive neurons, the iPN (Fig. 5.12 A) and iLTMR (Fig. 5.12 B) response to 20 µM K2ATP was 

measured using Fura-2 live-cell calcium imaging. The iLTMRs had the largest proportion of ATP-
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responsive neurons (48%), whereas the iPN cultures contained a relatively low proportion of ATP-

responsive neurons (26%) (Fig. 5.12 C). However, of the neurons that did respond to ATP, there was 

no significant difference in the response size for iPNs (6.7 ± 1.1% of the KCl response) compared to 

the iLTMR cultures (7.4 ± 0.8% of the KCl response) (t(95) = 0.4670, p = 0.6416, Fig. 5.12 D).  

 

 

Figure 5.12: Subpopulations of neurons within the iPN and iLTMR cultures respond to K2ATP. 
Representative live cell Fura-2 calcium imaging traces of (A) iPN and (B) iLTMR cultures. Traces represent 
the change in the 340/380 fluorescence ratio (D340/380F) (imaged every 0.7 s) from baseline, of 4-5 individual 
neurons perfused (1 mL/min) with 20 µM K2ATP followed by 60 mM KCl with CBS washes before and after 
treatments. (C) The proportion of ATP responsive neurons, which were classified into no response (< 2%, 
grey), small responses (2 – 5%, light purple) or medium-to-high responsive neurons (> 5%, purple) relative to 
the KCl response, n > 100 neurons across 3 biological replicates. (D) The percentage ATP response normalised 
to the KCl response. Unpaired t-test, nsp > 0.05. Data shown represents the mean ± SEM. Fluorescence 
fluctuations below 2% D340/380 of the KCl response were indistinguishable from noise. Hence, neurons 
displaying calcium signals below the 2% threshold were classified as non-responsive. 
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5.3.4.3. Response to GSK1702934A 

In sensory neurons, the TRPC3 and TRPC6 receptors have compensatory roles in the detection of 

light touch, itch and inflammatory sensitisation; while the exact mechanism of TRPC3/TRPC6 

function remains unclear (Alkhani et al., 2014; Beattie et al., 2022; Dong et al., 2017; Quick et al., 

2012; Sexton et al., 2016), it is known that both channels are activated by the agonist GSK1702934A 

(Doleschal et al., 2015). To determine whether the iPN and iLTMR cultures contained 

GSK1702934A-responsive neurons, iPN (Fig. 5.13 A) and iLTMR (Fig. 5.13 B) responses to 1 µM 

GSK1702934A were assessed by Fura-2 live-cell calcium imaging. The iPN cultures contained a 

larger proportion of GSK1702934A-responsive neurons (19%) compared to the iLTMRs (8%) (Fig. 

5.13 C). However, of the GSK1702934A-responsive neurons, both the iPN and iLTMR had small 

response sizes (4.3 ± 1.1% and 5.6 ± 1.1% of the KCl response, respectively) (t(31) = 0.7733, p = 

0.4452, Fig. 5.13 D). Consistent, with a lower proportion of GSK1702934A-responsive neurons in 

iLTMRs compared to iPNs, TRPC3 mRNA in iLTMRs was lower compared to iPNs (F (2, 14) = 

3.524, p = 0.0576, iPN vs iLTMR p = 0.0467, Fig. 5.13 E). However, there was no difference in 

TRPC3 transcript expression in the SNs compared to the iPN and iLTMR cultures (SN vs iPN p = 

0.4518, SN vs iLTMR p = 0.3320, Fig. 5.13 E).  
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Figure 5.13: The iPN and iLTMR cultures have minimal-no responses to the TRPC3/6 activator 
GSK1702934A. Representative live cell Fura-2 calcium imaging traces of (A) iPN and (B) iLTMR cultures. 
Traces represent the change in the 340/380 fluorescence ratio (D340/380F) (imaged every 0.7 s) from baseline, 
of 3 – 4 individual neurons perfused (1 mL/min) with 1 µM GSK1702934A followed by 60 mM KCl with 
CBS washes before and after treatments. (C) The proportion of GSK1702934A responsive neurons, which 
were classified into no response (< 2%, grey), small responses (2 – 5%, light purple), or medium-to-high 
responsive neurons (> 5%, purple) relative to the KCl response. n > 100 neurons across 3 biological replicates. 
(D) The percentage GSK1702934A response normalised to the KCl response. Unpaired t-test, nsp > 0.05. 
Fluorescence fluctuations below 2% D340/380 of the KCl response were indistinguishable from noise. Hence, 
neurons displaying calcium signals below the 2% threshold were classified as non-responsive. (E) Fold change 
of mRNA expression of TRPC3 in iPN and iLTMR, compared to the SN cultures. Data was normalised to the 
house keeping genes B2M, PPIA and GAPDH. One-way ANOVA with Tukey post-hoc test, *p < 0.05, nsp > 
0.05, n = 5 – 6 biological replicates. Data shown represents the mean ± SEM.  
 

5.3.4.4 Response to AITC  

The functional expression of TRPA1 in sensory neurons has roles in the detection of irritants and 

transducing signals of pain, itch and inflammatory processes and can be activated using AITC. To 

determine whether the iPN and iLTMR cultures contained AITC-responsive neurons, the iPN (Fig. 

5.14 A) and iLTMR (Fig. 5.14 B) responses to 100 µM AITC was measured using Fura-2 live-cell 

calcium imaging. The majority of the iPN (93%) and iLTMR (92%) cultures did not respond to AITC 

(Fig. 5.14 C). Of the neurons that responded, both the iPNs and iLTMRs had relatively small response 
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amplitudes (10.5 ± 4.5% and 4.7 ± 1.3% of the KCl response, respectively) (t(19) = 1.507, p = 0.1482, 

Fig. 5.14 D). Consistent with the small proportion of AITC-responsive neurons, there was a trend for 

lower TRPA1 mRNA transcript expression in the iPN cultures and a significantly lower expression 

in the iLTMRs compared to the SNs (F (2, 12) = 9.771, p = 0.0030, SN vs iPN p = 0.1048, SN vs 

iLTMR p = 0.0025, Fig. 5.14 E). Additionally, there was no difference in TRPA1 transcript 

expression between the iPN and iLTMRs (p = 0.3816).  

 

 
Figure 5.14: The iPN and iLTMR cultures have minimal-no responses to the TRPA1 activator AITC. 
Representative live cell Fura-2 calcium imaging traces of (A) iPN and (B) iLTMR cultures. Traces represent 
the change in the 340/380 fluorescence ratio (D340/380F) (imaged every 0.7 s) from baseline, of 3-4 individual 
neurons perfused (1 mL/min) with 100 µM AITC followed by 60 mM KCl with CBS washes before and after 
treatments. (C) The proportion of AITC responsive neurons, which were classified into no response (< 2%, 
grey), small responses (2 – 5%, light purple) or medium-to-high responsive neurons (> 5%, purple) relative to 
the KCl response. n > 100 neurons across 3 biological replicates. (D) The percentage AITC response 
normalised to the KCl response. Unpaired t-test, nsp > 0.05. Fluorescence fluctuations below 2% D340/380 of 
the KCl response were indistinguishable from noise. Hence, neurons displaying calcium signals below the 2% 
threshold were classified as non-responsive. (E) Fold change of mRNA expression of TRPA1 in iPN and 
iLTMR cultures, compared to the SN cultures. Data was normalised to the house keeping genes B2M, PPIA 
and GAPDH. One-way ANOVA with Tukey post-hoc test, **p < 0.01, nsp > 0.05, n = 3 – 5 biological 
replicates. Data shown represents the mean ± SEM. 
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5.3.4.5 Response to capsaicin 

In sensory neurons, the TRPV1 receptor has roles in the detection of heat, protons and irritants such 

as capsaicin and its expression is typically associated with nociceptors. To determine whether the iPN 

and iLTMR cultures contained capsaicin-responsive neurons, iPN (Fig. 5.15 A) and iLTMR (Fig. 

5.15 B) responses to 1 µM capsaicin were assessed using live-cell calcium imaging. The majority of 

the iPN (95%) and iLTMR (95%) cultures did not respond to capsaicin (Fig. 5.15 C). Furthermore, 

of the capsaicin-responsive neurons both iPNs and iLTMRs had small response sizes to capsaicin 

(3.0 ± 0.4% and 4.9 ± 1.2% of the KCl response, respectively), (t(13) = 1.345, p = 0.2016, Fig. 5.15 

D). Interestingly, there was significantly higher TRPV1 transcript expression in the iPN and iLTMR 

cultures compared to the SNs ((F (2, 13) = 5.882, p = 0.0152; SN vs iPN p = 0.0313; SN vs iLTMR 

p = 0.0282, Fig. 5.15 E). However, there was no difference in the TRPV1 mRNA expression between 

the iPN and iLTMRs (p = 0.9984).  

 

 
Figure 5.15: The iPN and iLTMR cultures have minimal-no responses to the TRPV1 activator capsaicin. 
Representative live cell Fura-2 calcium imaging traces of (A) iPN and (B) iLTMR cultures treated with 1 µM 
capsaicin followed by 60 mM KCl. Traces represent the change in the 340/380 fluorescence ratio (D340/380F) 
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(imaged every 0.7 s) from baseline of 4 individual neurons perfused (1 mL/min) with 1 µM capsaicin followed 
by 60 mM KCl with CBS washes before and after treatments. (C) The proportion of capsaicin responsive 
neurons, which were classified into no response (< 2%, grey), small responses (2 – 5%, light purple), or 
medium-to-high responsive neurons (> 5%, purple) relative to the KCl response. n > 100 neurons across 3 
biological replicates. (D) The percentage capsaicin response normalised to the KCl response. Unpaired t-test, 
nsp > 0.05. Fluorescence fluctuations below 2% D340/380 of the KCl response were indistinguishable from 
noise. Hence, neurons displaying calcium signals below the 2% threshold were classified as non-responsive. 
(E) Fold change of mRNA expression of TRPV1 in iPN and iLTMR, compared to the SN cultures, normalised 
to the house keeping genes B2M, PPIA and GAPDH. One-way ANOVA with Tukey post-hoc test, *p < 0.05, 
nsp > 0.05, n = 5 biological replicates. Data shown represents the mean ± SEM. 
 

5.3.4.6 Response to menthol 

In sensory neurons the TRPM8 receptor has roles in detection and transduction of nociceptive and 

non-nociceptive cold stimuli and can be activated by the agonist menthol. To determine whether the 

iPN and iLTMR cultures contained menthol-responsive neurons, iPN (Fig. 5.16 A) and iLTMR (Fig. 

5.16 B) responses to 250 µM menthol were measured using Fura-2 live-cell calcium imaging. The 

majority of the neurons of iPN (99%) and iLTMR cultures (90%) did not respond to menthol (Fig. 

5.16 C). Furthermore, of the menthol-responsive neurons, both the iPNs and iLTMRs had small 

response sizes to menthol (2.4 ± 0.3% and 4.8 ± 1.3% of the KCl response, respectively) (t(17) = 

0.6057, p = 0.5527, Fig. 5.16 D). Interestingly, there was a trend for higher TRPM8 transcript 

expression in iLTMRs compared to SNs; however, this did not reach significance (F (2, 11) = 3.965, 

p = 0.0505, Fig. 5.16 E). Similarly, there was no difference in TRPM8 mRNA expression in iPNs 

compared to SNs and iLTMRs.  
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Figure 5.16: The iPN and iLTMR cultures have minimal-no responses to the TRPM8 activator, menthol. 
Representative live cell Fura-2 calcium imaging traces of (A) iPN and (B) iLTMR cultures. Traces represent 
the change in the 340/380 fluorescence ratio (D340/380F) (imaged every 0.7 s) from baseline, of 3 – 4 
individual neurons perfused (1 mL/min) with 250 µM menthol followed by 60 mM KCl with CBS washes 
before and after treatments. (C) The proportion of menthol responsive neurons, which were classified into no 
response (< 2%, grey), small responses (2 – 5%, light purple) or medium-to-high responsive neurons (> 5%, 
purple) relative to the KCl response. n > 100 neurons across 3 biological replicates. (D) The percentage 
menthol response normalised to the KCl response. Unpaired t-test, nsp > 0.05. Fluorescence fluctuations below 
2% D340/380 of the KCl response were indistinguishable from noise. Hence, neurons displaying calcium 
signals below the 2% threshold were classified as non-responsive. (E) Fold change of mRNA expression of 
TRPM8 in iPN and iLTMR, compared to the SN cultures, normalised to the house keeping genes B2M, PPIA 
and GAPDH. One-way ANOVA with Tukey post-hoc test, *p < 0.05, nsp > 0.05, n = 4 – 5 biological replicates. 
Data shown represents the mean ± SEM.  
 

