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Abstract 

 
The discovery of the molecular identity of voltage-gated ion channels that underlie 

the initiation and propagation of action potentials has brought about formidable 

momentum in the elucidation of their contribution to electrogenesis and impulse 

propagation. Despite the characterisation of their unique biophysical properties, and 

the unravelling of their exquisite expression patterns in sensory classes, our 

understanding of their functional significance to the conductile function remains 

largely speculative. The aim of this project was to exploit the microfluidic 

technology, a newly-developed platform that allows the segregation of neuronal 

regions, to pharmacologically probe the developmental emergence of sodium 

channel isoforms, their regional patterns of expression, and their respective role to 

the conductile function.  

To this end embryonic and neonatal dorsal root ganglia neurons were seeded in 

microfluidic chambers and neuritic extensions directed chemotactically with a nerve 

growth factor gradient across the compartments. Ratiometric calcium imaging, using 

Fura-2, was used to visualise the somal response after depolarisation of the terminals 

with high KCl concentrations. Pharmacological agents were incubated in the 

different compartments. Following calcium imaging, neurons were identified by 

somal immunolabelling.   

In the first instance, I established and optimised a protocol to culture neonatal 

neurons in the microfluidic system. The majority of neurons extended neurites 

through the two arrays of microgrooves after 8 days in vitro, and were functionally 

responsive after such an incubatory period. In this system, neurons were repeatedly 

depolarised upon consecutive excitations on the terminal arbor, with the least 

tachyphylaxis observed with 100 mM KCl applications with a 5 minutes inter-stimuli 

recovery period.  

The propagation of action potentials from the terminals to the cell bodies relied on 

the activation of voltage-gated sodium channels, whilst a minority necessitated that 

of voltage-gated calcium channels. Functional expression of TRPV1 on the somal 

membrane increased markedly during development, an increase that did not correlate 
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with the gradual upregulation of the TTX-resistant properties of action potential 

propagation. Both NGF and GDNF maintained the functional expression of TTX-

resistant channels, whilst retinoic acid induced a further upregulation in a time-

dependent manner.   

The application of VGSC subtype-specific blockers along the axonal compartment 

revealed the necessity of the activation and opening of sodium channel isoforms to 

the propagation of action potentials in the largely-nociceptive population. The ICA-

121431 compound, a selective blocker of Nav1.1, Nav1.2, and Nav1.3, did not impede 

the conductile function, with the same lack of effect observed with the selective 

Nav1.5 blocker Jingzhaotoxin-III, indicating the functional redundancy of these 

currents to impulse propagation. On the other hand, the highly selective Nav1.7 

blocker ProTx-II peptide blocked a minority of neurons with 10 – 100 nM 

application, concentrations affecting mainly Nav1.7-mediated currents, whilst 1 µM 

A-803467 blocked a majority of neonatal neurons in both N52-positive and negative 

neurons, a concentration deemed selective for the Nav1.8 isoform. This indicates that 

Nav1.7-selective blockade may not effectively impede the conductile function of 

nociceptive axons, whilst Nav1.8 appears to play a significant role in conduction of 

nociceptors in vitro.   

The application of ascending concentrations of lidocaine in the microfluidic 

comparments demonstrated the fine-tuning of sodium channel expression along the 

neuritic length, with the intermediate segment displaying an exceedingly high safety 

factor of transmission. Interestingly this region also displayed a high proportion of 

TTX-resistant conductance, relative to the more proximal and distal segments, 

further validating the fine regulation of sodium channel expression along the 

axolemma. The addition of GDNF in the cultures sustained the non-peptidergic 

population, increasing the proportion of neurons that displayed TTX-resistant 

properties of action potential propagation, whilst a further incubatory period did not 

alter the conductile properties, demonstrating that the expression of sodium channels 

is fully mature after 8 days in vitro in this system. 

This work provides the first systematic pharmacological investigation of the role of 

sodium channel isoforms to the conductile function in a native neuronal background. 
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It also sheds light on the functional regulation of TTX-sensitive and TTX-resistant 

conductance from a regional and developmental perspective. Taken together these 

findings may have important implications for the development of next-generation 

analgesics.  
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1.1 The burden of pain 

Pain is defined by the International Association for the Study of Pain as an 

‘unpleasant sensory and emotional experience associated with actual or potential 

tissue damage, or described in terms of such damage’ (IASP, 2012). According to the 

World Health Organisation, pain remains one of the most common and compelling 

reason to seek medical attention, with a reported prevalence of chronic pain of 22 % 

worldwide (Gureje O et al., 1998). The Western world is equally affected, with a 

recent study estimating the occurence of moderate to severe chronic pain in Europe 

at 19 % (Breivik et al., 2006).  

Pain presents a major economical burden to societies, due to the healthcare 

costs and its effects on absenteeism, reduced productivity and long-term incapacity. 

The cost of back pain alone in the UK is estimated at £10.7 billion (Maniadakis and 

Gray, 2000), while a US study puts the toll of common pain conditions at work up to 

$335 billion per year (Gaskin and Richard, 2012). The financial costs of chronic pain 

do not do justice to the extent of human suffering associated with this condition, 

where concomitant depression, sleep disturbance, fatigue, and psychosocial distress 

are a few of the many issues to be addressed in pain management, with an estimated 

5 % of patients experiencing debilitating pain (Ashburn and Staats, 1999; Turk et al., 

2011).  

Current pain relief has limited effectiveness with significant adverse effects 

and mortality, even when used in an optimal fashion. Despite the advent of selective 

agents, such as the cyclo-oxygenase 2 inhibitors, the widely used non-steroidal anti-

inflammatory drugs result in devastating gastric and bleeding side effects, causing 

more fatalities annually than cervical cancer, malignant melanoma and asthma 

combined (Brasseur, 1997), whilst the medicinal use of opioids, used as the first-line 

treatment for severe pain, commonly leads to constipation, nausea, emesis and 

delirium, and accounts for more deaths in the US than traffic road accidents (Warner 

et al., 2011). Other types of analgesics, such as antidepressants, anticonvulsants, and 

alpha-2 adrenergic agonists, also present serious side effects and a ceiling effect 

(Babos et al., 2013). Pain relief remains therefore a large unmet clinical need.    
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1.2 Sensory conduction 

Pain is often initiated by the excitation of a subset of sensory neurons, known 

as nociceptors, which transmit nociceptive information from the periphery to the 

central nervous system. Most cell bodies of primary afferents are located in 

trigeminal ganglia and dorsal root ganglia (DRG); these pseudo-unipolar neurons 

innervate muscular, visceral, articular and cutaneous tissue with specialised receptor 

organs or free nerve endings, and project centrally to the dorsal horn to relay 

somatosensory information. Sensory neurons are broadly classified according to their 

morphology, conduction properties, and the stimulus modalities they convey (Figure 

1.1). The thickly myelinated, fast conducting Ab fibres convey essentially 

mechanoceptive information; in rats, these fibres transmit sensory information at 

conduction velocities greater than 14 m/s with a cell diameter exceeding 40 µm 

(Harper and Lawson, 1985; Scroggs and Fox, 1992; Lawson, 2002). The thinly 

myelinated, slower conducting A∂ fibres consist of thermal, high-threshold 

mechanical and polymodal nociceptors as well as D-hair receptors; these fibres have 

a smaller cell body diameter, comprised within 30 – 40 µm, with slower conduction 

velocities ranging from 2 – 8 m/s in rats (Scroggs and Fox, 1992; Koltzenburg et al., 

1997; Lawson, 2002). The unmyelinated C fibres are slowly conducting nociceptive 

afferents that represent ~ 70 % of all primary afferent fibres (Nagy and Hunt, 1983; 

Ruscheweyh et al., 2007). In rats, their conduction velocity does not exceed 1.4 m/s, 

with a cell diameter ranging from 20 to 30 µm (Harper and Lawson, 1985; Scroggs 

and Fox, 1992). A-type fibres can be distinguished from C-type fibres with 

antibodies raised against heavy-chain neurofilaments of 200 kDa (NF200); this 

constituent of intermediate filaments is abundant in A-type fibres, whilst poorly 

expressed in C-type fibres (Lawson and Waddell, 1991).  