Overall, both the iPNs and iLTMRs cultures contained a low proportion of neurons that were 

responsive to nociceptive stimuli (i.e., AITC, capsaicin, menthol). Furthermore, of those cells that 

responded to these stimuli, the size of the responses were substantially smaller in comparison to the 

KCl response; consistent with a lack of nociceptor-like sensory neurons types in these cultures.  
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5.3.4.7 iPN and iLTMR response to mechanical sensory stimuli 

The key functional characteristics of proprioceptors and LTMRs are the ability to respond to varying 

types of mechanical stimuli, such as stretch and fine mechanical indentation to the soma. Since 

proprioceptors and LTMR somas are located within the DRG, the detection of mechanosensation in 

vivo typically occurs in distal neurites; however, proprioceptors and LTMR somas respond to 

mechanical stimuli and contain the mechanosensitive channels required for detecting mechanical 

stimuli (McCarter et al., 1999; Parpaite et al., 2021; Ranade et al., 2014; Woo et al., 2015; Zheng et 

al., 2019). Furthermore, due to the roles of detecting and transducing specific mechanical stimuli, 

different mechanosensory neurons have varying response types, thresholds, and sensitivities to 

mechanical stimuli (Abraira and Ginty, 2013; Hao and Delmas, 2010; Parpaite et al., 2021; Zheng et 

al., 2019). Thus, to determine whether the iPN and iLTMR cultures could respond to mechanical 

stimuli and if there were differences in their response thresholds, sizes and sensitisation profiles, the 

iPN and iLTMRs were mechanically stimulated by stretch and by mechanical probe indentation to 

the soma. The response of these neurons to the stimuli was subsequently assessed using either calcium 

imaging (for stretch experiments), or whole-cell patch-clamping conditions (for mechanical probe 

indentation experiments). Furthermore, to identify the predominant mechanosensitive channels 

present in the iPNs and iLTMRs, whole-cell mechanosensitive current responses upon knockdown 

(KD) of PIEZO1 and PIEZO2 transcripts were investigated using modified ionic conditions.  

 

5.3.4.7.1 iPN and iLTMR responses to stretch 

A key role of proprioceptors and LTMRs is the ability to detect stretch (Bhattacharya et al., 2008; 

Handler and Ginty, 2021; Williams et al., 2016; Woo et al., 2015). Thus, to determine whether the 

iPN and iLTMR neurons could respond to stretch, the cultures were matured on custom made PDMS 

IsoStretcher (Schürmann et al., 2016) chambers. Once mature (day 34 – 38), neurons were loaded 

with Fura-2 and neuron-laden chambers were attached to the IsoStretcher device and stretched to 

10% of the chamber stretch capacity. The activity of the neurons in response to stretch stimuli was 
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monitored using live-cell calcium imaging. During the maturation of the iPN and iLTMR cultures, 

neurites spontaneously clustered together forming ‘neurite bundles’ which were large enough to 

evidence responses to stretch and thus the response of both the soma and neurite bundles were 

recorded and quantified relative to the KCl response (Fig. 5.17). The iPN (Fig. 5.17 A) and iLTMR 

(Fig. 5.17 B) somas and neurite bundles displayed robust responses to 10% stretch, with 100% of the 

iPN and iLTMR somas and neurite bundles responding to stretch (Fig. 5.17 C). The iPN neurite 

bundles had a similar response to stretch (42.2 ± 1.7% of the KCl response) compared to the iPN 

somas (39.5 ± 1.0% of the KCl response) (Fig. 5.17 D). In contrast, the iLTMR neurite bundles had 

a small but significantly larger response to stretch (49.8 ± 3.4% of the KCl response) compared to the 

iLTMR somas (43.4 ± 0.7% of the KCl response). Additionally, the iLTMR somas had a significantly 

larger response to stretch compared to the iPN somas (p = 0.0061). However, there was no difference 

between the iPN and iLTMR neurite bundles in their response to stretch (p = 0.0777). Importantly, 

iPN and iLTMR neurite bundles were confirmed as sensory neurites by the positive expression of the 

sensory markers NF200 and PERIPHERIN (Fig. 5.17 E). 
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Figure 5.17: The iPN and iLTMR somas and neurite bundles have robust responses to stretch. 
Representative live cell Fura-2 calcium imaging traces of an (A) iPN and (B) iLTMR soma and neurite bundle 
stretched by 10% using an Isostretcher followed by 60 mM KCl. Traces represent the change in the 340/380 
fluorescence ratio (D340/380F) (imaged every 0.45 s) from baseline of 1 individual neuron and 1 neurite 
bundle in standing CBS. (C) The proportion of stretch responsive neurons and neurite bundles, which were 
classified into no response (< 2%, grey), small responses (2 – 5%, light purple) or medium-to-high responsive 
neurons (> 5%, purple) relative to the KCl response. n > 200 somas and n > 40 neurite bundles across 3 
independent stretch chambers. (D) The percentage stretch response normalised to the KCl response. One-way 
ANOVA with Tukey post-hoc test, ***p < 0.001, **p < 0.01, *p < 0.05, nsp > 0.05. Data shown represents the 
mean ± SEM. Fluorescence fluctuations below 2% D340/380 of the KCl response were indistinguishable from 
noise. Hence, neurons displaying calcium signals below the 2% threshold were classified as non-responsive. 
(E) Representative immunocytochemistry images of PERIPHERIN (cyan) and NF200 (red) in the iPN and 
iLTMR neurite bundles.  
 

To confirm that the response to stretch was due to an influx of extracellular calcium into the soma 

and neurites upon the opening of mechanosensitive channels, the stretch experiments were repeated 

in calcium-free CBS for both the iPN (Fig. 5.18 A) and iLTMR cultures (Fig. 5.18 B). In the calcium-

free extracellular environment, there were minimal perturbations to the 340/380 fluorescence ratio in 

response to stretch in the iPN and iLTMR somas and neurite bundles (Fig. 5.18 C). This experiment 

shows that the large, stretch-induced changes in Fura-2 fluorescence are predominantly supported by 

extracellular calcium ions entering the cell through ion channels located in the plasma membrane. 



  Chapter 5 

 174 

Furthermore, to confirm that the soma and neurite bundle responses to stretch were due to activation 

of mechanosensitive channels, the cultures were incubated for 5 min prior to stretching with the 

broad-spectrum mechanosensitive ion channel inhibitor, gadolinium (Fig. 5.18 D, E). In the presence 

of 300 µM gadolinium, 99% of the iPN and iLTMR somas and 100% of the iPN and iLTMR neurite 

bundles did not respond to stretch (Fig. 5.18 F). Notably, while the neurons could respond to KCl 

depolarization, incubation with gadolinium resulted in a slightly altered response to 60 mM KCl. 

While this is an interesting observation, the mechanism of gadolinium modification of KCl-elicited 

calcium responses was not further investigated. Overall, the iPN and iLTMR somas and neurite 

bundles all robustly responded to stretch, which could be inhibited by the mechanosensitive ion 

channel inhibitor gadolinium, indicating that the response to stretch were mediated by mechanically 

activated ion channels located in the plasma membrane of these neurons. 

 

Figure 5.18: The iPN and iLTMR response to stretch is lost under calcium-free imaging conditions or 
following incubation with the mechanosensitive ion channel inhibitor, gadolinium. Representative live 
cell Fura-2 calcium imaging traces of an (A) iPN and (B) iLTMR soma and neurite bundle incubated with 
calcium-free CBS for 20 min prior to imaging and stretched by 10% using an Isostretcher. (C) The proportion 
of stretch responsive neurons and neurite bundles pre-incubated in calcium free CBS, which were classified 
into no response (< 2%, grey), small responses (2 – 5%, light purple) or medium-to-high responsive neurons 
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(> 5%, purple) relative to the KCl response. n > 80 somas and n > 10 neurite bundles across n = 3 independent 
stretch chambers. Representative live cell Fura-2 calcium imaging traces of an (D) iPN and (E) iLTMR soma 
and neurite bundle incubated with 300 µM gadolinium for 5 min prior to imaging and stretched by 10% using 
an Isostretcher followed by 60 mM KCl. (F) The proportion of stretch responsive neurons and neurite bundles 
pre-incubated in gadolinium, which were classified into no response (< 2%, grey), small responses (2 – 5%, 
light purple) or medium-to-high responsive neurons (> 5%, purple) relative to the KCl response. n > 60 
neurons and n > 10 neurite bundles across 3 independent stretch chambers.  

 

5.3.4.7.2 iPN and iLTMR response to mechanical stimulation by probe indentation to the 

soma 

Proprioceptors and LTMRs are classified by their ability to respond to fine mechanical stimuli and 

by the detection of discrete differences in mechanical stimuli to transduce specific stimuli (e.g., 

muscle tension, fine touch) (Abraira and Ginty, 2013; Hao and Delmas, 2010; Parpaite et al., 2021; 

Zheng et al., 2019). Furthermore, these processes of mechanical sensation and transduction can be 

modelled by probe indentation to the soma (Coste et al., 2010; Hao and Delmas, 2010; Parpaite et 

al., 2021; Ranade et al., 2014; Woo et al., 2015; Zheng et al., 2019). Thus, to determine whether the 

iPNs and iLTMRs could respond to mechanical stimuli and whether there were differences in the 

response amplitude and activation kinetics, neurons were whole-cell patch clamped under voltage-

clamp conditions and mechanically stimulated by fine probe indentation to the soma by increasing 

0.1 µm increments (0.1 – 1 µm) (Fig. 5.19).  

 

The iPN and iLTMR cultures displayed MA currents in response to fine probe indentation, with 

increasing indentations resulting in stimulation-intensity dependent responses (Fig. 5.19 A, B, C). 

The iPN and iLTMR MA currents decayed rapidly with time constants t of 0.75 ± 0.06 ms and 0.64 

± 0.065 ms, respectively (t(18) = 1.466, p = 0.1600, Fig. 5.19 D). Additionally, the iPNs and iLTMRs 

displayed stimulation-intensity dependent increases in the MA current density (denoted as IMA) in 

response to increasing probe indentations (0 – 1 µm, ∆ 0.1 µm) (Fig. 5.19 E, F, G). Interestingly, for 

the iLTMR cultures, the average IMA was minimally increased by indentations between 0.6 – 1 µm 

(Fig. 5.19 F, G). Whereas the iPNs trended toward higher responses compared to the iLTMRs and 

this approached significance at indentations greater than 0.4 µm (Fig. 5.19 G). Furthermore, at 1 µm 
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probe indentation, there was a ~2-fold larger IMA in the iPNs compared to the iLTMRs (t(55) = 2.946, 

p = 0.0047, Fig. 5.19 G). To compare the activation kinetics of the two neuronal cultures, the IMA 

was normalised to the observed maximal response (denoted as IMAX) and the data was fit to a 

Boltzmann equation (Fig. 5.19 H). The iPN and iLTMR displayed similar activation kinetics (Fig. 

5.19 H), with an I50 (defined as the indentation required to achieve 50% of the response) of 0.42 ± 

0.03 µm and 0.38 ± 0.02 µm, respectively (t(56) = 1.238, p = 0.2210, Fig. 5.19 I). Similarly, the iPN 

and iLTMR had similar mechanosensitivities with slopes of 0.16 ± 0.01 µm (t(56) = 0.0252, p = 

0.9800, Fig. 5.19 J). Consistent with the functional evidence of mechanosensitivity within the 

cultures, PIEZO2 transcripts, encoding the main mechanosensitive channel expressed in DRG 

sensory neurons, PIEZO2, was detected in the iPN and iLTMR cultures (F (2,15) = 2.837, p = 0.0902, 

Fig. 5.19 K). 

 

Overall, the iPN and iLTMR were both mechanically sensitive and responded in a stimulation-

intensity dependent manner. The iPNs responded to stronger stimulation (i.e., 0.4 - 1 µm indentations) 

with substantially larger IMA whereas iLTMR IMA amplitude was relatively unchanged beyond 0.6 

µm indentations. Interestingly, the activation kinetics of iPN and iLTMR IMA were similar, with both 

groups requiring ~ 0.4 µm indentations to achieve 50% of the maximal responses within the neurons 

and similar mechanosensitivity slope factors.  
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Figure 5.19: The iPN and iLTMR elicit distinct stimulation-intensity dependent responses to mechanical 
stimulation by probe indentation. (A) Representative brightfield image of an iPN neuron whole-cell patch 
clamped (patch pipette on the top) and mechanically stimulated by probe indentation (stimulating probe on the 
bottom). Representative whole-cell voltage-clamp example of an (B) iPN and (C) iLTMR neuron 
mechanically stimulated by a 100 ms 0.5 µm membrane probe indentation fit to an exponential function (dotted 
line), with the t current decay (ms) shown for the example neurons. (D) The mean t current decay of the iPNs 
and iLTMRs calculated from the standard exponential function of MA currents stimulated by a 0.5 µm 
membrane probe indentation (100 ms duration). Unpaired t-test, nsp > 0.05. n = 10 neurons across 3 biological 
replicates. Representative trace of an (E) iPN and (F) iLTMR neuron under whole-cell voltage-clamp 
conditions with increasing 0.1 μm increments of membrane probe indentation (1 s duration) (from 0 – 1 µm, 
∆ 0.1 µm, 2 s rest in between indentations). Inset represents the change in current at 1 µm membrane probe 
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indentation. (G) The current density in response to increased mechanical stimulation by membrane probe 
indentation (from 0 – 1 µm, ∆ 0.1 µm) in iPN and iLTMR. Unpaired t-test, **p < 0.01, *p < 0.05. n = 26 – 33 
neurons across 5 – 8 biological replicates. (H) IMA activation vs indentation plot. The IMA (from panel G) 
normalised to the IMAX and plotted against increasing membrane probe indentation. n = 25 – 33 neurons across 
n = 5 – 8 biological replicates. The (I) probe indentation to achieve 50% maximum response (Indent50) and (J) 
the slope of iPN and iLTMRs as calculated from the Boltzmann fit of the activation curve in H. Unpaired t-
test, nsp > 0.05. n = 25 – 33 neurons across biological replicates. (K) Fold change of mRNA expression of 
PIEZO2 compared to the SN cultures, normalised to the house keeping genes B2M, PPIA and GAPDH. One-
way ANOVA with Tukey post-hoc test, nsp > 0.05, n = 6 biological replicates. Data shown represents the mean 
± SEM.  