Pain is characterised by a first acute, sharp sensation, and a second, more 

diffuse sensation (Price et al., 1977). This ‘first pain’ is mediated by the two types of 

A∂ fibres, which differ in their responsiveness to intense heat and sensitisation to 

injury (Meyer and Campbell, 1981; Treede et al., 1995). Type I mechanically and 

heat-sensitive A fibres (AMH) are polymodal mechanically sensitive afferents 

located in the glabrous and hairy skin with high heat thresholds > 53 ˚C and fast 

conduction velocities of ~ 25 m/s in primates. Type II AMHs are found exclusively 
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in hairy skin, are mostly mechanically insensitive afferents with lower conduction 

velocities of ~14 m/s in primates; their absence in the glabrous skin of the human 

hand corrolates with the lack of first pain with heat stimuli in this region (Treede et 

al., 1998). The long lasting, burning ‘second pain’ is mediated by the different types 

of C fibres, which differ essentially by their activation properties. C fibre mechano-

heat sensitive afferents are polymodal cutaneous afferents with heat activation 

thresholds ranging from 39 to 41 ˚C that display increasing discharge rates with ramp 

heat stimuli (Tillman et al., 1995). C fibre mechano-insensitive afferents are a 

heterogeneous population of C fibres, with some units responding only to 

mechanical, or heat stimuli, whilst others insensitive to both (Schmelz et al., 1997). 

These ‘silent nociceptors’ may become responsive to stimulus modalities they were 

previously insensitive to, and are therefore thought to contribute to primary heat and 

mechanical hyperalgesia in sensitised states (Schmidt et al., 1995).  

1.2.1 The emergence of sensory neurons 

Sensory lineages emerge under the tight spatiotemporal control of a variety of 

transcription factors and regulatory proteins during foetal life, with a high degree of 

evolutionary conservation in early mammalian development. After neural tube 

closure, neural crest cells (NCCs), the precursors of sensory neurons, delaminate 

from the tube and migrate to eventually coalesce into dorsal root ganglia; retrograde 

labelling of migrating NCCs in the mouse indicates that this process takes place 

between embryonic day 8.5 (E8.5) and E10 (Serbedzija et al., 1990). Adjacent 

somites and the nascent spinal cord release key factors that result in successive cell 

divisions, and ultimately determine the fate of NCCs. Of particular importance, the 

transcription factors neurogenin-1 (NGN1) and neurogenin-2 (NGN2) regulate the 

induction of neurogenic waves and the specification to afferent lineages (Ma et al., 

1999). The expression of Ngn2 in a subset of migratory NCCs triggers the first wave 

of neurogenesis; these early migrating NCCs show a limited rate of cell division 

(with an average of 3.1 cells per NCC), develop mainly into proprioceptive and 

mechanoceptive neurons, and represent ~ 4 % of the adult DRG neuronal population 

(Frank and Sanes, 1991; Rifkin et al., 2000). Ngn1 on the other hand is expressed in 

over two thirds of the coalescing cells, and initiates the second wave of neurogenesis; 
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Figure 1.1 – Sensory information is conveyed along three types of primary afferents. 
The large diameter, heavily myelinated Ab fibres, carry essentially mechanoceptive 
information, whilst the smaller diameter, thinly myelinated Ad fibres, and 
unmyelinated C fibres, conduct mainly nociceptive information of a chemical, 
thermal, and/or mechanoceptive nature; the latter types of fibres may additionally 
encode for sensual touch, hair movement, and pruriception. Diagram extracted from 
Kasper et al., 2015. 
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these neural crest cells display a much higher rate of cell division (on average 35.6 

neurons per NCC), develop mainly into smaller diameter nociceptive neurons, and 

constitute ~ 91 % of the adult DRG population (Frank and Sanes, 1991; Rifkin et al., 

2000). The last wave of neurogenesis, estimated at E10.75 in the mouse, and E11 in 

the rat (Altman and Bayer, 1984; Maro et al., 2004), results in the migration of 

boundary cap cells, multipotent neural crest stem cells located at the surface of the 

neural tube (Aquino et al., 2006; Hjerling-Leffler et al., 2007), which develop almost 

exclusively into small nociceptive neurons and represent ~ 5 % of the adult DRG 

population.  

1.2.2 The phenotypic differentiation of sensory neurons 

The specification of neuronal fate following neurogenesis depends on a 

repertoire of growth factors and transcriptional factors (TFs) that act at specific 

timepoints to drive phenotypic differentiation. These factors include the neurotrophin 

family, the glial-derived neurotrophic factor family (GDNF, neurturin, artemin, 

persephin), neurotrophic cytokines (e.g. ciliary neurotrophic factor, interleukin-6), as 

well as the hepatocyte growth factor. Neurotrophins play a preponderant role in the 

induction and maintenance of sensory lineages as evidenced by knockout strains, 

where the absence of the factors or their cognate receptors results in the apoptosis of 

select sensory subpopulations (Snider, 1994). Neurotrophins consist of a family of 

homodimeric proteins derived from larger precursor proteins (pro-neurotrophins) that 

signal through two types of receptors: the tropomyosin receptor kinases (the Trk 

receptors) and p75 neurotrophin receptors (p75NTR). These include the nerve growth 

factor (NGF), which displays a high affinity to the TrkA receptor, brain-derived 

neurotrophic factor (BDNF) and neurotrophin-4 (NT4), highly selective to TrkB, as 

well as neurotrophin-3 (NT-3), which binds avidly to TrkC and with a low affinity to 

TrkA and TkrB (see Figure 1.2; Chao, 2003).  

 Throughout development an array of transcription factors act as activators 

and repressors of Trk transcription, with the Runt homology domain proteins Runx1 

and Runx3 playing a critical role. The embryonic expression of Runx1 is indeed 

necessary to the emergence of the nociceptive TrkA-expressing (TrkA+) population 

(Marmigère et al., 2006). During the first week postnatal week, Runx1 switches its 
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Figure 1.2 – Neurotrophins display distinct binding affinities to Trk and p75 

receptors. Structurally, trk receptors contain an intracellular catalytic tyrosine 
kinase domain and an extracellular immunoglobulin G domain for ligand binding; 
p75NTR possess four cystein-rich repeats extracellularly and an intracellular ‘death’ 
domain involved in the transduction of apoptotic signals. Full lines illustrate a high 
binding affinity, whilst dotted ones a weaker one. Adapted from Yukifujita, 2012.   
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pro-transcriptional role to repress TrkA expression. As a consequence, the 

nociceptive population that expresses this transcription factor downregulates TrkA to  

express the transmembrane signalling component Ret, a constitutive component of 

the tyrosine kinase receptor for GDNF, whilst the other half sustains TrkA 

expression, leading to two distinct nociceptive subsets; the Griffonia simplicifolia 

isolectin B4 (IB4) binding non-peptidergic neurons, and the CGRP-expressing 

peptidergic nociceptors, respectively (Molliver and Snider, 1997; Molliver et al., 

1997).  

 The relative expression of Runx3, on the other hand, drives the segregation of 

the TrkB and TrkC phenotypes. ~ 75 % of rat neural crest cells co-express these 

receptors at E11.5, a co-expression that drops to ~ 10 % by E12.5; these receptors are 

expressed in mutually exclusive populations by E14.5 (Fariñas et al., 1998; Kramer 

et al., 2006). The downregulation of Runx3 in neurons that express both TrkB and 

TrkC drives the phenotypic differentiation into TrkB+ neurons (Abdo et al., 2011), a 

subpopulation that develops into large myelinated mechanoreceptive and 

proprioceptive neurons, which includes the slow-adapting low-threshold 

mechanoreceptors (LTMRs), and lighty myelinated Ad-LTMRs (Li et al., 2011). 

Conversely, the continued expression of Runx3 between E11 to E13.5 downregulates 

TrkB transcription, driving the segregation into the TrkC lineage; these form large-

sized myelinated proprioceptive neurons that sense limb movement and position, 

innervating deep structures such as Golgi tendon organs and muscle spindles, as well 

as low-threshold mechanoceptive neurons with highly specialised end organs that 

detect touch, pressure and vibration (Levanon et al., 2002; Kramer et al., 2006; 

Nakamura et al., 2008).  

In contrast to the pro-survival effects of the activation of Trk receptors, the 

common neurotrophin receptor p75NTR serves radically different physiological 

functions depending on the relative expression of Trk receptors and the extent of 

Trk-mediated signalling. In conditions of co-expression of Trk receptors and p75NTR, 

binding to the common neurotrophin receptor increases the ability of Trk receptors to 

discriminate between neurotrophic factors, enhancing the affinity of Trk receptors to 

the neurotrophins (Hempstead et al., 1991; Clary and Reichardt, 1994; Bibel et al., 

1999). In the absence of Trk signalling, however, the binding of pro-neurotrophins to 
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p75NTR recruits pro-apoptotic cytoplasmic signals, such as Jun N-terminal kinase, 

p53, and proteases of the caspase family, to induce cell death (Agerman et al., 2000; 

Aloyz et al., 1998; Troy et al., 2002; Yoon et al., 1998). 