 

5.3.4.7.3 iPN and iLTMR desensitisation to mechanical stimulation 

A key question in mechanosensation is how do specific mechanosensory neurons detect, discriminate 

between, and transduce mechanical stimuli. For example, in vivo proprioceptors respond to constant 

mechanical stimuli in the form of muscle pressure and changes in positioning whereas LTMRs 

respond to mechanical stimuli but desensitise to repeated stimuli (e.g., sensations of clothing) (de 

Nooij et al., 2015; Handler and Ginty, 2021; Hao and Delmas, 2010). Thus, to determine how the 

iPNs and iLTMRs respond to repetitive mechanical stimuli and whether the iPNs and iLTMRs 

differed in response patterns compared to one another, the iPN and iLTMR were whole-cell patch-

clamped under voltage-clamp conditions and mechanically stimulated by probe indentation by 0.5 

µm indentation (100 ms duration) every 5 s, 10 times (Fig. 5.20). The indentation amount was chosen 

to be by repeated 0.5 µm 100ms, as this stimulus was sufficient to elicit a MA response in more than 

50% of the channels available (Indent50) (Fig. 5.19 D). The iPNs (Fig. 5.20 A) and iLTMRs (Fig. 

5.20 B) both responded to repeated mechanical stimulation, with iPNs maintaining similar response 

amplitudes to repeated mechanical stimulation whereas the iLTMR responses decreased with 

repeated mechanical stimulation. Furthermore, iPNs had no change in the IMA amplitude with 

repeated mechanical stimulation compared to the initial mechanical stimulation (defined as IMA#1) 

(Fig. 5.20 C). In contrast, iLTMRs demonstrated a significant 22% decrease in the IMA/ IMA#1 after 

only 3 repeated indentations that continued to decrease such that after 10 stimuli repeats the response 

was 45% less compared to the initial mechanical stimulation (IMA#1) (1st vs 3rd: t(38) = 3.354, p = 

0.0018, 1st vs 10th: t(37) = 5.536, p < 0.0001, Fig. 5.20 C). Thus, with repeated mechanical stimulation 

iLTMRs had a significant decrease in the IMA consistent with stronger desensitisation of iLTMRs to 
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repetitive mechanical stimuli. Overall, iPNs displayed consistent responses to repeated mechanical 

stimulation whereas under the same mechanical stimulation paradigm the iLTMRs desensitised to 

repetitive indentation. 

 

 
Figure 5.20: The iPN consistently respond, whereas the iLTMR desensitise, to repetitive mechanical 
stimulation by probe indentation. Representative whole-cell voltage-clamp recording of an (A) iPN and (B) 
and iLTMR neuron mechanically stimulated by repetitive 100 ms 0.5 µm membrane probe indentations 
followed by 5 s rest (no mechanical stimulation) 10 times (0.2 Hz). (C) The MA current density normalised to 
the first probe indentation following repetitive 0.5 µm (100 ms duration) membrane probe indentations in iPN 
and iLTMRs. Unpaired t-test comparing each repeat indentation to the first indentation **p < 0.01, ***p < 
0.001, ****p < 0.0001. n = 15 – 20 neurons across 4 – 5 biological replicates. Data shown represents the mean 
± SEM. 
 

5.3.4.7.4 iPN and iLTMR action potential firing to mechanical stimulation 

A critical role of mechanosensory neurons is the ability to transduce mechanical stimuli into electrical 

signals, which results in action potential firing. Thus, to determine whether the iPNs and iLTMRs 

could fire action potentials in response to mechanical stimulation, the neurons were whole-cell patch 

clamped under current-clamp conditions and mechanically stimulated by incremental fine probe 

indentation to the soma (from 0.1 to 1 µm, D 0.1 µm) (Fig. 5.21). Identification of the response to 
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mechanical stimulation by membrane probe indentation to the soma was first conducted in voltage-

clamp conditions and then action potential firing was investigated in current-clamp conditions. The 

iPNs (Fig. 5.21 A) and iLTMRs (Fig. 5.21 B) fired single action potentials in response to mechanical 

stimulation and were silent in between mechanical stimulation steps. Notably, an instance of multiple 

action potentials firing in response to a single mechanical stimulation was observed for an iPN cell 

(Supplementary Figure 5.2). Interestingly, the iPNs required a larger probe indentation of ~ 0.6 µm 

to elicit an action potential, whereas on average the iLTMRs required ~ 0.4 µm indentation to elicit 

an action potential (t(18) = 2.251, p = 0.0372, Fig. 5.21 C). Furthermore, the action potential shape 

at mechanical-rheobase (the minimum mechanical stimulation required to elicit an action potential) 

was interrogated to determine if there were differences in the mechanically activated action potential 

shape between the iPNs and iLTMRs. The iPNs and iLTMRs had similar average peak amplitudes 

(Fig. 5.21 D), half-widths (Fig. 5.21 E), rise times (Fig. 5.21 F) and rise slopes (Fig. 5.21 G). 

Additionally, when neurons were mechanically stimulated by repeated 1 µm probe indentations (100 

ms duration) at 0.5 Hz and 10 Hz (that is time between indentations 2 s and 100 ms, respectively), 

the iPNs could fire action potentials to increasing frequencies of mechanical stimulation 

(Supplementary figure 5.3). However, additional replicates are required to interrogate the action 

potential firing at different frequencies of mechanical stimulation for both iPNs and iLTMRs. 

Collectively, this work demonstrates that both iPNs and iLTMRs can fire action potentials in response 

to mechanical stimulation, with iLTMRs requiring a smaller mechanical stimuli to elicit an action 

potential (more sensitive and excitable to mechanical stimuli) compared to iPNs.  
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Figure 5.21: The iPN and iLTMR fire action potentials in response to mechanical stimulation by probe 
indentation. Representative whole-cell current-clamp recording of an (A) iPN and (B) and iLTMR neuron 
mechanically stimulated by increasing 0.1 μm increments (1 s duration) of membrane probe indentation (from 
0 – 1 µm, ∆ 0.1 µm, 2 s rest in between indentations). Inset represents the first action potential firing in response 
to membrane probe indentation (iPN 0.8 µm, iLTMR 0.4 µm). (C) The membrane probe indentation (µm) 
required to elicit an action potential (mechanical rheobase). The action potential features at mechanical 
rheobase including (D) peak amplitude, (E) half-width, (F) rise time and (G) rise slope. Unpaired t-test, *p < 
0.05, nsp > 0.05. n = 10 neurons across 5 biological replicates. Data shown represents the mean ± SEM. 
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5.3.4.7.5 Channels involved in iPN and iLTMR mechanical responses  

To confirm that the iPN and iLTMR response following probe indentation to the soma was due to the 

activation of mechanically sensitive channels, the iPN and iLTMR cells were whole-cell patch 

clamped under voltage-clamp conditions, mechanically stimulated by probe indentation by 0.5 µm 

indentation every 5 s and, once responses to mechanical stimulation were noted, 300 µM gadolinium 

was directly added into the extracellular solution (Fig. 5.22). In control conditions, iPN cells 

responded to mechanical stimulation, however, the iPN response to indentation was lost (up to 94% 

reduction of the IMA) following the addition of gadolinium (t(6) = 48.25, p <0.0001, Fig. 5.22 A, B). 

Similarly, there was a 97% reduction in the iLTMR response to mechanical stimulation following the 

addition of gadolinium (t(10) = 71.91, p <0.0001, Fig. 5.22 C, D). Of note, the iLTMRs would often 

begin to desensitise upon repeated stimulation prior to the addition of gadolinium (as described above 

in section 5.3.4.7.3), however, gadolinium successfully inhibited the response to mechanical 

stimulation (Fig. 5.22 C). Overall, gadolinium inhibited the iPN and iLTMR responses to mechanical 

stimulation, which indicates that the response was due to activation of mechanically sensitive 

channels.  
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Figure 5.22: Gadolinium inhibits the iPN and iLTMR responses to mechanical stimulation by probe 
indentation. Representative whole-cell voltage-clamp recording of an (A) iPN and (C) iLTMR neuron that 
was mechanically stimulated by repetitive 0.5 µm (100 ms duration) membrane probe indentations followed 
by direct bath addition of 300 µM gadolinium in extracellular buffer. The percentage of the mechanical 
response normalised to the average mechanical response (3 mechanical responses) prior to 300 µM gadolinium 
and post-gadolinium in (B) iPN and (D) iLTMR. Unpaired t-test, ****p < 0.0001. n = 3 – 4 biological 
replicates, n = 4 – 6 neurons in total. Data shown represents the mean ± SEM. 
 

PIEZO2 is the predominant mechanosensitive channel expressed in proprioceptors and LTMRs and 

is responsible for the detection of proprioception, touch, vibration, and internal organ sensation (Coste 

et al., 2010; Marshall et al., 2020; Ranade et al., 2014; Woo et al., 2015). Conversely, PIEZO1 is 

involved in the detection and transduction of mechanical itch in sensory neurons (Hill et al., 2022). 

Thus, to determine the contribution of PIEZO1 and PIEZO2 for the detection of mechanical stimuli 

in the iPNs and iLTMRs, siRNA-mediated KD of PIEZO1 and PIEZO2 was conducted, and the 

neurons were whole-cell patch clamped under voltage-clamp conditions and mechanically stimulated 

by fine probe indentation to the soma by increasing 0.1 µm increments (0.1 – 1 µm). Prior to the KD, 

additional controls were included to validate the response to mechanical stimulation and the KD.  
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To enhance the whole-cell patch clamp stability during the siRNA KD of mechanosensitive channels, 

the iPNs and iLTMRs were whole-cell patch clamping using intracellular buffer 2 (110 mM CsF, 30 

mM CsCl, 10 mM NaCl, 2 mM MgCl2, 10 mM HEPES and 5 mM EGTA, pH 7.2, osmolality 295± 

5 mOsm/kg), (Rapedius et al., 2022). To first validate the response to mechanical stimulation in 

intracellular buffer 2, neurons were whole-cell patch clamped under voltage-clamp conditions and 

mechanically stimulated by fine probe indentation to the soma by 0.1 µm increments (0.1 – 1 µm). 

The iPNs and iLTMRs IMA in intracellular buffer 2 were then compared to the IMA in neurons exposed 

to intracellular buffer 1 (Fig. 5.23). Interestingly, there was a significant reduction in the IMA of iPNs 

in response to increasing mechanical stimuli, especially at higher indentations (0.4 - 0.7 µm), using 

intracellular buffer 2 compared to using intracellular buffer 1 (0.4 µm: (t(38) = 2.153, p = 0.0378, 0.5 

µm: t(38) = 2.167, p = 0.0366, 0.6 µm: t(38) = 2.167, p = 0.0366, 0.7 µm: t(38) = 2.078, p = 0.0445, 

Fig. 5.23 A). Furthermore, there was a trend for a reduced IMA in the iPNs when using the intracellular 

buffer 2 at indentations of 0.3 µm, 0.8 µm, 0.9 µm and 1.0 µm compared to intracellular buffer 1, 

however, this was not significant. Interestingly, the opposite effect was observed for the iLTMR 

cultures, whereby there was a trend for an increase in the IMA in the presence of intracellular buffer 2 

compared to intracellular buffer 1, however, this was not significant (Fig. 5.23 B). Overall, changing 

the intracellular buffer components altered the iPN and iLTMR response to mechanical stimulation, 

however, for the purpose of the siRNA KD experiments, intracellular buffer 2 was utilised.  
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Figure 5.23: Differing intracellular buffer conditions alters the iPN and iLTMR responses to mechanical 
stimulation. The current density in response to increased mechanical stimulation by membrane probe 
indentation (from 0 – 1 µm, ∆ 0.1 µm) in neurons whole-cell patch clamped either with intracellular buffer 1 
(140 mM K-gluconate, 10 mM NaCl, 2 mM MgCl2, 10 mM HEPES, 5 mM EGTA, pH 7.2, osmolarity 295± 
5 mOsm/kg) or intracellular buffer 2 (110 mM CsF, 30 mM CsCl, 10 mM NaCl, 2 mM MgCl2, 10 mM HEPES 
and 5 mM EGTA, pH 7.2, osmolarity 295± 5 mOsm/kg) in (A) iPN and (B) iLTMR.  
Unpaired t-test, *p < 0.05. n = 14 – 33 neurons across 2 – 8 biological replicates. Data shown represents the 
mean ± SEM. 
 

To determine whether the siRNA treatment-alone could alter the response to mechanical stimulation, 

the iPN and iLTMR were cultured in the absence of siRNA or transfected with non-targeting siRNA 

for 96 h and the neurons were then whole-cell patch clamped under voltage-clamp conditions and 

mechanically stimulated by fine probe indentation to the soma by increasing 0.1 µm increments (0.1 

– 1 µm) (Fig. 5.24). Interestingly, there was a trend for a reduction in the response to mechanical 

stimulation in the iPNs transfected with non-targeting siRNA compared to non-transfected iPNs at 

all indentation points, which approached significance at 0.8 µm and 1.0 µm (0.8 µm: t(28) = 2.135, 

p = 0.0417, 1.0 µm: t(27) = 2.066, p = 0.0485, Fig. 2.24 A). Similarly, there was a trend for a 

decreased response to mechanical stimulation in iLTMRs transfected with non-targeting siRNA 

compared to the absence of siRNA (Fig. 5.24 B). Due to the reduced response to mechanical 

stimulation in the iPNs and iLTMRs following siRNA transfection, the proportions of mechanically-

responsive neurons within both cultures was determined to assess whether siRNA treatment altered 

the proportion of mechanical-responsive neurons. The responses to mechanical stimulation were 

classified as either (1) stimulation-intensity dependent (i.e., neurons exhibit larger responses to 

increasing mechanical stimulation) (Fig. 5.23 C), (2) stimulation-intensity independent (i.e., neurons 
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that exhibit small responses that do not change regardless of mechanical stimulation intensity) (Fig. 

5.23 D), and (3) no response to mechanical stimulation (Fig. 5.23 E). In the iPN cultures transfected 

without siRNA, 100% of the iPNs responded to mechanical stimulation with 86% of the responses 

classified as stimulation-intensity dependent and 14% as stimulation-intensity independent (Fig. 5.23 

F). Similarly, 100% of the iPNs treated with non-targeting siRNA responded to mechanical 

stimulation with 93% of the responses classified as stimulation-intensity dependent and 7% as 

stimulation-intensity independent. Similarly, in the iLTMR cultures transfected without siRNA, 95% 

of the neurons responded to mechanical stimulation with 90% of those responses classified as 

stimulation-intensity dependent and 5% as stimulation-intensity independent (Fig. 5.23 G). 

Additionally, 100% of the iLTMRs treated with non-targeting siRNA responded to mechanical 

stimulation with 87% of the responses classified as stimulation-intensity dependent and 13% as 

stimulation-intensity independent. Thus, there was no major change in the proportion of the iPN and 

iLTMR responsive neurons between the control no siRNA and non-targeting siRNA conditions.  
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Figure 5.24: Non-targeting siRNA slightly reduces the iPN and iLTMR MA current in response to 
increasing probe indentation. The current density of (A) iPN and (B) iLTMR in response to increased 
mechanical stimulation by membrane probe indentation (from 0 – 1 µm, ∆ 0.1 µm) in neurons whole-cell patch 
clamped using intracellular buffer 2, which had been cultured in either in the absence of siRNA or transfected 
with non-targeting siRNA for 96 h. Unpaired t-test, *p < 0.05. n = 15 – 21 neurons across 3 independent siRNA 
transfections. Data shown represents the mean ± SEM. Representative whole-cell voltage-clamp recording of 
a neuron displaying a (C) stimulation-intensity dependent response (D) stimulation-intensity independent 
response and (E) no response to increased mechanical stimulation by membrane probe indentation (from 0 – 
1 µm, ∆ 0.1 µm). The proportion of (F) iPN and (G) iLTMR mechanically responsive neurons whole-cell 
patch clamped using intracellular buffer 2. Neurons were classified as either stimulation-intensity dependent 
(orange), stimulation-intensity independent (dark blue) or mechanically non-responsive (grey).  
 

To assess whether either PIEZO1, PIEZO2 or a combination of PIEZO1 and PIEZO2 were the 

channels responsible for the iPN and iLTMR response to mechanical stimulation, the iPN and iLTMR 

were transfected with either non-targeting siRNA, PIEZO1 siRNA, PIEZO2 siRNA or a combination 

of PIEZO1 and PIEZO2 siRNA for 96 h and the neurons were then whole-cell patch clamped under 
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voltage-clamp conditions and mechanically stimulated by fine probe indentation to the soma by 

increasing 0.1 µm increments (0.1 – 1 µm) (Fig. 5.25). Since there was a reduction in the amplitude 

of the response to mechanical stimulation in the non-targeting siRNA conditions (Fig. 5.24), the KD 

experiments using targeting siRNA were normalised to the non-targeting siRNA condition instead of 

the no siRNA condition. The iPNs transfected with PIEZO1 siRNA responded to mechanical 

stimulation in the same stimulation-intensity dependent manner as the iPNs transfected with non-

targeting siRNA (Fig. 5.25 A, B, E). Furthermore, there was no difference between the response sizes 

to mechanical stimulation at indentations of 0.1 – 1.0 µm in the iPNs transfected with PIEZO1 siRNA 

compared to the non-targeting siRNA (1 µm: t(29) = 0.6277, p = 0.5351, Fig. 5.25 B, E). In contrast, 

the iPNs transfected with PIEZO2 siRNA exhibited a similar response to mechanical stimulation at 

low indentations (0.1 - 0.2 µm); however, there was a significant decrease (up to 75%) in the 

mechanical response at higher indentation stimuli (0.3 µm and 0.5 µm - 1.0 µm) compared to the 

iPNs that had been transfected with non-targeting siRNA (1 µm: t(30) = 2.628, p = 0.0134, Fig. 5.25 

C, F). Similarly, in the iPNs that had been transfected with both PIEZO1 and PIEZO2 siRNA, there 

was a significant decrease (up to 89%) in the response to mechanical stimulation at all indentations 

from 0.1 µm – 1.0 µm compared to the iPNs transfected with non-targeting siRNA (1 µm: t(30) = 

3.414, p = 0.0019, Fig. 5.25 D, G). However, since the non-targeting siRNA caused a reduction in 

the response to mechanical stimulation compared to the no siRNA iPNs (Fig. 5.24), it is possible that 

the larger reduction in indentation response observed in the combined PIEZO1/PIEZO2 KD could be 

due to a higher siRNA load that reduces the mechanical response independent of PIEZO1/PIEZO2 

KD (Fig. 5.25 D, G). Future experiments including a combined transfection of non-targeting siRNA 

and PIEZO2 siRNA would elucidate whether the reduced response to mechanical stimulation was 

due to double the transfection reagents or due to a small contribution of PIEZO1 to the MA response. 

To further confirm that the reduction in the MA currents was due to a KD of PIEZO2, RT-qPCR of 

PIEZO2 mRNA expression in iPNs transfected with siRNAs was conducted (Fig. 5.25 H). There was 

a 50% and 60% significant decrease in PIEZO2 mRNA expression in the iPNs transfected with 



  Chapter 5 

 189 

PIEZO2 and PIEZO1 + PIEZO2 siRNA compared to the iPNs transfected with non-targeting siRNA, 

respectively (F (2, 6) = 7.699, p = 0.0220; non-targeting vs PIEZO2 siRNA: p = 0.0402, non-targeting 

vs PIEZO1 + PIEZO2 siRNA: p = 0.0185, Fig. 5.25 H). Furthermore, there was no change in PIEZO2 

mRNA expression in iPNs transfected with PIEZO1 siRNA compared to non-targeting siRNA (t(4) 

= 0.8565, p = 0.440, Supplementary Fig. 5.3 A). PIEZO1 mRNA transcript expression was below 

the detectable limit for RT-qPCR, and thus, efficient PIEZO1 KD could not be validly assessed. 

Overall, KD of PIEZO2, but not PIEZO1, resulted in significantly decreased iPN responses to 

mechanical stimulation. This data indicates that PIEZO2 is the major mechanosensitive channel in 

the iPNs and is responsible for the stimulation-intensity dependent responses to mechanical 

stimulation.  
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Figure 5.25: KD of PIEZO2, but not PIEZO1, decreases the iPN response to mechanical stimulation. 
iPN were transfected with either non-targeting siRNA, PIEZO1 siRNA, PIEZO2 siRNA or PIEZO1 and 
PIEZO2 siRNA for 96 h. Following 96 h of siRNA the iPN were whole-cell patch clamping in voltage-clamp 
conditions and mechanically stimulated by membrane probe indentation (from 0 – 1 µm, ∆ 0.1 µm). 
Representative trace of an iPN transfected with either (A) non-targeting siRNA, (B) PIEZO1 siRNA, (C) 
PIEZO2 siRNA or (D) PIEZO1 and PIEZO2 siRNA under whole-cell voltage-clamp conditions with 
increasing 0.1 μm increments (1 s duration) of membrane probe indentation (from 0 – 1 µm, ∆ 0.1 µm, 2 s rest 
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in between indentations). The current density of iPN transfected with non-targeting siRNA and either (E) 
PIEZO1 siRNA, (F) PIEZO2 siRNA or (G) PIEZO1 and PIEZO2 siRNA in response to increased membrane 
probe indentation (from 0 – 1 µm, ∆ 0.1 µm) normalised to the average iPN non-targeting siRNA response at 
1 µm indentation. Unpaired t-test, **p < 0.01, *p < 0.05. n = 15 – 16 neurons across 3 independent siRNA 
transfections. (H) Fold change of PIEZO2 mRNA expression in iPN transfected with either non-targeting, 
PIEZO2 or PIEZO1 + PIEZO2 siRNA, normalised the non-targeting siRNA condition and to the house 
keeping genes B2M, PPIA and GAPDH. One-way ANOVA with Dunnett’s post-hoc test, *p < 0.05, n = 3 
independent transfections. Data shown represents the mean ± SEM. 
 

Similar to the iPNs, the iLTMRs transfected with PIEZO1 siRNA responded to mechanical 

stimulation in a stimulation-intensity dependent manner at indentations of 0.1 – 1.0 µm, consistent 

with iLTMRs transfected in the presence of non-targeting siRNA (1 µm: t(28) = 0.06919, p = 0.9453, 

Fig. 5.26 A, B, E). In contrast, in the iLTMRs transfected with PIEZO2 siRNA, there was a large 

decrease in response to mechanical stimulation, which approached significance at 0.1 µm and 0.9 

µm, compared to when the iLTMRs were transfected with non-targeting siRNA (0.9 µm: t(27) = 

2.084, p = 0.0468, Fig. 5.26 C, F). Similarly, there was a significant decrease in the response to 

mechanical stimulation at most indentation points (0.1 µm and 0.4 – 1.0 µm) when the iLTMRs were 

transfected with a combination of PIEZO1 and PIEZO2 siRNA compared to the non-targeting siRNA, 

with almost a complete response reduction (97%) at 1.0 µm indentation (t(28) = 2.695, p = 0.0118, 

Fig. 5.26 D, G). However, similar to the iPNs, the significant reduction in the response to mechanical 

stimulation for the iLTMRs transfected with a combination of PIEZO1 and PIEZO2 siRNA could be 

due to the combination of PIEZO2 KD and receiving a double dose of the siRNA compounds. Future 

experiments including a combined transfection of non-targeting siRNA and PIEZO2 siRNA would 

elucidate whether the reduced response to mechanical stimulation in the iLTMRs was due to double 

the transfection reagents or due to a small contribution of PIEZO1 to the MA response. Consistent 

with the iPNs, there was an ~60% significant decrease in PIEZO2 mRNA expression in both the 

iLTMRs transfected with PIEZO2 and PIEZO1 + PIEZO2 siRNA compared to the iLTMRs 

transfected with non-targeting siRNA, respectively (F (2, 6) = 0.9008, p < 0.0001; non-targeting vs 

PIEZO2 siRNA: p < 0.0001, non-targeting vs PIEZO1 + PIEZO2 siRNA: p < 0.0001, Fig. 5.26 H). 

Furthermore, there was no change in PIEZO2 mRNA expression in iPNs transfected with PIEZO1 

siRNA compared to non-targeting siRNA (t(4) = 2.472, p = 0.0688, Supplementary Fig. 5.3 B). 
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Overall, KD of PIEZO2, but not PIEZO1, significantly decreased the iLTMR response to mechanical 

stimulation indicating that PIEZO2 is the major mechanosensitive channel in the iLTMRs. 

 

 
Figure 5.26: KD of PIEZO2, but not PIEZO1, decreases the iLTMR response to mechanical stimulation. 
iLTMR were transfected with either non-targeting siRNA, PIEZO1 siRNA, PIEZO2 siRNA or PIEZO1 and 
PIEZO2 siRNA for 96 h. Following 96 h of siRNA, the iLTMR were whole-cell patch clamping in voltage-
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clamp conditions and mechanically stimulated by membrane probe indentation (from 0 – 1 µm, ∆ 0.1 µm). 
Representative trace of an iLTMR transfected with either (A) non-targeting siRNA, (B) PIEZO1 siRNA, (C) 
PIEZO2 siRNA and (D) PIEZO1 and PIEZO2 siRNA under whole-cell voltage-clamp conditions with 
increasing 0.1 μm (1 s duration) increments of membrane probe indentation (from 0 – 1 µm, ∆ 0.1 µm, 2 s rest 
in between indentations). The current density of iLTMR transfected with non-targeting siRNA and either (E) 
PIEZO1 siRNA, (F) PIEZO2 siRNA or (G) PIEZO1 and PIEZO2 siRNA in response to increased membrane 
probe indentation (from 0 – 1 µm, ∆ 0.1 µm) normalised to the average iLTMR non-targeting siRNA response 
at 1 µm indentation. Unpaired t-test, ***p < 0.001, *p < 0.05. n = 14 – 15 neurons across 3 independent siRNA 
transfections. (H) Fold change of PIEZO2 mRNA expression in iLTMR transfected with either non-targeting, 
PIEZO2 or PIEZO1 + PIEZO2 siRNA, normalised the non-targeting siRNA condition and to the house 
keeping genes B2M, PPIA and GAPDH. One-way ANOVA with Dunnett’s post-hoc test, ****p < 0.0001, n 
= 3 independent transfections. Data shown represents the mean ± SEM. 
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5.4 Discussion  

Mechanosensation is essential for everyday functions and malfunction of the mechanosensory 

neurons of the DRG are implicated in a range of debilitating peripheral neuropathies. Therefore, it is 

critical to generate functional mechanosensory neurons that can be applied for the study of human 

mechanosensory physiology, development, degeneration and for the development of directed 

therapies for specific mechanosensory neuron subtypes. The work presented in this Chapter describes 

the generation of exquisitely sensitive mechanosensory neurons by inducing the expression of the 

lineage-specific transcription factors NGN2 and RUNX3 or NGN2 and SHOX2 in hPSC-derived 

neural crest cells to generate iPNs and iLTMRs, respectively. Overall, the iPN and iLTMR displayed 

transcriptional and functional characteristics akin to proprioceptors and LTMRs, respectively. 