1.2.3 Axonal transport of neurotrophins 

The signalling cascades activated by neurotrophins affect a plethora of 

neuronal functions, including the emergence of sensory lineages, their maintenance 

and development, axonal growth and retraction, synapse and circuit formation, all 

necessary for the proper functioning of mature neurons. These factors are secreted by 

peripheral target tissues, often located hundreds of micrometers away from sensory 

cell bodies where the nuclear transcriptional and translational machinery resides. The 

discovery that wing and leg bud extirpations in chick embryos result in the 

degeneration of the corresponding ganglia paved the way for a central tenet in 

developmental biology: target-derived factors are retrogradely transported from the 

terminals to the cell bodies, activating transcriptional programmes crucial for 

neuronal survival (Hamburger and Levi-Montalcini, 1949). The binding of 

neurotrophins to cognate receptors expressed on the terminal tips causes Trk 

receptors dimerisation and the autophosphorylation of activation loop tyrosines, 

which initiates signalling cascades for receptor internalisation (Huang and Reichardt, 

2003). The endocytosis of neurotrophin-receptors complexes is necessary for the 

activation of pro-survival signalling cascades. NT-3, for instance, fails to promote 

the internalisation of TrkA, and results in the apoptosis of the majority of 

sympathetic neurons in cultures, in stark contrast with the pro-survival effects of 

NGF, which is retrogradely transported (Kuruvilla et al., 2004). This internalisation 

is thought to be mediated by either clathrin-mediated endocytosis or pincher-

mediated macropinocytosis (Figure 1.3). In the first compartmentalisation model, 

activated complexes become coated with clathrin to form intracellular endosomes, a 

process mediated by dynamin, a GTPase that aids the scission of the vesicles from 

the plasma membrane (Howe et al., 2001; Heerssen et al., 2004). In pincher-

mediated macropinocytosis, plasma membrane protrusions are fused together by the 

membrane trafficking protein pincher, resulting in multivesicular bodies containing 

multiple activated complexes (Valdez et al., 2005; Philippidou et al., 2011). Both 

endocytic  structures  are  retrogradely  transported  along  the  axon  via  the dynein-  
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microtubule transport system to the cell bodies, with an estimated speed of 1.2 µm/s 

(Bhattacharyya et al., 2002; Oztas, 2003; Harrington et al., 2011). Upon arrival, 

neurotrophins activate downstream pro-survival signalling pathways, such as the 

mitogen-activated protein kinase (MAPK), phosphoinositol-3-kinase (PI3K), and 

phospholipase C-gamma (PLCg), with a concurrent inhibition of pro-apoptotic 

signalling cascades; NGF aborts for instance the translocation of the apoptosis 

regulated BLC-2 associated X protein (BAX) to mitochondria, a process necessary 

for neuronal death (Putcha et al., 1999).  

The microtubule transport system has often been hijacked to identify the 

targets of peripherally-derived neurotrophins. The intraocular and subcutaneous 

injection of radioactive iodinated NGF (125I-NGF) in the mouse iris has allowed for 

instance to retrogradely trace the transport of NGF from adrenergic nerve terminals 

to a select few neurons of the superior cervical ganglia (Hendry et al., 1974). 

Fluorescent dyes are also robust neuroanatomical tracers, with carbocyanine tracers, 

such as DiI, used extensively to stain projecting neurons; these lipophilic agents can 

be applied to both fixed and living cells, and are innocuous even when excited 

(Honig and Hume, 1986; Chen et al., 2016).  
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1.3 Sensory information: from peripheral detection to cortical processing 

The transmission of somatosensory information from the periphery to the 

central nervous system relies on a plethora of molecular effectors expressed along 

primary afferents (Figure 1.4). Physical stimuli first activate sensory receptors 

expressed at the termini, which results in the influx of cations and the depolarisation 

of the membrane, a process known as transduction. If the generator potential is of 

sufficient magnitude, this activates and opens voltage-gated sodium channels, 

triggering the initiation and propagation of action potentials (APs) to the spinal cord. 

Upon arrival in the dorsal horn, trains of action potentials depolarise the membrane; 

this activates and opens voltage-gated calcium channels, causing the release of 

excitatory vesicles into the synaptic cleft. Excitatory post-synaptic potentials 

depolarise second-order neurons, relaying sensory information to supraspinal centres 

for cortical processing.  

1.3.1 Biophysical principles underlying conductivity 

The underlying principle of membrane conductivity was first theorised at the 

turn of the XXth century by Bernstein, who proposed that action potentials result 

from changes in the membrane permeability to ions (Hodgkin, 1963). This 

hypothesis eventually culminated in the formulation of the eponymous Goldman-

Hogdkin-Katz voltage equation, which allows to calculate the resting membrane 

potential (RMP) by taking into account all the ions that permeate the membrane. This 

equation is defined as: 

!" = 	%&' ln *+, -./ 012 + *4 5/ 012 + *67 89: ;<	
*+, -./ ;< + *4 5/ ;< + *67 89: 012

 

where Em  is the membrane potential, R the ideal gas constant, T the temperature, F 

the Faraday’s constant, [x]out the extracellular concentration of ion x, and [x]in the 

intracellular concentration of ion x. Under physiological conditions, only sodium, 

potassium, and chloride ions play a significant role in determining the resting 

membrane potential, with membrane permeability highest for potassium, followed by 

chloride, and sodium (Purves et al., 2001).  
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Figure 1.4 – The transmission of sensory information from the peripheral nerve 
endings to the central nervous system occurs in several stages. The sensory stimulus 
activates receptors expressed in the terminals, initiating trains of action potentials 
conducted along the axonal length to the dorsal horn. This in turn depolarises the 
pre-synaptic membrane, causing the release of excitatory neurotransmitters in the 
synaptic cleft, and triggers post-synaptic excitatory inputs onto second-order 
neurons.   

 

 

 



 39 

 The membrane potential, as a function of the respective ionic permeabilities 

across the membrane, depends intrinsically on the expression and distribution of 

channels along the axon. When the generator potential at any point along the 

membrane exceeds the threshold potential, this initiates trains of action potentials 

that propagate along the axon. The conduction of action potentials may however fail 

in certain circumstances. Firstly, membrane depolarisation opens and activates 

voltage-gated calcium channels, which leads to an acute cytoplasmic accumulation 

of calcium. The extrusion of calcium ions occurs in the order of tens of seconds, 

contributing to neuronal tachyphylaxis, a process where neuronal responsiveness 

decreases over repeated stimulations (Luscher et al., 1994; Pottorf and Thayer, 

2002). Secondly, certain axolemmal regions are prone to conduction failures, 

reflecting a lower safety factor of transmission, defined as the ratio of the driving 

current to the threshold current (Devor et al., 1992). T-junctions for instance, regions 

where the central and peripheral processes part, are a common locus for conduction 

failure (Gemes et al., 2013). The safety factor of transmission also depends on the 

sensory class, as large myelinated fibres have a comparatively high safety factor of 

transmission, with the propagating signal capable of eliciting trains of action 

potentials at least two nodes away from block (Tasaki, 1953; Nathan and Sears, 

1962; Devor et al., 1992).  

1.3.2 The role calcium currents in spike initiation and propagation 

The initiation and propagation of action potentials relies on a unique repertoire 

of voltage-gated ion channels that underlie the electrokinetics of action potentials. 

Calcium-mediated currents for instance are thought to contribute to the upstroke of 

action potentials in a non-negligible manner (Bean and Blair, 2003). Voltage-gated 

calcium channels (VGCCs) consist of a family of ion channels that differ in their 

voltage-dependence for activation: high voltage-activated (HVA) VGCCs open to 

large membrane depolarisations, whilst low voltage-activated (LVA) VGCCs open to 

less substantial changes in the transmembrane voltage (Armstrong and Matteson, 

1985; Bean, 1985). In sensory neurons all the high voltage-activated N, L, P, and 

R/Q VGCC types are present, with the N subtype most prevalent, accounting for 

about half of the high threshold current (Scroggs and Fox, 1992); low voltage-

activated T-type channels are also expressed, contributing to burst firing (Cain and 
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Snutch, 2013). Calcium currents do not appear, however, to underlie the initiation of 

action potentials. The application of morphine to the terminal tips of C-polymodal 

nociceptors, an opioid that inhibits calcium currents, fails to affect both the rate and 

amplitude of discharges upon hot plate testing and von Frey stimuli (Shakhanbeh and 

Lynn, 1993), whilst the incubation of 100 µM cadmium onto corneal terminals, a 

concentration that blocks non-selectively calcium channels, does not prevent 

electrically-evoked antidromic nerve terminal impulses, nor those evoked by 

mechanical, thermal, and/or mechanical stimulation (Luscher et al., 1994; Leffler et 

al., 2002; Brock et al., 1998). The contribution of calcium currents to the propagation 

of action potentials remains on the other hand uncertain. In whole-cell patch clamp 

recordings, HVA calcium conductance accounts for ~ 40 % of the downstroke of 

action potentials in small diameter DRG neurons, and nearly 20 % of total 

conductance (Blair and Bean, 2002). The application of cobalt on the sciatic nerves, 

a potent blocker of calcium-mediated currents, corroborates these findings: cobalt 

decreases substantially the shoulder phase of electrically-evoked action potentials, 

especially in the Ad and C-type fibres (Villière and McLachlan, 1996). Whether 

calcium conductance is necessary to impulse propagation remains therefore to be 

determined.  

1.3.3 The voltage-gated sodium channel family 

Voltage-gated sodium channels (VGSCs) mediate inward sodium currents and 

are therefore key determinants to the electrogenic and conductile properties of 

primary afferents (Hodgkin and Huxley, 1952). This family consists of ten members, 

Nav1.1-9, and Nax, with all isoforms expressed at different developmental stages in 

sensory neurons apart from Nav1.4 (Catterall et al., 2005). A specific nomenclature 

has been established to describe the genes that code for these channels, summarised 

in Table 1.1. Sodium channel genes are clustered in four chromosomal regions and 

share large similarities in acid amino sequences; the Nax diverges greatly from all 

other sodium channels, and its role in sensory neurons remains unclear – this channel 

will not be addressed further herein. Nav1.1, Nav1.2, Nav1.3, and Nav1.7 are found on 

chromosome 2 in both the human and the mouse, and display similar 

electrophysiological characteristics (Plummer and Meisler, 1999). Nav1.5, Nav1.8, 

and Nav1.9 are 75 % identical in their amino acid sequence and are found on 
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chromosome 3 (humans and mice) (Goldin et al., 2000). Both Nav1.4 and Nav1.6 are 

more distant from a phylogenetic perspective but display semblable biophysical 

properties and over 85 % similarities in sequence with chromosome 2-encoded-

channels; these are located on chromosome 11 and 15 in humans, and 17 and 12 in 

mice, respectively (Goldin et al., 2000; Goldin, 2002).  

VGSCs comprise an a-subunit and two auxiliary b-subunits, with ten a-

subunits and four b-subunits characterised. These channels are highly selective to 

sodium cations, with a Na+ / K+ selectivity ratio over 500 : 1, and an open channel 

inaccesible to anions and divalent cations (Dudev and Lim, 2010). Whilst the sole 

presence of the a-subunit is sufficient for functional expression, b-subunits have a 

critical role in modulating the voltage dependence and kinetics of the sodium 

channels, as well as in interacting with the cytoskeleton, cell adhesion molecules, 

and the extracellular matrix for channel localisation (Goldin et al., 1986; Isom, 

2001). a-subunits consist of 4 homologous domains (I-IV), with 6 transmembrane 

segments each (S1-S6) (Figure 1.5). The pore loops located between the S5-S6 

segments of each domain form the ion selectivity filter, the narrowest part of the 

pore, whilst the combined S5-S6 segments of each domain form the cytoplasmic 

portion of the pore. S4 segments, which contain positively charged amino acids 

every third residue, act as voltage sensors during membrane depolarisation: these are 

driven outwards along a spiral path, initiating conformational changes that open the 

activation gate situated at the crossing of S6 segments; this leads to the influx of 

sodium ions through the pore, responsible for the rising phase of the action potential. 

Following S4 activation, the inactivation receptor becomes available and the 

inactivation gate, located between domains III and IV, closes; this impedes the flow 

of sodium ions, inactivating the channel within 1 - 2 ms. The concurrent opening of 

delayed rectifier potassium channels results in an outward flow of K+ ions, 

repolarising the cell until the equilibrium potential of potassium ions is reached, at 

which point the cell becomes hyperpolarised (~ -75 mV); potassium channels then 

close, and the natural permeability to both ions returns to its resting potential (Rudy, 

1988; Barnett and Larkman, 2007). The inactivation gates swing back to unblock the 

pore and both channels enter a closed, resting state, ready for subsequent 

depolarisation.  
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Figure 1.5 – Membrane topology of voltage-gated sodium channels. (A) Diagram 
modelling a cross-view of a Nav channel, with its ion selectivity pore, activation gate 
and inactivation gate (coloured) represented. (B) Primary structure of the a-subunit 
of Nav channels. The four domains (I-IV) contain 6 a-helical transmembrane 
segments each (S1-S6); the coloured circles represent the main sites that constitute 
the inactivation gate receptor; the hinged lid site (h) is responsible for fast 
inactivation.  

 

 



 43 

 

VGSC  Gene rIC50 IC50 Species References 

Nav1.1  SCN1A 10 nM 9.6 nM Rat Smith and Goldin, 1998 

Nav1.2  SCN2A 22 nM ~ 22 nM Rat Conti et al., 1996 

Nav1.3  SCN3A 2 – 15 

nM 

1.8 nM 

15.3 nM 

Rat 

Rat 

Joho et al., 1990 

Suzuki et al., 1988 

Nav1.6  SCN8A 1 nM 1 nM 

6.4 nM 

2.5 nM 

Rat 

Mouse 

Human 

Dietrich et al., 1998 

Smith and Goldin, 1998 

Burbidge et al., 2002 

Nav1.7  SCN9A 4 nM 4.3 nM 

24.5 nM 

Rat 

Human 

Sangameswaran 1997 

Klugbauer et al., 1995 

Nav1.5  SCN5A 1 – 2 

µM 

0.74 µM 

1.9 µM 

5.7 µM 

Rat 

Rat 

Human 

Zeng et al., 1996 

White et al., 1991 

Gellens et al., 1992 

Nav1.8  SCN10A 46 – 60 

µM 

59.6 µM 

46 µM 

~100 µM 

Rat 

Rat 

Mouse 

Akopian et al., 1996 

Renganathan et al., 2002 

Sangameswaran 1996 

Nav1.9  SCN11A ~ 40 µM 39 µM 

47 µM 

Mouse 

Mouse 

Cummins et al., 1999 

Renganathan et al., 2002 

Table 1.1 – Tetrodotoxin IC50s for the VGSC isoforms expressed in DRG neurons. 
The values are derived from patch clamp recordings in heterologous expression 
systems. rIC50 stands for the rat half-maximal inhibitory concentration. 
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Voltage-gated sodium channels may be modulated by a variety of compounds 

derived mostly from animal toxins (Zhang et al., 2013a). Of particular interest, 

tetrodotoxin (TTX), a potent neurotoxin that can be found in various species of the 

Tetraodontiformes order, binds VGSCs with a high affinity and specificity. TTX 

binds onto the neurotoxin receptor site 1, situated immediately on the extracellular 

portion of the pore loops, to occlude vestibular ion flow in a 1:1 stoichiometric 

manner (Hille, 1975; Moczydlowski, 2013). TTX is used as a biochemical probe to 

distinguish two types of sodium channels, namely the TTX-sensitive (TTX-s) 

Nav1.1, Nav1.2, Nav1.3, Nav1.4, Nav1.6, and Nav1.7, and the TTX-resistant (TTX-r) 

Nav1.5, Nav1.8, and Nav1.9 channels. This difference in TTX sensitivity arises from 

a single alteration in the sequence of amino acids in the S5-S6 linker of domain I, 

from phenylalanine to cysteine in Nav1.5, and serine at the corresponding residue in 

Nav1.8 and Nav1.9 (Satin et al., 1992; Sivilotti et al., 1997). The half-maximal 

inhibitory concentration (IC50) for TTX-sensitive channels ranges from 1 – 15 nM in 

rodents, whilst that for TTX-resistant channels is comprised within 1 – 60 µM, an 

approximate difference in the binding affinity of three orders of magnitude (~1,000 

fold; see Table 1.1). TTX-s mediated currents are considered to be blocked with 300 

nM TTX, a concentration that largely spares TTX-r mediated ones (Blair and Bean, 

2002, 2003; Leffler et al., 2005).  