Briefly, the iPNs were enriched for proprioceptor markers including TRKC, RUNX3, PVALB, 

ACCN2, SPP1 and the iLTMRs were enriched for LTMRs markers including TRKB, GFRA2, MAF 

and SHOX2. The iPNs and iLTMRs displayed distinct active electrical properties in response to 

current injection such as action potential time-to-peak, rise time, rise slope and half-width; 

collectively, these data hint towards the expression of a different complement of voltage-gated ion 

channels involved in action potential generation between these two major sub-types of induced 

mechanosensory neurons. The iPNs were exquisitely sensitive to stretch and mechanical indentation, 

highly sensitive to differences in mechanical stimuli with large responses to incremental increases in 

mechanical stimulation, had consistent responses to repetitive mechanical stimuli, and fired action 

potentials in response to mechanical stimulation. In contrast, the iLTMRs were also highly sensitive 

to stretch and mechanical indentation but had smaller responses to incremental increases in 

mechanical stimuli, desensitised in response to repetitive mechanical stimuli, and were highly 

excitable requiring smaller mechanical stimuli to elicit an action potential. In both iPNs and iLTMRs, 

the responses to mechanical stimulation were predominantly supported by PIEZO2, with PIEZO2 

knockdown ablating > 70% of the mechanosensitive currents. These induced human mechanosensory 

neuron subtypes can be utilised for the study of human mechanosensory physiology and, in the long 
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term, will enable the development of directed therapies toward these neuronal populations that 

become compromised by trauma and/or neurodegenerative conditions. 

 

The induced expression of NGN2 and RUNX3 or NGN2 and SHOX2 generated distinct sub-types of 

mechanosensory neurons with expression characteristics consistent with the enrichment of 

proprioceptor-like and LTMR-like neurons, respectively. Both the iPN and iLTMR expressed pan-

sensory neuronal markers consistent with the generation of DRG-like sensory neurons. Importantly, 

the iPNs and LTMRs were enriched for proprioceptive and LTMR markers, respectively. Of note, 

the LTMR markers, NTRK2, GFRA2, MAF and SHOX2 were enriched for based on the RNAseq 

analysis and TRKB was highly expressed in the iLTMRs based on the immunocytochemistry. 

However, when normalised to the SNs in the RT-qPCR analysis there was no significant increase in 

expression. The differences in the iLTMR expression patterns could be due to the SNs containing a 

high expression of LTMR markers resulting in only small expression differences in bulk mRNA 

transcript analysis. As reported in this Chapter, a considerable overlap in the expression profiles 

between sensory neuron subtypes, with multiple subtypes expressing the same genes at only slightly 

different levels, can be obscured in bulk RNA sequencing and RT-qPCR analyses (Zheng et al., 

2019). Thus, future work conducting single-cell RNA-sequencing in parallel with functional profiling 

could further refine the expression profiles of individual neurons within the cultures and provide an 

indication of any subpopulations within groups of induced mechanosensitive neurons (Bardy et al., 

2016; Zheng et al., 2019). In comparison to SHOX2, RUNX3 overexpression appeared to result in a 

larger proportion of cell death within iPN cultures, which did not interfere with the expression and 

functional analyses in this Chapter. Nevertheless, for studies requiring large numbers of viable cells, 

such as would be required for drug screening assays, further optimisation aiming at increasing the 

overall number of viable neurons may be required. Future work could include the expression of 

NGN2, RUNX3 and additional transcription factors that may promote proprioceptor survival. For 

example, hPSC-derived protocols generating other neuronal types, such as motor neurons and 



  Chapter 5 

 196 

serotonergic neurons, have implemented combinations of up to 6 different transcription factors to 

achieve differentiation of the neurons of interest (Goparaju et al., 2017; Mazzoni et al., 2013; 

Vadodaria et al., 2016). Thus, other potentially favourable lineage-specific transcription factors could 

be identified and included to promote iPN survival. Additionally, neuron survival and differentiation 

could also be promoted by co-culturing the mechanosensory neurons with myelinating Schwann cells 

and/or with the other cellular types found in the end organs that proprioceptors and LTMRs innervate 

(Clark et al., 2017; Cong et al., 2021).  

 

The iPN and iLTMR displayed distinct excitability properties consistent with the generation of 

different sensory neuron subtypes. The iPNs and iLTMRs had similar passive electrical properties, 

however, had distinct differences in the active electrical properties and in the KCl-depolarization 

response size. The differences in the excitability profile are consistent with the generation of specific 

mechanosensory subgroups (Madden et al., 2020; Poole et al., 2014; Xie et al., 2018; Zheng et al., 

2019), however, further investigation is required to interrogate the channels that contribute to the 

differences in action potential shape and KCl depolarization response (Rienecker et al., 2020; Xie et 

al., 2018). Interestingly, under current-clamp recording conditions there was no difference in the 

average inward (i.e., sodium) and outward (i.e., potassium) current components between the iPNs 

and iLTMRs indicating that the differences in the action potential shape could be due to differences 

in the proportions of specific Nav and Kv channels rather than the global currents. For example, 

alterations in the proportions of specific Nav, Kv and Cav channels contribute to differences in DRG 

sensory neuron function and can be used to identify specific subgroups (Zheng et al., 2019). 

Furthermore, Zheng et al. determined that Kv1.1 and Kv1.2 are highly expressed in mouse LTMRs 

whereas Kv3.1 is highly expressed in proprioceptors (Zheng et al., 2019). Additionally, in mouse 

DRG neurons Nav1.1 and Nav1.6 are the major channels that contribute to the Nav current within 

the large DRG neurons (e.g., proprioceptors and LTMRs) but are not involved in the peptidergic and 

non-peptidergic nociceptors (Espino et al., 2022; Zheng et al., 2019). Thus, further work investigating 
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the functional presence of the different Nav, Kv and Cav channels by using channel specific blockers 

and Patch-seq (Bardy et al., 2016; Hulme et al., 2020; Zheng et al., 2019) could elucidate the key 

channels expressed in the iPNs and iLTMRs and provide insight into potential sensory subtype 

specific pharmacological targets.  

 

The defining functional characteristics of proprioceptors and LTMRs is the ability to respond to 

varying types of mechanical stimuli. Consistent with the generation of proprioceptor-like and LTMR-

like neurons, the iPNs and iLTMRs responded to stretch, mechanical indentation to the soma and 

displayed negligible responses to nociceptive stimuli. Interestingly, iPN cultures contained a smaller 

population of ATP-responsive neurons (26%), than the iLTMR’s (48%). While ATP has a role in 

activating nociceptor pathways, ATP is the major signalling molecule released by keratinocytes to 

activate LTMRs for the transduction of mechanical stimulation (Moehring et al., 2018a). Thus, the 

observed response to ATP is consistent with the presence of a subpopulation of ATP-responsive 

LTMRs. Hence, future work co-culturing the iLTMRs with keratinocytes could be developed to 

model the skin-sensory signalling circuit. Additionally, the iPNs and iLTMRs were highly sensitive 

to stretch, displaying large responses to relatively small (10%) stretch stimuli, which is functionally 

akin to results observed in primary low threshold mechanosensory neurons such as proprioceptors 

and LTMRs (Bhattacharya et al., 2008; de Nooij et al., 2015; Handler and Ginty, 2021; Woo et al., 

2015). For example, Bhattacharya et al. determined that proprioceptors and LTMRs respond to stretch 

intensities of 2 – 20 % in a stimulation-dependent manner, whereas nociceptive DRG neurons either 

do not respond or require a minimum of 16 – 20 % stretch to modestly respond to stretch 

(Bhattacharya et al., 2008). Furthermore, highly stretch-sensitive DRG neurons in mice are 

insensitive to nociceptor stimuli (Bhattacharya et al., 2008), consistent with the findings of this 

Chapter that 100% of human iPN and iLTMRs could respond to a small stretch intensity but were 

negligibly responsive to nociceptive stimuli. Future work investigating the iPN and iLTMR response 
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to different stretch intensities could further elucidate differences in the stretch-responsive thresholds 

and response patterns between the iPN and iLTMRs.  

 

The iPNs and iLTMRs were exquisitely sensitive to fine mechanical stimulation and generated large 

MA currents. Mechanically sensitive DRG neurons can be distinguished based on the kinetics of the 

MA currents they possess. For example, investigating the MA current decay (Fig. 5.19 B, C) provides 

insight into the mechanosensitive channels contributing to the MA current. The MA current decay is 

classified as rapidly-adapting current decay (< 10 ms), intermediately-adapting current decay 

(between 10 – 30 ms) and slowly-adapting current decay (> 30 ms), which are shaped by specific 

mechanosensitive channels (Hao and Delmas, 2010; Parpaite et al., 2021; Poole et al., 2014; Rugiero 

et al., 2010). Proprioceptors and LTMRs display mechanosensitive currents that decay rapidly, which 

is predominantly mediated by the non-selective cation channel PIEZO2 (Coste et al., 2012, 2010; 

Hao and Delmas, 2010; Parpaite et al., 2021; Ranade et al., 2014; Rugiero et al., 2010; Wetzel et al., 

2017; Woo et al., 2015). Proprioceptors and LTMRs respond to varying types of fine mechanical 

stimuli and these responses are typically stimulation-intensity dependent, however, the adaptation 

and response kinetics can vary depending on the neuron subclass and stimulation type (Abraira and 

Ginty, 2013; Handler and Ginty, 2021; Hao and Delmas, 2010; Lewis et al., 2017; Ranade et al., 

2014; Woo et al., 2015). Nociceptors are either mechanically-insensitive or are classified as high-

threshold mechanically activated nociceptors (requiring high-intensity mechanical stimuli) with 

intermediate or slowly-adapting current decays; with only a small proportion of the MA current 

mediated by PIEZO2 and the larger proportion by other unidentified channels (Hao and Delmas, 

2010; Hill et al., 2022; Hill and Bautista, 2020; Parpaite et al., 2021; Perl, 1968; Rugiero et al., 2010; 

Szczot et al., 2018; von Buchholtz et al., 2021). In contrast, the iPNs and iLTMRs responded to fine 

mechanical stimulation in a stimulation-dependent manner and displayed rapidly decaying (< 5 ms) 

MA currents consistent with the MA current kinetics present in proprioceptors and LTMRs. 

Additionally, the iPNs and iLTMRs MA currents presented similar Indent50 (indentation required to 
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achieve 50% of the response) and mechanosensitivity (slope), indicating that, while response 

amplitudes were different, both the iPN and iLTMR responses to mechanical stimulation were 

predominantly supported by the same mechanosensitive channel. Furthermore, siRNA knockdown 

of PIEZO2 significantly reduced the iPN and iLTMR MA responses indicating that PIEZO2 is the 

major mechanosensitive channel mediating stimulation-intensity dependent currents in iPNs and 

iLTMRs. Taken together, the kinetic properties of the iPN and iLTMR responses to mechanical 

stimulation were consistent with the generation of proprioceptor- and LTMR-like neurons. 

Interestingly, the iPNs and iLTMRs had small remaining MA responses to mechanical stimulation 

following PIEZO2 knockdown, which could either be due to an incomplete knockdown of PIEZO2 

and/or indicate the minor presence of a different mechanically sensitive channel within the cultures. 

Future work screening of other potential mechanosensitive channel candidates could elucidate the 

remaining stimulation-intensity independent current remaining in the iPN and iLTMRs.  