In situ hybridisation histocytochemistry and reverse-transcription polymerase 

chain reaction experiments have revealed the developmental emergence of sodium 

channel isoforms during embryonic life (confer Table 1.2). It is difficult to gauge, 

however, the functional significance of their transcriptional expression patterns, as 

the sole presence of somal a-subunit mRNA transcripts was assessed from these 

studies.  

1.3.4 Spike initiation and conduction: role of TTX-s and TTX-r currents  

The use of TTX has proved invaluable in deciphering the contribution of 

TTX-s, and TTX-r currents, to spike conduction. Ab fibres are consistently blocked 

by axonal and terminal applications of 1 µM TTX, indicating that electrogenesis and 

spike  conduction  in the largely non-nociceptive  afferents rely on the  activation and  
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Table 1.2 – Summary of the developmental regulation of VGSC isoforms expressed 
in rat DRG neurons.  

 

VGSC Time of 
expression 

Developmental patterns of expression References 

Nav1.1 > E17 Low to moderate levels of expression at 
E17. Hybridisation signals reveal a slight 
upregulation during development. 
Moderate to high levels of expression in 
adult DRG neurons.  

Felts et al., 
1997; Black et 
al., 1996;  
Waxman et al., 
1994 

Nav1.2 > E17 Moderate levels of expression with 
gradual downregulation. Adult DRGs 
exhibit low to undetectable levels of 
mRNA signals.  

Waxman et al., 
1994; 
Black et al., 
1996 

Nav1.3 > E17 High level of expression at E17, with 
some expression at P2. Undetectable at 
P15 and P30.  

Felts et al., 1997 
Black et al., 
1996; Waxman 
et al., 1994 

Nav1.6 > E17 Low levels of expression at E17. 
Upregulation throughout development 
with high levels at P15 and P30.  

Felts et al., 
1997; 
 Black et al., 
1996 

Nav1.7 > P2 Some expression at P2. Upregulation 
during development, by P30 detected in 
virtually all DRG neurons with moderate 
to high levels of expression.  

Felts et al., 1997 
Black et al., 
1996 

Nav1.5 > E15 High expression of Nav1.5 mRNA in 
E15 DRG neurons. mRNA levels 
become undetectable by P0. 80 % of 
neurons show Nav1.5 currents at E15, 
monotonically decreasing to 3 % in adult 
neurons.  

Renganathan et 
al., 2002 
 

Nav1.8 > E14 ~ 25 % of the cells express Nav1.8 at 
E17. This increases during development 
to reach approximately 40 % and 55 % 
by P0 and P7. The expression plateaus 
around 50 % at P21 and adulthood.  

Sangameswaran 
et al., 1996; 
Benn et al., 
2001; Stirling et 
al., 2005  

Nav1.9 > E17 ~ 20 % of DRG neurons express Nav1.9 
at E17. This increases to approximately 
35 % at P0 and plateaus around 40 % 
from P7 to adulthood. 

Benn et al., 2001 
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opening of TTX-s channels (Quasthoff et al., 1995; Villière and McLachlan, 1996). 

In the A∂- and C-type fibres, their respective role remains a topical conundrum, with 

widely  controversial   findings,  likely  to  reflect  varying  experimental  paradigms, 

species of study, and loci of incubation. For instance, murine (Yoshida and Matsuda, 

1979; Villière and McLachlan, 1996) and human (Quasthoff et al., 1995) studies 

indicate that A∂ fibres rely entirely on TTX-s channels for spike conduction, a 

finding corroborated by Pinto and colleagues, who reported that the application of 30 

nM TTX is sufficient to abolish impulse propagation in this ex vivo preparation, with 

an IC50 estimated at 5 - 7 nM (2008a). In studies using bullfrog (Kobayashi et al., 

1993) and mouse nerve endings (Strassman and Raymond, 1999), however, despite 

an increase in peak latency and a decrease in the amplitude of compound action 

potentials, a fraction of A∂ fibres initiate and propagate action potentials at 

concentrations that block entirely TTX-s currents (1 µM and 100 µM respectively). 

The same controversy has been reported with C-type fibres. The application of 3 µM 

TTX impedes spike conduction in unmyelinated axons in an ex vivo preparation of 

adult lumbar primary afferents, and concentrations as low as 0.3 to 1 µM TTX also 

result in the disappearance of spike discharges in C-type fibres in the adult rat sciatic 

nerve (Yoshida and Matsuda, 1979; Villière and McLachlan, 1996). Conversely, 

electrical stimulation of the peripheral fields evokes robust action potentials in C-

fibre dorsal roots, despite the incubation of 1 µM TTX in this region, whilst the 

addition of 100 µM TTX to biopsied human sural nerves, a concentration that inhibit 

the majority of TTX-r mediated currents, fails to block the propagation of C-fibre 

potentials (Quasthoff et al., 1995; Steffens et al., 2001).   

1.3.5 Spike initiation and conduction, from an isoform perspective 

Each VGSC isoform displays unique electrophysiological kinetics, and 

subcellular patterns of expression, that endow primary afferents their electrogenic 

and conductile properties (see Table 1.3 and Table 1.4). Spike initiation relies indeed 

on the fine-tuning of specific Nav subtypes near the site of transduction for the 

successful initiation of trains of action potentials, whilst conduction depends on a 

distinct subset of sodium channels to mediate axolemmal inward conductance.  
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V
G

SC
 

Sensory classes 
Som

al expression 
A

xonal expression 
T

erm
inal 

expression 
R

eferences 

N
a

v 1.1 
Preferential 

expression in A
-type 

fibres (N
F

+) 

Low
 levels of expression. 

Present in the initial axonal 
segm

ent (spinal neurons) 

Present in the N
oR

 
(spinal neurons) 

 
N

ot present 
Felts et al., 1997; D

uflocq et 
al., 2008; Fukuoka et al., 2008; 
Persson et al., 2010 
 

N
a

v 1.2 
N

on-preferential 
expression 

Low
 to barely detectable 

expression levels (< 2 %
 of 

neurons) 

Present in N
oR

 
 - 

Felts et al., 1997; G
ong et al., 

1999; 
Fukuoka 

et 
al., 

2008; 
Luo et al., 2014 

N
a

v 1.3 
Preferential 

expression in A
-type 

neurons (N
F

+) 

V
ery low

 levels of 
expression 

 - 
Found in distal parts 
of transected axons 

Felts et al., 1997; B
lack et al., 

1996; 
B

lack 
et 

al., 
1999;  

Fukuoka et al., 2008 

N
a

v 1.6 
Preferential 

expression in A
-type 

neurons (N
F

+) 

 
Present in the axon initial 

segm
ent 

M
Fs: aggregation in 

N
oR

 
 

U
M

Fs: uniform
 

distribution 

Present in intra-
epiderm

al free nerve 
endings, and 

cutaneous term
inal 

tips 

C
aldw

ell et al., 2000; B
lack et 

al., 2002; Fukuoka et al., 2008;  
H

u et al., 2009; Persson et al., 
2010 

N
a

v 1.7 
W

idespread 
expression w

ith 
preferential expression 

in C
-type neurons 

(TrkA
+, N

F
-) 

 Expression in m
ajority of 

D
R

G
 cells (> 80 %

 of 
neurons) 

M
Fs: expressed along 

the axon, not localised 
in N

oR
 

 
U

M
Fs: uniform

 
distribution 

Preferential 
accum

ulation in the 
term

inals, at neuritic 
tips and in grow

th 
cones 

Sangam
esw

aran 
et 

al., 
1997; 

Toledo-A
ral 

et 
al., 

1997;  
K

retschm
er 

et 
al., 

2002; 
Fukuoka et al., 2008; Persson et 
al., 2010; B

lack et al., 2012 

N
a

v 1.5 
U

ncharacterised. 
N

a
v 1.5 is expressed in 

neurons that do not 

Low
 expression w

ith 
m

inim
al current density (< 

3 %
 of neurons) 

 
- 

 
- 

R
enganathan et al., 2002 
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Table 1.3 – Sum
m

ary of the expression patterns of voltage-gated sodium
 channels in adult D

RG
 sensory classes. N

F: heavy-chain neurofilam
ent; 

M
Fs : m

yelinated fibres; N
oR: N

odes of Ranvier; U
M

Fs : unm
yelinated fibres; - no evidence.   

    

express N
a

v 1.8/9 

N
a

v 1.8 
 

Preferential 
expression in C

-type 
fibres (N

F
-, TrkA

+) 

 H
igh expression. M

ediates 
~ 80 %

 of inw
ard sodium

 
currents in C

-type neurons 

M
Fs: presence along 

the axon 
 

U
M

Fs: presence 
along the axon, 

localised at lipid rafts 

 
Preferential 

expression in the 
term

inal arbor 

D
jouhri 

et 
al., 

2003b; 
C

oggeshall 
et 

al., 
2004b; 

Fukuoka et al., 2008; Persson et 
al., 2010; Pristerà et al., 2012; 
Shields et al., 2012 

N
a

v 1.9 
Preferential 

expression in non-
peptidergic C

-type 
fibres (IB

4 +) 

 
H

igh som
al expression 

M
Fs: som

e expression 
in N

oR
 

U
M

Fs: uniform
 

distribution 

Preferential 
expression in axon 

term
inals 

Liu et al., 2001; Fang et al., 
2002, 2006; C

oggeshall et al., 
2004b; Fukuoka et al., 2008 
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V
G

SC
 

Initiation 
C

onduction 
R

eferences 

N
a

v 1.1 
U

nlikely 

- 

U
nlikely 

W
hilst present in N

oR
, barely detectable in adult 

neurons 

Felts 
et 

al., 
1997; 

D
uflocq et al., 2008 

N
a

v 1.2 
U

nlikely 

H
igh threshold of activation and inactivation 

U
nlikely 

W
hilst present in N

oR
, barely detectable in adult 

neurons 

Felts et al., 1997; R
ush 

et al., 2005b 
 

N
av1.3 

L
ikely (conditional) 

W
ith slow

 onset of inactivation, N
a

v 1.3 produces 
robust ram

p currents, and large persistent currents 
W

ith rapid reprim
ing kinetics, N

a
v 1.3 can support 

repetitive, high-frequency firing 
A

ccum
ulation at term

inals in neuropathic m
odels 

U
nlikely 

 
Little/no evidence of expression along axons 

W
axm

an 
et 

al., 
1997; 

C
um

m
ins et al., 2001; 

Lam
pert et al., 2006 

 

N
a

v 1.6 
L

ikely 

 
Low

 threshold of activation 
A

ccum
ulation in initiative sites 

V
ery likely 

R
apid reprim

ing kinetics indicates a role in 
repetitive, high-frequency firing 

N
a

v 1.6 also produces resurgent currents, consistent 
w

ith burst firing 
H

igh colocalisation in N
oR

 

C
um

m
ins et al., 2005; 

R
ush et al., 2005b;  

Luo et al., 2014 
 

N
a

v 1.7 
V

ery likely 

W
ith a slow

 onset of inactivation, N
a

v 1.7 produces 
ram

p currents that am
plify subthreshold generator 

L
ikely 

 
C

olocalisation in N
oR

, and uniform
ly distributed 

C
um

m
ins et al., 1998; 

Toledo-A
ral et al., 1997; 

R
aouf et al., 2012 
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potentials that likely recruit N
a

v 1.8 channels 
N

a
v 1.7

-/- neurons: > 40 %
 unable to generate A

Ps 
A

ccum
ulation at term

inals 

in unm
yelinated fibres 

N
a

v 1.5 
U

nlikely 

H
yperpolarised activation threshold, consistent w

ith 
a role in electrogenesis; barely detectable in adult 

neurons how
ever 

U
nlikely 

R
apid activation and inactivation kinetics 

consistent w
ith a role in conduction; barely 

detectable in adult neurons how
ever  

R
ogart 

et 
al., 

1989; 
Zeng et al., 1996; M

aier 
et 

al., 
2002; 

R
enganathan et al., 2002 

N
a

v 1.8 
L

ikely 

D
espite a highly depolarised activation threshold, 

N
a

v 1.8 m
ediates > 80 %

 of inw
ard currents during 

action potential upstroke 
N

a
v 1.8 appears to be the sole electrical im

pulse 
generator in nociceptors at cold tem

peratures 
A

ccum
ulation in term

inals 

L
ikely 

 
R

apid reprim
ing suggests role in repetitive firing 

C
olocalisation in N

oR
 and lipid rafts 

R
enganathan 

et 
al., 

2001;  
Zim

m
erm

ann 
et 

al., 
2009; 

Persson 
et 

al., 
2010 

N
a

v 1.9 
L

ikely 

W
ith hyperpolarised activation threshold and very 
slow

 deactivation, N
a

v 1.9 produces prom
inent 

currents thought to set R
M

P 

Possible 

N
a

v 1.9
-/- neurons: reduced spike discharge in cold-

sensing neurons 

H
erzog 

et 
al., 

2001; 
Lolignier et al., 2015 
 

Table 1.4 - Evidence for the electrogenic and propagative role of VG
SC

 isoform
s in adult sensory neurons. AP stands for action potential; N

oR : 
node of Ranvier, RM

P: resting m
em

brane potential; - : no evidence. 
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Among the TTX-s channels, the Nav1.1, Nav1.2, and Nav1.3 isoforms do not 

appear to play a crucial role in either the initiation or conduction of action potentials 

in primary afferents. Though Nav1.1 co-localises in nodes of Ranvier and is 

expressed  throughout  all stages  of  development,  this  isoform  has  relatively  low 

levels of expression and is therefore not deemed important in sensory transmission 

(Felts et al., 1997; Cummins and Rush, 2007; Duflocq et al., 2008). Nav1.2 displays 

rapid activation and inactivation kinetics that favour a role in repetitive burst firing; 

this isoform is however drastically downregulated during late development (Black et 

al., 1996; Felts et al., 1997; Rush et al., 2005; Fukuoka et al., 2008). With rapid 

repriming kinetics and large persistent currents in response to small ramp-like inputs, 

Nav1.3 displays unique electrogenic properties; in non-pathological states 

transcriptional levels become nonetheless undetectable postnatally (Cummins and 

Waxman, 1997; Cummins et al., 2001; Black et al., 2004; Lampert et al., 2006). 

Present in all DRG cell sizes, Nav1.6 is the main isoform expressed in nodes of 

Ranvier, which indicates a pivotal role in saltatory conduction in the non-nociceptive 

population, consistent with its fast activation kinetics (Caldwell et al., 2000; Herzog 

et al., 2003). Nav1.7 is also expressed in all DRG neuron types with a preferential 

distribution in unmyelinated fibres, and some expression in the myelinated ones, 

mostly confined to the nodal regions (Djouhri et al., 2003a; Black et al., 2012). This 

isoform produces prominent ramp currents that amplify subthreshold generator 

potentials to initiate action potentials, and correspondingly accumulates in terminal 

nerve endings (Cummins et al., 1998; Toledo-Aral et al., 1997). The discovery that 

some individuals with congenital insensitivity to pain (CIP) but without deficits in 

non-nociceptive somatosensory functions harbour a loss of function mutation of 

SCN9A suggests a critical role for this isoform in nociception (Cox et al., 2006). The 

key role of Nav1.7 in pain signalling is further corroborated by SCN9A gain-of-

function variants linked to chronic pain syndromes, such as inherited 

erythromelalgia, and paroxysmal extreme pain disorder (Sheets et al., 2007; 

Fertleman et al., 2006).  

The TTX-r Nav1.5 isoform appears to play a preponderant role in spike 

conduction during embryonic development, a role that subsides during late 

embryogenesis (Renganathan et al., 2002). Of note, Nav1.5 is expressed in mutually 

exclusive neuronal populations from those that express Nav1.8 and Nav1.9, and may 
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therefore account for spike conduction in a fraction of neurons with axolemmal 

TTX-resistant properties. The preferential expression of the TTX-r sodium channels 

Nav1.8 and Nav1.9 in small diameter neurons suggest a central contribution for these 

isoforms in the initiation and propagation of action potentials in the nociceptive 

subpopulation. Nav1.8 is responsible for the majority of inward currents during both 

the upstroke and shoulder of the action potential in C-type DRG neurons 

(Renganathan et al., 2001a; Blair and Bean, 2002); this rapidly repriming channel 

can sustain high firing frequency and is preferentially expressed in clusters along 

axons of unmyelinated fibres (Coggeshall et al., 2004; Pristerà et al., 2012). Nav1.9 

on the other hand is thought to facilitate electrogenesis by lowering the threshold for 

action potential initiation due to its slow, hyperpolarised activation and inactivation 

properties (Fjell et al., 2000; Baker et al., 2003). This sodium channel is found 

preferentially along axons of unmyelinated fibres of non-peptidergic neurons, as well 

as in corneal nerve terminals, consistent with its role as a critical constituent of the 

electrogenisome (Fjell et al., 2000). The recent identification of SCN11A variants 

linked to both CIP and chronic painful neuropathies have further implicated Nav1.9 

as a pivotal pain contributor (Leipold et al., 2013; Zhang et al., 2013b; Huang et al., 

2014).   