 

The iPNs and iLTMRs had distinct physiological properties in response to mechanical stimulation 

(Fig. 5.27), consistent with the generation of specific mechanosensory subclasses, such as 

proprioceptors and LTMRs. Within the classifications of proprioceptors and LTMRs, mammalian 

DRG mechanosensory neurons can be further characterised into mechanosensory subgroups based 

on the (1) myelination and conduction velocity, (2) location within the body, (3) end organs that the 

neurons innervate and associate with (e.g., Merkel cells, muscle, Meissner corpuscle, Pacinian 

corpuscle, ruffini endings etc.), (4) response to specific mechanical stimuli (e.g. indentation, stretch, 

vibration), and (5) on the distinct physiological characteristics in response to mechanical stimuli 

(Abraira and Ginty, 2013; Handler and Ginty, 2021; Moehring et al., 2018b). Since the location of 

cells within the body, the myelination and association with other cell types cannot be feasibly 

assessed, the comparisons of the iPN and iLTMRs to primary mechanosensory subgroups were 

instead based on the expression and functional characteristics of the iPNs and iLTMRs. 
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Mechanosensory neurons can be classified based on their adaptation rate towards repeated or 

sustained stimuli (rapidly vs slowly adapting to the same stimuli), which should not be confused with 

the rapidly adapting current decays described above. LTMRs can be distinguished as either rapidly 

adapting (RA) LTMRs (RAI-LTMRs and RAII-LTMRs) or slowly adapting (SA) LTMRs (SAI-

LTMRs and SAII-LTMRs) (Abraira and Ginty, 2013; Handler and Ginty, 2021; Sonekatsu and Gu, 

2019; Vega-Bermudez and Johnson, 1999; Wellnitz et al., 2010). Proprioceptors and SA-LTMRs 

have similar response properties in which both groups slowly adapt to continuous stimuli (i.e., 

respond to repetitive and sustained stimuli) and detect increasing mechanical stimuli with high 

sensitivity (i.e., increased responses to minute increases in mechanical stimulation) (Abraira and 

Ginty, 2013; de Nooij et al., 2015; Handler and Ginty, 2021; Hao and Delmas, 2010; Hong et al., 

2016; Johnson et al., 2000; Vega-Bermudez and Johnson, 1999; Wellnitz et al., 2010). In contrast, 

RA-LTMRs initially respond to sustained and repetitive stimuli and then ‘adapt’ and reduce responses 

and/or stop responding to the continued mechanical stimuli. RA-LTMRs are also highly sensitive to 

mechanical stimuli, responding to low thresholds of mechanical stimuli, but have poorer spatial 

resolution (i.e., do not resolve minor differences in stimuli) compared to SA-LTMRs (Hao and 

Delmas, 2010; Iggo and Ogawa, 1977; Johnson, 2001; Vega-Bermudez and Johnson, 1999; Wellnitz 

et al., 2010). These differences in the mechano-physiological profiles likely contribute to the ability 

of the mechanosensory neurons to detect and discriminate between different types of stimuli (Abraira 

and Ginty, 2013). When comparing the iPNs and iLTMRs to these functional classifications, the iPN 

functional properties were similar to proprioceptors. For example, the iPNs had sustained responses 

to the same repetitive mechanical stimuli and were highly sensitive to a range of mechanical 

indentations (0.1 – 1 µm) with distinct increases in response size to minute (0.1 µm) increases in 

mechanical stimulation. In contrast, the iLTMR functional profile is similar to RA-LTMRs as the 

iLTMRs were (1) highly sensitive to mechanical stimuli as evidenced by action potential firing at an 

average indentation to the soma of only 0.4 µm, (2) had subtle responses to increasing mechanical 

stimuli past 0.6 µm indentation to the soma (i.e., minor changes in response sizes to increasing 0.1 
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µm indentation steps) and (3) desensitised in response to repetitive mechanical stimuli. Taken 

together with the expression profiles, the iPNs have similar expression and functional properties to 

proprioceptors and the iLTMRs have similar expression and functional properties to LTMRs, 

specifically the RA-LTMRs.  

 

 

Figure 5.27: The iPN and iLTMR have distinct responses to mechanical stimulation. The iPN and 
iLTMRs are exquisitely sensitive to mechanical stimulation, with the responses to mechanical stimulation 
predominantly supported by PIEZO2. The iPNs were highly sensitive to differences in mechanical stimuli with 
large responses to incremental increases in mechanical stimulation, had consistent responses to repetitive 
mechanical stimuli, and fired action potentials in response to mechanical stimulation, consistent with the 
functional characteristics of primary proprioceptors. The iLTMRs had smaller responses to incremental 
increases in mechanical stimuli, desensitised in response to repetitive mechanical stimuli, and were highly 
excitable firing action potentials to small amounts of mechanical stimuli, consistent with the functional 
characteristics observed in primary LTMRs. The differences in mechano-physiology between the iPNs and 
iLTMRs could be due to multiple mechanisms (highlighted by the question marks), such as differences in the 
expression of mechanosensitive channel modulators, channel auxiliary subunits or voltage-gated ion channels 
as well as possible differences in the membrane tension and composition.  
 

The differences in response to mechanical stimulation between the iPN and iLTMRs are consistent 

with the generation of distinct mechanosensory subclasses, however the mechanism contributing to 
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these differences is unclear. There are a multitude of potential mechanisms, which likely act in 

concert, to alter the mechanosensitivity between mechanosensory neurons. Furthermore, differences 

in the expression and proportions of mechanosensitive channels, mechanosensitive channel auxiliary 

subunits and modulators, voltage-gated ion channels and in the lipid bilayer membrane composition 

and tension can enhance, modulate or reduce the response to mechanical stimulation in DRG neurons 

(Anderson et al., 2018; Brohawn et al., 2014; de Nooij et al., 2015; François et al., 2015; Hao et al., 

2013; Middleton et al., 2022; Parpaite et al., 2021; Poole et al., 2014; Romero et al., 2019; Vásquez 

et al., 2014; Wang and Lewin, 2011; Wetzel et al., 2017; Yoshimura and Sokabe, 2010; Zheng et al., 

2019). For example, the iPNs had a larger response to increasing increments of mechanical 

stimulation and a sustained response to repetitive mechanical stimuli compared to the iLTMRs that 

became desensitised to repeated stimuli. The larger response to mechanical stimulation observed in 

the iPNs to increasing increments of indentation to the soma could be due to a greater proportion of 

PIEZO2 channels or differences in the PIEZO2 splice forms (Szczot et al., 2017) between the iPNs 

and iLTMRs. Alternatively, the larger incremental response and sustained response to repetitive 

stimuli in the iPNs could be attributed to the expression of mechanosensitive channel auxiliary units 

and modulators. For example, Stomatin-like protein 3 (STOML3) modulates mechanosensory neuron 

mechanical sensitivity by reducing the activation threshold of PIEZO1 and PIEZO2, which results in 

an enhanced sensitivity and larger response to fine mechanical stimulation (Poole et al., 2014; Wetzel 

et al., 2017). Additionally, STOML3 prevents desensitisation to repetitive stimuli and the scaffolding 

protein Whirlin also has a role in regulating the sustained response to mechanical stimulation in 

proprioceptors (de Nooij et al., 2015; Poole et al., 2014). Alternatively, the smaller response to 

increasing mechanical stimuli and desensitisation to repetitive mechanical stimuli in the iLTMR 

could be attributed to the expression of mechanically sensitive potassium channels, such as TREK-1, 

TREK-2, TRAAK and Kv1.1, which all have roles in reducing and dampening the response to 

mechanical stimulation (Brohawn et al., 2014; Hao et al., 2013; Moehring et al., 2018b). While the 

iLTMRs had a smaller incremental response to mechanical stimuli and desensitised to repetitive 
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stimuli, the iLTMRs were more excitable to mechanical stimuli; these cells required an average 

indentation of only 0.4 µm to the soma to elicit an action potential compared to the iPNs (0.6 µm). A 

possible reason for this difference in mechanical excitability could be due to differences in the 

expression of voltage-gated ion channels (François et al., 2015; Middleton et al., 2022; Wang and 

Lewin, 2011; Zheng et al., 2019). For example, expression of Cav3.2 and Nav1.7 in subsets of 

LTMRs enhances the excitability of the neurons to mechanical stimulation (François et al., 2015; 

Middleton et al., 2022; Wang and Lewin, 2011). Additionally, altered responses to mechanical 

stimulation were observed for both the iPNs and iLTMRs in the presence of a different intracellular 

buffer, which highlights the possibility that there are differences in the expression of voltage-gated 

ion changes and modulatory subunits between the iPNs and iLTMRs modulating the response to 

mechanical stimuli. Identifying the channels involved in moderating mechanical sensitivity in 

specific subclasses of mechanosensory neurons could provide further understanding into the 

mechanisms regulating proprioception, low-threshold mechanical sensation and LTMR pain 

hypersensitivity due to injury, degeneration and inflammation (Campbell et al., 1988; Dhandapani et 

al., 2018; Gangadharan et al., 2022; Tashima et al., 2018; Wang and Lewin, 2011; Wetzel et al., 

2017; Zheng et al., 2019). Furthermore, since PIEZO2 has a widespread role in sensory 

mechanosensation it is not an ideal drug target for treating LTMR hypersensitivity in mechanical 

allodynia conditions. Alternatively, mechanosensitive channel modulators provide excellent 

candidates for the development of compounds that target specific mechanosensory neurons such as 

RA-LTMRs but do not alter the function of the other neurons such as proprioceptors (Wang and 

Lewin, 2011; Wetzel et al., 2017). Future work utilising blockers and knockdown of modulatory 

proteins could provide further insight into the mechanisms regulating mechanosensitivity in the iPNs 

and iLTMRs. Additionally, investigating action potential firing to mechanical stimulation in the 

presence of specific voltage-gated ion channel blockers could elucidate the key channels involved in 

the iLTMR and iPN mechanical excitability profile.  
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Overall, the work in this Chapter describes the generation and characterisation of exquisitely sensitive 

mechanosensory neurons differentiated by the induced the expression of the lineage-specific 

transcription factors NGN2 and RUNX3 or NGN2 and SHOX2 in hPSC-derived neural crest cells. 

The iPNs and iLTMRs exhibited distinct expression, physiological properties and displayed robust 

responses to fine mechanical stimuli (stretch and indentation to the soma). Furthermore, the iPNs 

were enriched for proprioceptor markers and had functional characteristics similar to proprioceptors, 

such as large responses to incremental increases in mechanical stimulation, consistent responses to 

repetitive mechanical stimuli and the mechanical responses were controlled by PIEZO2. Conversely, 

the iLTMRs were enriched for LTMR markers and had functional characteristics similar to RA-

LTMRs, such as desensitising to repetitive mechanical stimuli, small response increases to minor 

increases in mechanical stimuli, were highly excitable to fine mechanical stimuli and the mechanical 

responses were controlled by PIEZO2. Taken together, the iPN and iLTMR displayed expression and 

functional characteristics akin to proprioceptors and LTMRs, respectively. These mechanosensory 

neurons can be utilised for the study of human mechanosensory physiology and in the development 

of directed therapies toward these neuronal populations that become compromised by trauma and/or 

neurodegenerative conditions. 
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5.5 Supplementary  

 

 
 
Supplementary figure 5.1: Diagram of the isostretcher. The iPN and iLTMR were matured on a PDMS 
chamber and once mature were attached to an isotropic stretcher. The isotropic stretcher stretches the PDMS 
chamber at each of the 6 attachment points (black circles) thus stretching the PDMS chamber and neurons in 
every direction.  
 

 

 
 
Supplementary figure 5.2: iPN firing multiple action potentials to a single 1 µm stimuli. Representative 
whole-cell current-clamp recording of an iPN neuron mechanically stimulated by a single 1.0 µm membrane 
probe indentation for a duration of 500 ms.  
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Supplementary figure 5.3: iPN action potential firing in response to repetitive mechanical stimulation 
by probe indentation. Representative whole-cell current-clamp recording of an iPN neuron mechanically 
stimulated by repetitive 100 ms 1.0 µm membrane probe indentations followed by different periods of rest (no 
mechanical stimulation).  
 

 

 
Supplementary Figure 5.3: PIEZO2 mRNA expression in iPN and iLTMR following KD of PIEZO1. 
iPN and iLTMR were transfected with either non-targeting siRNA or PIEZO1 siRNA for 96 h. Fold change 
of PIEZO2 mRNA expression in (A) iPN and (B) iLTMR transfected with either non-targeting or PIEZO1 
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siRNA, normalised the non-targeting siRNA condition and to the house keeping genes B2M, PPIA and 
GAPDH. Unpaired t-test, nsp > 0.05, n = 3 independent transfections. Data shown represents the mean ± SEM. 
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Chapter 6: Discussion and final 

conclusions 
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6.1 Research significance 

The detection of sensations such as touch, spatial positioning, internal organ sensations, pain, itch 

and temperature are essential for everyday functions and require specialized DRG sensory neurons 

to detect and transmit the stimuli to the central nervous system for processing. The DRG sensory 

neurons are also implicated in a range of debilitating peripheral neuropathies, thus it is critical to 

generate functional human sensory neurons that can be applied for the study of sensory neuron 

development, physiology, and for the development of directed therapies toward the populations of 

sensory neurons that become compromised by trauma or by neurodevelopmental and 

neurodegenerative conditions. There are major challenges for the study of human sensory neurons 

including the difficulty in acquiring human tissue samples and the limitations in the translatability of 

rodent models due to inherent gene expression and functional differences between human and rodent 

sensory physiology. The use of hPSCs can circumvent these challenges by providing a constant 

source of human cells for differentiation towards sensory neuron cultures. However, the generation 

and functional characterisation of enriched populations of sensory neuron cultures is required. Thus, 

the work in this thesis aimed to generate and characterise different populations of human sensory 

neurons via the induced expression of lineage-specific transcription factors in hPSC-derived neural 

crest cells, mimicking neurogenesis and developmental patterning resulting in the differentiation of 

hPSCs towards functional sensory neurons subtypes.  