1.3.6  The fine-tuning of VGSC expression 

The expression of voltage-gated sodium channels is a highly regulated 

process that spans from the activation of the transcriptional machinery to the 

microregional clustering of specific isoforms. Following Nav channel synthesis, 

VGSCs are processed through the endoplasmic reticulum and anterogradely 

transported in vesicles along microtubule tracks; the forward trafficking and 

anchoring of the channels depends on the expression of key cytosolic proteins that 

determine the subcellular fate of the channels. The axolemmal distribution of sodium 

channels exemplifies this regulation, with the high co-localisation of the Nav1.1 and 

Nav1.6 isoforms at the nodes of Ranvier in myelinated fibres, and the clustering of 

Nav1.8 at lipid rafts in unmyelinated fibres (Caldwell et al., 2000; Duflocq et al., 

2008; Pristerà et al., 2012). Phosphorylation and ubiquitination on pre-existing 

channels also affect the surface expression and kinetic properties of sodium 

channels: protein kinase A-mediated phosphorylation of Nav1.8 increases for 
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instance the trafficking of Nav1.8 channels for functional expression, whilst the 

ubiquitination of Nav1.7 by the ubiquitin ligase neural precursor cell expressed 

developmentally down-regulated protein 4 (NEDD4) reduces Nav1.7-mediated 

currents and plasmalemmal expression (Vijayaragavan et al., 2004; Liu et al., 2010; 

Laedermann et al., 2013).  

The relative expression of VGSC subtypes along the axon also appears to rely 

on the continued supply of growth factors. In axotomised models, severed neurons 

fail to access peripherally-derived growth factors, which leads to the downregulaton 

of Nav1.8 and Nav1.9 transcripts and the upregulation of Nav1.3 mRNA, in 

agreement with the attenuation of TTX-r mediated currents and the emergence of 

ectopic discharges, respectively (Waxman et al., 1994; Black et al., 1996; Cummins 

and Waxman, 1997; Sleeper et al., 2000). These phenotypic alterations may be 

reversed by the exogenous addition of NGF and GDNF, which downregulate Nav1.3, 

and rescue Nav1.8 and Nav1.9 mRNA transcripts, paralleled with an increase in the 

amplitude of TTX-r mediated currents and a normalisation of the electrogenic 

properties (Black et al., 1997; Boucher et al., 2000; Cummins et al., 2000; Leffler et 

al., 2002).  

1.3.7 The emergence of isoform-specific blockers 

The relative expression, and biophysical properties of VGSC subtypes are 

profoundly altered in chronic pain states. A large body of evidence implicates the 

Nav1.3, Nav1.7, Nav1.8, and Nav1.9 isoforms to the pathophysiology of both 

inflammatory and neuropathic states.  

During embryonic development, the Nav1.3 isoform is downregulated to 

become undetectable in adulthood (Black et al., 1996; Felts et al., 1997). 

Inflammatory and neuropathic insults result, however, in the re-expression of Nav1.3 

mRNA transcripts in the injured DRG and its innervating dorsal horn (Black et al., 

2004; Lampert et al., 2006). The accumulation of Nav1.3 at the site of injury is 

consistent with its electrophysiological properties in driving high-frequency firing 

and ectopic discharges: Nav1.3 has fast activation and inactivation kinetics with rapid 

repriming, and likely mediates aberrant spike behaviour (Black et al., 2008; 

Cummins and Waxman, 1997; Cummins et al., 2001). 
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Nav1.7 is upregulated in a carageenan model of inflammatory pain, an 

upregulation that correlates with an increase in TTX-s mediated currents (Black et 

al., 2004). Conversely, the translational repression of this isoform via a herpes 

simplex vector mediated knock-down markedly attenuates complete Freund’s 

adjuvant-induced hyperalgesia (CFA; Yeomans et al., 2005). Nav1.7 is also 

upregulated in human painful neuromas, whilst the genetic ablation of SCN9a in both 

sensory and sympathetic neurons replicates the pain-free phenotype observed in 

patients with congenital insensitivity to pain, in both inflammatory and neuropathic 

pain models (Black et al., 2008; Minett et al., 2012).  

The application of inflammatory mediators, such as 5-hydroxytryptamine (5-

HT), and prostaglandin-E2 (PGE2), causes a hyperpolarising shift in the activation 

curve of TTX-r currents, increasing both the magnitude and frequency of evoked 

currents, leading to a hyperexcitable state (England et al., 1996; Cardenas et al., 

1997; Renganathan et al., 2001b), whereas antisense oligodeoxynucleotide treatment 

againt Nav1.8 reverses PGE2-mediated hyperalgesia (Khasar et al., 1998), 

implicating this isoform in inflammatory pain. Whilst both somal and axonal Nav1.8-

specific immunolabelling decrease upon peripheral nerve injury, that proximal to the 

sites of injury increases substantially, suggesting a redistribution and accumulation 

of the isoform at the site of injury in neuropathic pain states, involving Nav1.8 in 

peripheral nerve hyperexcitability (Novakovic et al., 1998; Coward et al., 2000; 

Yiangou et al., 2000; Black et al., 2008). The attenuation of pain behaviours 

following the knockdown of Nav1.8 with either antisense or small interfering RNA is 

consistent with these findings (Lai et al., 2002; Dong et al., 2007).  

Due to its preponderant role in setting the resting the membrane potential, 

alterations in Nav1.9 gating properties are thought to facilitate ectopic discharges, 

thereby activating silent nociceptors (Herzog et al., 2001; Ostman et al., 2008). In a 

chronic model of inflammatory pain, CFA increases dramatically Nav1.9-specific 

immunoreactivity, accompanied by an ipsilateral joint hypersensitivity (Strickland et 

al., 2008). Conversely, SCN11a-specific knockdown attenuates the thermal 

hypersensitivity and spontaneous pain behaviours following intraplantar injection of 

inflammatory mediators (Priest et al., 2005; Amaya et al., 2006). The role of Nav1.9, 

as a pain threshold modulator, remains however highly controversial, exemplified by 
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the wide phenotypic differences in individuals carrying hyperpolarising mutations in 

the voltage-dependence of activation (Leipold et al., 2013; Huang et al., 2014).  

The involvement of these isoforms in both inflammatory and neuropathic 

states, combined with the preferential expression patterns of Nav1.7, Nav1.8, and 

Nav1.9 in the peripheral nervous system, has instigated the search for isoform-

specific blockers, illustrated by the hundreds of sodium channel blocker patents 

issued by pharmacological companies in the past few years (Jukič et al., 2014). Few 

selective compounds have successfully been developed however, partly as a result of 

the vast structural similitude between Nav subtypes, which renders the development 

of isoform-specific blockers intricate (see Table 1.5; Sigma-Aldrich, 2015; R&D 

Systems, 2015). These agents may nevertheless be used to pharmacologically 

investigate of the contribution of VGSC isoforms to the propagation of action 

potentials, an opportunity unparalleled so far.   
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1.4 Investigating sensory conduction 

A rich array of in vivo, ex vivo, and in vitro techniques have been developed to 

study sensory neurons. In vivo studies allow to retain the true physiological 

conditions and have been key in characterising nerve excitability properties. 

Microneurography for instance consists in inserting of a tungsten electrode into a 

peripheral nerve to record the impulse activity of individual fibres, a technique that 

has proved invaluable in relating primary afferents classes with specific sensory 

modalities, clearly defining the involvement of unmyelinated and myelinated fibres 

to pain (Torebjörk et al., 1987; Ochoa and Torebjörk, 1989; Vallbo et al., 2004). Ex 

vivo preparations are however usually favoured as they allow the topical application 

of exogenous compounds to the region of interest, with responses comparable to in 

vivo data (Reeh, 1986; Cain et al., 2001). In the skin-nerve preparation, the 

saphenous nerve is dissected with its innervated skin patch and placed into a 

recording chamber; the nerve is desheathed and the bundles teased apart to identify 

individual nerve fibres. This enables the recording of action potentials from the 

receptive fields with the precise control of the bath solutions and pharmacological 

agents. The entire primary afferent circuitry, including the innervating skin, nerve 

fibres, and dorsal roots may also be extracted, a technical feat achieved Koerber and 

Woodbury (2002), who impaled individual somata to compare cutaneous mechanical 

responses at different developmental stages. Whilst ex vivo preparations generate 

highly translational results, these techniques are technically demanding and data 

acquisition tends to be time-consuming, with the recording of a single fibre at a time.  