 

6.2 Generating sensory neurons by mimicking sensory neuron development 

The major aim of this thesis was to use a combination of small molecules, growth factors and different 

transcription factors at specific developmental timepoints to generate enriched populations of sensory 

neurons, as well as, comparing the use of different lineage specific transcription factors to enrich for 

sensory neuron subtypes. Sensory neurogenesis involves a multitude of specification steps that rely 

on complex interactions between intrinsic and extrinsic factors in a region- and cellular-context-

dependent manner. Thus, to differentiate hPSCs into sensory neurons, it is critical to first understand 
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how sensory neurons develop in vivo so that the best combination of small molecules, growth factors, 

and transcription factors can be used to generate the neuronal subtype. Consequently, Chapter 1 

detailed the development of sensory neurons and how this developmental process has and can be 

applied to hPSC differentiation protocols to mimic sensory neurogenesis. A critical component of the 

work completed in this thesis was to mimic sensory neurogenesis by inducing the expression of 

lineage specific transcription factors at a developmentally relevant progenitor cell type (enriched 

neural crest cells). In the presence of the correct cues, hPSCs can differentiate into almost any cell 

type in the body, as these pluripotent stem cells begin to specify into progenitors, the differentiation 

potential is progressively curtailed. Additionally, proneural transcription factors (e.g., NGN1 and 

NGN2) are widely used in the generation of multiple neuronal types (Hulme et al., 2022). The induced 

expression of NGN2 alone, in combination with other transcription factors, or in the presence of small 

molecules has been used to generate populations of glutamatergic neurons, motor neurons, peripheral 

sensory neurons, dopaminergic neurons, and serotonergic neurons (Hulme et al., 2022). Thus, prior 

to inducing the expression of lineage specific transcription factors, the differentiation environment 

and starting cell identity is critical for subtype specification. Thus, to mimic sensory neurogenesis in 

hPSCs, Chapter 3 aimed to enrich for the sensory neuron progenitor, neural crest cells, from hPSCs 

following an extrinsic factor mediated approach. The work in Chapter 3 successfully differentiated 

hPSCs into CNPs, which were then further differentiated and enriched for neural crest cells. The 

successful enrichment of the hPSC-derived neural crest cell differentiation protocol was then 

implemented for the remainder of the thesis. 

 

Building on from Chapter 3, the work in Chapters 4 and 5 aimed to generate and profile iSNs by 

inducing the expression of lineage specific transcription factors in the hPSC-derived neural crest cells. 

Importantly, Chapter 4 determined that the induced expression of transcription factors (NGN1 or 

NGN2) in neural crest cells significantly enhanced sensory neuron differentiation efficiency (Fig. 

6.1). To determine whether the induced expression of the lineage specific transcription factors in 
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neural crest cells enhanced sensory neurogenesis, as a baseline, the hPSC-derived neural crest cells 

were also differentiated towards sensory neurons without the expression of transcription factors 

(extrinsic factor-alone) generating the SN cultures. Consistent with other extrinsic factor-alone based 

differentiation protocols, the SN cultures contained a mixed population of neuronal cell types with 

varying functional profiles and a low proportion of sensory neurons. Indicating that in the presence 

of extrinsic factors-alone, the hPSC-derived neural crest cells differentiate into multiple neuronal 

types resulting in mixed populations of CNS and PNS neurons within the cultures. Whereas the 

induced expression of lineage specific transcription factors in the hPSC-derived neural crest cells 

significantly enhanced and enriched for cultures of functional sensory neurons. Taken together, this 

research showed that the enrichment of the progenitor cell, combination of extrinsic factors, and 

induced expression of transcription factors are all critical for the generation of functional sensory 

neurons. 

 

Figure 6.1: Differentiation of hPSCs towards populations of neurons via an extrinsic factor and lineage 
specific transcription factor approach. hPSCs were differentiated into CNPs and then into neural crest cells. 
In the presence of extrinsic factors alone the hPSC-derived neural crest cells differentiated into a mixed 
population of neuronal types (SN cultures). In the presence of extrinsic factors and the induced expression of 
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either NGN1 or NGN2 the hPSC-derived neural crest cells differentiated into heterogenous populations of 
sensory neurons, which contained expression and functional characteristics consistent with the presence of 
multiple sensory subtypes including proprioceptors, LTMRs and nociceptors (iSNNGN1 and iSNNGN2). In the 
presence of extrinsic factors and the induced expression of either NGN2 and RUNX3 or NGN2 and SHOX2 
in hPSC-derived neural crest cells generated mature sensory neuron cultures that had expression and functional 
profiles consistent with enriched cultures of proprioceptors or LTMRs, respectively. 
 

6.3 Inducing the expression of different lineage specific transcription factors to generate 

sensory neurons  

A key theme of the work outlined in this thesis was to determine whether altering the transcription 

factors and combination of transcription factors could enrich for specific sensory neuron subtypes. 

Chapter 4 and Appendix 1 determined that the induced expression of either NGN1 or NGN2 in hPSC-

derived neural crest cells generated heterogenous populations of sensory neurons which contained 

expression and functional characteristics consistent with the presence of multiple sensory subtypes 

including proprioceptors, LTMRs and nociceptors (Fig. 6.1). Importantly, Chapter 4 highlighted that 

while the induced expression of NGN1 or NGN2 in hPSC-derived neural crest cells enhanced sensory 

neurogenesis generating a heterogenous population of mature sensory neurons, NGN1 and NGN2 did 

not significantly enrich for a specific sensory neuron lineage (e.g., nociceptors vs LTMRs vs 

proprioceptors). Furthermore, these findings are consistent with recent studies proposing that NGN1 

and NGN2 act to drive the differentiation of neural crest cells to sensory neurons but do not specialise 

sensory neuron subtype fate (Blanchard et al., 2015; Faure et al., 2020; Sharma et al., 2020). Chapter 

5 then sought to determine whether a combination of lineage specific transcriptions factors could 

enrich for a specific sensory neuron subtype. Chapter 5 determined that the induced expression of 

either NGN2 and RUNX3, or NGN2 and SHOX2, in hPSC-derived neural crest cells generated 

mature sensory neuron cultures that had expression and functional profiles consistent with enriched 

cultures of proprioceptors or LTMRs, respectively. The results in Chapter 5 highlighted the benefit 

of using a combination of transcription factors to specific mechanosensory neuron fate. Interesting, 

the combination of NGN1 and RUNX1 did not enrich for nociceptors, and instead resulted in a large 

amount of cell death, indicating the need to identify alternative transcription factors and optimised 

conditions for nociceptor enrichment. Taken together, heterogenous and homogenous cultures of 
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functional sensory neurons can be successfully generated by altering the transcription factors and 

combination of transcription factors that are induced in hPSC-derived neural crest cells.  

 

The iSNNGN1 and iSNNGN2 represent an excellent source of neurons for the modelling of heterogenous 

populations of functional DRG sensory neurons in development, disease and for drug screening (Fig. 

6.2). For example, there are a multitude of neurotoxic drugs, such as chemotherapeutics, which result 

in short- and long-term peripheral neuropathies causing symptoms of numbness, impaired sensory 

functioning, ataxia, tingling and pain (Carozzi et al., 2013; Hoelting et al., 2016; Jones et al., 2020; 

Kim et al., 2012; Voeller et al., 2018; Yamamoto and Egashira, 2020). At the cellular level, these 

neurotoxic compounds can result in ion channel dysfunction, oxidative stress, mitochondrial 

dysfunction, altered neurite outgrowth and inflammation-induced damage and sensitisation in rodent 

DRG sensory neurons (Chaplan et al., 2003; Dothel et al., 2015; Gangadharan et al., 2022; Rasband 

et al., 2001; Silva Santos Ribeiro et al., 2022; van der Vlist et al., 2022; Willemen et al., 2022; 

Yamamoto and Egashira, 2020; Yu et al., 2012; Zhang and Dougherty, 2014). Thus, future work 

screening compounds, such as chemotherapeutics, in the iSNNGN1 and iSNNGN2 could be used for the 

investigation of the cellular mechanisms of neurotoxicity, identification of compounds for treating 

neurotoxicity, and determining whether certain populations of sensory neurons are more sensitive to 

specific neurotoxic compounds. Additionally, the iSNNGN1 and iSNNGN2 cultures can be used to model 

peripheral neuropathies from iPSC-derived patients (Meents et al., 2019; Wainger et al., 2015). The 

iSNNGN1 and iSNNGN2 cultures can also be utilised to model human DRG sensory neuron responses 

to inflammatory conditions. For example, during inflammatory conditions DRG sensory neurons 

become sensitised resulting in hyperexcitability, as well as activation of ‘silent nociceptors’ causing 

increased responses to sensory stimuli and in turn heightened pain responses (Aguilera-Lizarraga et 

al., 2022; Gold and Flake, 2005; Pinho-Ribeiro et al., 2017; Prato et al., 2017; Wainger et al., 2015). 

Additionally, in response to injury and/or exposure to inflammatory conditions nociceptors and 

LTMRs (TRKA+ and TRKB+ neurons, respectively) display abnormal neurite outgrowth and 
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miswiring resulting in the development of pain to gentle stimuli (allodynia) and conditions such as 

irritable bowel syndrome (Dothel et al., 2015; Gangadharan et al., 2022; Yu et al., 2012). Future 

studies investigating the responses to sensory stimuli, excitability profile and neurite outgrowth under 

inflammatory conditions could elucidate the intrinsic mechanisms contributing to inflammatory-

induced human peripheral neuropathies. Of note, future work is required to first confirm that the 

iSNNGN1 and iSNNGN2 cultures recapitulate physiologically relevant aspects of DRG sensitisation.  

 

 
Figure 6.2: Future directions utilising the iSNNGN1, iSNNGN2, iPN and iLTMR cultures. Heterogenous and 
enriched cultures of sensory neurons provide excellent platforms for the investigation of peripheral 
neuropathies and development of targeted therapies. The generated sensory neuron cultures can be used for 
disease modelling and drug screening, as well as, modelling inflammatory- and injury- induced sensitisation, 
mechanosensory physiology and co-culture systems. 
 

While heterogenous sensory neurons can be used to model peripheral neuropathies, if only a 

subpopulation of sensory neurons are affected (nociceptor vs LTMR vs proprioceptor) this model has 

limitations. To circumvent such limitations, the specific subpopulations within the cultures could be 

identified by live-cell imaging using reporter cell lines or fluorescent probes specific to key receptors 
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expressed in specific sensory neurons such as TRKA, TRKB and TRKC (Barabás et al., 2021; Tanaka 

et al., 2014; Teng et al., 2016; Wang et al., 2021). Additionally, isolation of the specific sensory 

subtypes from the iSNNGN1 and iSNNGN2 cultures could be conducted through cell sorting or 

immunopanning (Saito-Diaz et al., 2021; Zhang et al., 2016). Alternatively, to enrich for a 

homogenous population of a specific sensory subtype further modifications to the differentiation 

protocol such as changing the induced transcription factor expression time window, growth factor 

conditions, and/or the addition of lineage specific transcription factors could be implemented.  

 

The addition of lineage specific transcription factors to enrich for the sensory subtypes, 

proprioceptors and LTMRs, was successfully conducted in Chapter 5. The iPN and iLTMR represent 

excellent sources of neurons for modelling enriched populations of functional human proprioceptor-

like and LTMR-like sensory neurons (Fig. 6.2). A benefit of an enriched sensory subtype population 

of neurons is that if only a certain sensory subtype is affected in disease, then the disease phenotype 

may be hidden in heterogenous sensory neuron cultures. For example, in Friedreich’s Ataxia there is 

a marked loss and degeneration of the proprioceptors leading to progressive symptoms of ataxia and 

a loss of mobility (González-Cabo and Palau, 2013; Koeppen, 2011; Llorens et al., 2019; Pandolfo, 

2009). Friedreich’s Ataxia is an autosomal disorder caused by an expanded trinucleotide repeat in the 

FXN gene resulting in a decreased FRATAXIN protein expression (Campuzano et al., 1996; 

Pandolfo, 2009). While FRATAXIN is expressed throughout the body it is not currently understood 

why certain cells, such as the proprioceptors, are significantly affected by the decreased FRATAXIN 

expression and degenerate. Thus, future work modelling Friedreich’s Ataxia in the iPN cultures using 

patient iPSCs could elucidate the potential intrinsic pathological mechanisms that may be occurring 

at the cellular level in Friedreich’s Ataxia proprioceptors. Additionally, the iLTMRs can be utilised 

to model conditions specific to the dysfunction and/or degeneration of the LTMRs (Dhandapani et 

al., 2018; Ericson and Borg, 1999; Orefice et al., 2019, 2016; Peng et al., 2017; Suzuki et al., 2003; 

Tan et al., 2007; Tan and Katsanis, 2009; Tashima et al., 2018). For example, a large proportion of 
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individuals with Autism Spectrum Disorder (ASD) present with tactile hypersensitivity (Orefice, 

2020; Orefice et al., 2016; Schaffler et al., 2019). While the exact mechanisms underlying tactile 

hypersensitivity in human ASD patients in not understood, in rodent ASD models, there is aberrant 

signalling, increased excitability and altered expression of GABAA receptors and HCN channels 

specifically in the LTMRs, which contribute to rodent tactile hypersensitivity and in turn altered 

social behaviours (Orefice et al., 2019, 2016). Future work modelling LTMR mechanosensitivity, 

excitability and signalling in human ASD iPSC-derived iLTMRs could further elucidate the 

molecular mechanisms underlying altered LTMR signalling and aid in the development of therapies 

specifically targeting the LTMRs for ASD patients. 

 

Investigating an enriched population of LTMRs, using the iLTMRs, could further interrogate the role 

and mechanisms of LTMRs following injury and/or inflammatory induced conditions. As previously 

discussed, under neuropathic pain conditions (injury, inflammation etc.) subsets of nociceptors, c-

LTMRs and TRKB+ LTMRs become hypersensitised resulting in allodynia (Dhandapani et al., 2018; 

Dothel et al., 2015; François et al., 2015; Gangadharan et al., 2022; Koltzenburg et al., 1992; Peng 

et al., 2017; Tashima et al., 2018; Yu et al., 2012). Following injury and during neuropathic pain 

conditions, the TRKB+ rapidly adapting LTMRs can transition from detecting and transmitting sub-

threshold stimuli into transducing painful signals from the same gentle stimuli resulting in the 

development of mechanical allodynia (Dhandapani et al., 2018; Koltzenburg et al., 1992; Peng et al., 

2017; Tashima et al., 2018). While typically the nociceptors are the focus of analgesic therapies, 

identifying the mechanisms controlling LTMR hypersensitivity during mechanical allodynia 

conditions is critical for the development of targeted analgesic therapies. Thus, future work 

investigating changes in gene expression, excitability, response to mechanical stimuli and 

neurotransmitter release in the iLTMRs following sensitisation could elucidate the intrinsic 

mechanisms underpinning LTMR hypersensitivity and the development of human LTMR targeted 

analgesic therapies. 
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Both heterogenous and enriched cultures of sensory neurons provide excellent platforms for the 

investigation of peripheral neuropathies and development of targeted therapies. For example, 

depending on the peripheral neuropathy, therapies can be developed to target all the DRG sensory 

neurons or to target only a specific sensory subpopulation. Furthermore, utilising both the 

heterogenous and enriched cultures can determine the specificity of a disease phenotype or treatment 

to a specific subpopulation of sensory neurons. It is important to note that the expression and 

functional profiling of the iSNNGN1, iSNNGN2, iPN and iLTMR cultures was conducted using one 

hPSC line. Future work utilising multiple ‘healthy’ and disease hPSC lines to profile the cultures is 

important to further validate the results presented in this thesis. Overall, altering the transcription 

factors and combination of transcription factors that are induced in hPSC-derived neural crest cells 

can successfully generate heterogenous and enriched cultures of functional sensory neurons that can 

be used for the study of sensory neuron development, degeneration, physiology, and for the 

development of directed therapies.  

 

6.4 Modelling human mechanobiology  

Mechanosensation is essential for everyday life. Mechanosensation allows for the detection of the 

touch of a loved one, distinguishing between the feeling of a feather or a brick, the feeling of a full 

bladder as well as the ability to balance, walk and hold objects without looking and knowing how 

much force to use when holding an object. However, the exact mechanisms detecting, regulating, 

distinguishing and transducing different sensory stimuli between the mechanosensory neurons is still 

unknown. The work described in Chapter 5 aimed to model human mechanobiology by comparing 

the functional profiles of the iPN and iLTMR cultures. The work in Chapter 5 successfully determined 

that the iPN and iLTMR cultures were highly sensitive to mechanical stimuli and had distinct 

differences in the response patterns compared to one another. The iPNs were (1) exquisitely sensitive 

to stretch and mechanical indentation, (2) highly sensitive to differences in mechanical stimuli with 
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large responses to incremental increases in mechanical stimulation, (3) had consistent responses to 

repetitive mechanical stimuli, and (4) fired action potentials in response to mechanical stimulation. 

This is qualitatively consistent with how proprioceptors in the body must detect mechanical 

stimulation such as stretch and pressure, sense fine differences in muscle pressure and positioning, 

respond consistently to the same mechanical stimuli and transmit messages in response to mechanical 

stimulation. In contrast, the iLTMRs were (1) highly sensitive to stretch and mechanical indentation, 

(2) had small response increases to minor increases in mechanical stimuli, (3) desensitised in response 

to repetitive mechanical stimuli, and (4) were highly excitable firing action potentials to small 

amounts of mechanical stimuli. This profile is consistent with how RA-LTMRs detect mechanical 

stimulation such as stretch and pressure, are highly sensitive to mechanical stimuli but are less 

sensitive to minor changes in mechanical stimulation, adapt to repeated mechanical stimuli (e.g., the 

feeling of clothing), and transmit messages in response to mechanical stimulation. In summary, the 

work in Chapter 5 profiled the mechanosensory physiology of two classes of hPSC-derived sensory 

neurons (iPN and iLTMR), which can now be applied to the study of human mechanosensory 

physiology, disease and for the development of directed therapies to these sensory neuron populations 

during pathological, neurodevelopmental and neurodegenerative conditions.  

 

Chapter 5 successfully identified differences in the mechanosensory physiological profile between 

the iPN and iLTMR, opening a variety of questions and future directions to further understand human 

mechanosensory physiology. PIEZO2 is the major mechanosensitive channel expressed in both the 

iPN and iLTMR, however, what controls the difference in the mechanical profile between the 

generated neurons is unclear. As discussed in Chapter 5, differences in the functional profiles could 

be due to differences in the expression and proportions of voltage-gated ion channels, 

mechanosensitive channels, mechanosensitive channel auxiliary units and modulators and/or 

differences in the lipid bilayer membrane composition (Anderson et al., 2018; Brohawn et al., 2014; 

Carranza et al., 2022; de Nooij et al., 2015; François et al., 2015; Hao et al., 2013; Middleton et al., 
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2022; Parpaite et al., 2021; Poole et al., 2014; Romero et al., 2019; Vásquez et al., 2014; Wang and 

Lewin, 2011; Wetzel et al., 2017; Yoshimura and Sokabe, 2010; Zheng et al., 2019). The iPN and 

iLTMR cultures can now be used to screen candidate mechanosensitive modulators, ion channels and 

lipid profiles to identify the mechanisms altering the mechanosensitivity between both groups. 

Additionally, the iPN and iLTMR cultures can be utilised to investigate the functional 

mechanosensory profile in the context of disease conditions, as described above, (e.g., Friedreich’s 

Ataxia, ASD and mechanical allodynia). For example, is the mechanosensory profile of sensory 

neurons subtypes dysregulated in disease conditions? Why are some mechanosensory neuron affected 

in disease and not others (e.g., the proprioceptors in Friedreich’s Ataxia and the LTMRs in ASD)? If 

mechanosensitive modulators or ion channels differ between the mechanosensory neurons, can they 

be used as targets for therapeutics? Thus, the culture of enriched populations of mechanosensory 

neurons provides the opportunity to investigate the intrinsic cellular mechanisms of mechanobiology 

within each cell type under ‘healthy’ and disease conditions.  

 

Important questions may be explored using the iPN and iLTMR cultures, such as how do these 

mechanosensory neurons interact with other cells and how does coculture alter the 

mechanosensitivity and responses to mechanical stimulation? The DRG sensory neurons innervate a 

multitude of cell types and organs. For example, the proprioceptors innervate muscle and the LTMRs 

innervate the skin, including Pacinian corpuscles, Meissner corpuscles, Merkel cells, Ruffini endings, 

Lanceolate endings, as well as innervating the gut, bowel, bladder, adipose tissue and genitals 

(Handler and Ginty, 2021; Johnson et al., 2000; Lai et al., 2017; Ma et al., 2023; Marshall et al., 

2020; Neubarth et al., 2020; Niu et al., 2020; Ranade et al., 2014; Wang et al., 2022; Woo et al., 

2015). However, it is not known how these cells interact with one another to transduce and respond 

to mechanical stimulation and whether this interaction is altered in disease states. For example, in the 

skin the LTMRs are the major mechanosensors transducing mechanical stimuli (Handler and Ginty, 

2021; Johnson et al., 2000; Neubarth et al., 2020). However, recent evidence has shown that the 
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Lamellar cells within duck Pacinian and Meissner corpuscles are also mechanosensitive (Nikolaev et 

al., 2020; Ziolkowski et al., 2023). The duck Lamellar cells also have differing responses to 

mechanical stimulation depending on whether they are located within Pacinian or Meissner 

corpuscles (Nikolaev et al., 2020). Furthermore, Nikolaev et al. proposed that both the lamellar cells 

and DRG mechanosensory neurons respond to mechanical stimulation and that the interaction 

between the cell types could either increase or inhibit DRG mechanosensory neuron firing to fine 

tune responses to touch and vibrations. These results raise the question of how do the mechanosensory 

neurons and end-organs interact to shape responses to mechanical stimulation? Thus, future work 

implementing co-culture systems could further elucidate the mechanisms controlling DRG sensory 

mechanobiology.  

 

6.5 Concluding remarks  

The work presented in this thesis describes the generation and characterisation of functional sensory 

neurons from hPSCs using a combined extrinsic factor and induced lineage specific transcription 

factor approach. Specifically, Chapter 3 generated an enriched population of hPSC-derived neural 

crest cells following an extrinsic factor mediated approach. Chapter 4 highlighted the benefit of 

mimicking sensory neurogenesis by using a combined extrinsic factor and induced lineage specific 

transcription factor approach to generate functional sensory neurons. Chapter 4 determined that the 

induced expression of the transcription factors, NGN1 and NGN2, in neural crest cells significantly 

enhanced sensory neuron differentiation efficiency. Additionally, Chapter 4 determined that the 

induced expression of NGN1 or NGN2 in hPSC-derived neural crest cells generated a heterogenous 

population of functional sensory neurons and that NGN1 and NGN2 did not significantly enrich for 

a specific sensory neuron lineage (e.g., nociceptors vs LTMRs vs proprioceptors). Chapter 5 

highlighted the benefit of using a combination of transcription factors to specify mechanosensory 

neuron subtype fate. Specifically, Chapter 5 determined that the induced expression of either NGN2 

and RUNX3 or NGN2 and SHOX2 in hPSC-derived neural crest cells generated mature sensory 
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neuron cultures that had expression and functional profiles consistent with proprioceptors or LTMRs, 

respectively. Furthermore, mechanosensory neurons were exquisitely sensitive to mechanical stimuli 

and exhibited distinct mechanically sensitive responses to stretch and to submicrometer (0.1 µm) 

mechanical stimulation by probe indentation to the soma. The iPN and iLTMR displayed different 

mechanical activation thresholds and adaptation kinetics reflective of distinct sensory specializations. 

Importantly, both the iPNs and iLTMRs fired action potentials in response to < 1.0 µm mechanical 

stimulation (probe indentation) and the responses to mechanical stimulation were predominately 

mediated by PIEZO2. The iSNNGN1, iSNNGN2, iPN and iLTMR cultures represent excellent models 

for the study of human sensory neuron development, peripheral neuropathies, mechanosensory 

physiology and for the development of directed therapies toward these neuronal populations that 

become compromised by trauma and/or neurodegenerative conditions. 
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Amy J. Hulme1,2†, Jeffrey R. McArthur1,2†, Simon Maksour1,2, Sara Miellet1,2,
Lezanne Ooi1,3,4, David J. Adams1,2,4, Rocio K. Finol-Urdaneta1,2* and Mirella Dottori 1,2,4*
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Sensory perception is fundamental to everyday life, yet understanding of human sensory
physiology at the molecular level is hindered due to constraints on tissue availability.
Emerging strategies to study and characterize peripheral neuropathies in vitro involve
the use of human pluripotent stem cells (hPSCs) differentiated into dorsal root ganglion
(DRG) sensory neurons. However, neuronal functionality and maturity are limited and
underexplored. A recent and promising approach for directing hPSC differentiation
towards functionally mature neurons involves the exogenous expression of Neurogenin-2
(NGN2). The optimized protocol described here generates sensory neurons from
hPSC-derived neural crest (NC) progenitors through virally induced NGN2 expression.
NC cells were derived from hPSCs via a small molecule inhibitor approach and enriched
for migrating NC cells (66% SOX10+ cells). At the protein and transcript level, the
resulting NGN2 induced sensory neurons (NGN2iSNs) express sensory neuron markers
such as BRN3A (82% BRN3A+ cells), ISLET1 (91% ISLET1+ cells), TRKA, TRKB,
and TRKC. Importantly, NGN2iSNs repetitively fire action potentials (APs) supported by
voltage-gated sodium, potassium, and calcium conductances. In-depth analysis of the
molecular basis of NGN2iSN excitability revealed functional expression of ion channels
associated with the excitability of primary afferent neurons, such as Nav1.7, Nav1.8,
Kv1.2, Kv2.1, BK, Cav2.1, Cav2.2, Cav3.2, ASICs and HCN among other ion channels,
for which we provide functional and transcriptional evidence. Our characterization of
stem cell-derived sensory neurons sheds light on the molecular basis of human sensory
physiology and highlights the suitability of using hPSC-derived sensory neurons for
modeling human DRG development and their potential in the study of human peripheral
neuropathies and drug therapies.

Keywords: dorsal root ganglia, electrophysiology, excitability, human sensory neurons, ion channels, NGN2,
pluripotent stem cells
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