The relative ease of dissociation and culture of mass DRG neurons are a 

popular alternative to both in vivo and ex vivo preparations. Primary neurons can be 

cultured in vitro for weeks, with the wide spectrum of response properties preserved 

(Malin et al., 2007). Dorsal root ganglion neurons also provide a native substrate for 

the expression of ion channels, a great advantage from heterologous expression 

systems (Dib-Hajj et al., 2009; Choi et al., 2010). Furthermore, dissociated neurons 

may be loaded with fluorescent calcium indicators, such as Fura-2 acetoxymethyl 

ester (Fura-2 AM), to functionally investigate the propagative properties in 

immunocytochemically-identified subpopulations: the conduction of action 

potentials depolarises voltage-gated calcium channels expressed on the somal 
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membrane, engendering calcium transients detected by the fluorescent dyes (Lüscher 

et al., 1994; Bootman et al., 2013a). Conventional DRG mass cultures do not allow, 

however, the separation of the cell bodies, axons and terminals. The subcellular 

expression patterns of VGSC isoforms are however key to their electrogenic and 

propagative properties. Compartmentalised chambers, first developed by Campenot 

et al. (1977), partly overcome this limitation by separating the neuronal cell bodies 

from their neuritic extensions, as illustrated in Figure 1.6 (A-B). In these 

preparations, a teflon divider is placed onto a thin layer of silicone grease; the 

hydrophobic greaser layer provides a barrier between the compartments, allowing the 

slow diffusion of growth factors across the compartments to chemotactically direct 

neuritic growth. These chambers are nevertheless difficult to fabricate and handle. 

The soft grease seal renders them vulnerable to mechanical disturbances, causing the 

lesioning of neurites, with a high degree of variability in the sealing efficiency and 

success rate between operators. The opaque teflon divider also hinders the 

compatibility with sophisticated microscropy techniques.  

The advent of microfluidic technology has superseded the time-consuming, 

delicate fabrication of Campenot chambers. Compartmentalised microfluidic devices 

consist of a polydimethylsiloxane (PDMS) piece, bearing a microfluidic pattern, 

irreversibly bound to a glass substrate, with little to no risk of leakage, or neuritic 

lesioning (Figure 1.6 C-D). The pre-designed microfluidic patterns can be replicated 

virtually ad infinitum, with a high degree of consistency between devices; the 

microscale of the grooves that connect the compartments generates considerable 

physical resistance, a feature exploited to fluidically isolate compartments (Park et 

al., 2006). The optical transparency of the siloxane polymer also makes these 

chambers perfectly compatible with live cell imaging. Microfluidic chambers, 

combined with calcium imaging and immunocytochemical methods, thus provide an 

ideal platform to pharmacologically probe the functional properties of action 

potential propagation in sensory afferents subpopulations along the neuritic length.  
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Figure 1.6 – Campenot and microfluidic chambers allow the separation of the 
somata from their neuritic extensions. (A) Cell bodies are plated in the middle 
compartment in Campenot chambers; the application of growth factors into the 
lateral compartments results in neuritic outgrowth on both sides. (B) The plating in 
different compartments allows to either separate the somata from the neurites (top 
diagram), or the cell bodies, from the axons, and terminals (bottom diagram). 
Adapted from Zweifel et al., 2005. (C) Top view of a microfluidic chamber with both 
compartments fluidically isolated as shown with red and blue fluorophores. Adapted 
from Harris et al., 2007. (D) Schematic representation of the side view of a two-
compartment microfluidic chamber; NGF is depicted with turquoise dots as the 
chemoattractant growth factor in this preparation.   
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1.5 Aims of the investigation 

This project aimed at investigating the followings: 

v The first objective was to establish a protocol to reproducibly culture 

neonatal neurons in three-compartment microfluidic chambers. The calcium 

indicator Fura-2 AM was incubated to visualise somal depolarisations, as a 

consequence of the propagation of action potentials along the axonal length. 

v I then aimed to determine the extent of chemoattraction across the two arrays 

of microgrooves with the incubation of the fluorescent retrograde tracer DiI 

in the distal compartment; functional responsiveness upon axonal and 

terminal stimulation was also assessed.  

v Neuronal tachyphylaxis is an expected consequence of repeated stimulations. 

I aimed to assess the extent of rundown in this system, and optimise the 

experimental conditions to minimise such effect.  

v Spike conduction relies on the activation and opening of voltage-gated 

sodium channels, and voltage-gated calcium channels. I intended to 

investigate the proportion of neurons that rely on either types of currents for 

impulse propagation.  

v In situ hybridisation and immunocytochemical evidence suggests that the 

expression of voltage-gated sodium channels isoforms is highly regulated 

during development. An important objective was to determine the functional 

expression of TTX-resistant channels during development, and test the 

factors that regulate this expression.  

v The relative contribution of sodium channel isoforms to the propagation of 

action potentials in sensory subpopulations remains a topical conundrum, 

with little/no functional evidence. I intended to test the effects of isoform-

specific blockers on the propagation of action potentials in sensory 

subpopulations, using novel pharmacological compounds combined with 

immunocytochemical methods.   

v Voltage-gated sodium channels have distinct cellular, and subcellular 

expression patterns. The design of microfluidic chambers was exploited to 

functionally assess the density of VGSC expression along the axolemma, as 

well as the extent of TTX-r conductance along the neuritic length.  
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v I also intended to test the effects of glial-derived neurotrophic factor on the 

functional expression of TTX-r currents in neonatal cultures.  

v Finally, I aimed at evaluating the timeframe of the maturation of the 

conductile properties in this system.  
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In order to investigate the functional properties of action potential 

propagation, I used the compartmentalised microfluidic culture system. These 

chambers are fabricated by irreversibly bonding a polydimethylsiloxane (PDMS) 

piece onto a glass substrate. I first describe how master moulds were manufactured 

and their delicate microfluidic patterns replicated onto epoxy resin templates for 

high-throughput replica moulding. I then explain how PDMS pieces hence fabricated 

were subsequently bound onto glass-bottom dishes by a series of plasma treatments. 

Prior to the seeding of dissociated sensory neurons in this platform, chambers were 

washed and coated for cell adhesion, and a gradient of growth factors established 

across the compartments to attract neuritic extension through the two arrays of 

microgrooves. I finally specify how projecting neurons were retrogradely labelled 

with a fluorescent tracer, their depolarisation recorded with calcium imaging, and 

their phenotypic identity evidenced by immunocytochemical methods.  

2.1 Introduction to compartmentalised microfluidic chambers 

Throughout this thesis, three-compartment microfluidic chambers were used 

to separate the somata, axons and terminals in fluidically isolated compartments. 

These consist of (i) 3 pairs of reservoir wells for application of neuronal medium and 

pharmacological solutions, (ii) channels interlinking the wells, and (iii) 2 arrays of 

microgrooves connecting the channels (see Figure 2.1). An array of microgrooves 

consists of 115 microgrooves; each microgroove is 10 µm wide, 3 µm high, and 500 

µm long, and channels 1 mm wide, 100 µm high, with the middle channel 1.5 cm 

long and the outer ones 1.2 cm long. Neurons were plated into the somal 

compartment, and neurites grew through the two arrays of microgrooves to extend 

into the terminal compartment. Due to the high resistance across the grooves, any 

hydrostatic pressure imbalance between the compartments requires an extended 

period of time to equilibrate, a property that renders the compartments fluidically 

isolated (Park et al., 2006).  
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Figure 2.1- Schematic representation of the three-compartment microfluidic system.  
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2.2 Manufacture of master moulds by soft lithography 

The microfluidic patterns engraved in the PDMS pieces were all derived from 

a single master mould manufactured by Guillermo Menendez (former Ph.D. student 

from Professor Giampietro Schiavo’s Laboratory, UCL Institute of Neurology, 

London, UK). This mould, which consists of a bilayer pattern of photoresist 

structures on a silicon wafer, was manufactured using a two-step lithography 

approach to accommodate for the different dimensions of the microgrooves (3 µm 

high, 10 µm wide), and channels (100 µm high, 1 mm wide) as illustrated in Figure 

2.2. A 7.62 cm wide silicon wafer (Compart Technology, Peterborough, UK) was 

spin-coated with 3 µm of an epoxy-based photosensitive SU-8 photoresist 

(Microchem, MA, USA) at 2,000 revolutions per minute (rpm) for 1 minute, 

followed by an incubation at 95 ˚C for 2 minutes. A high resolution photomask (JD 

Photo, Oldham, UK), bearing 2 arrays of microgrooves and alignment marks, was 

aligned onto the coated silicon wafer, irradiated with UV light (365 nm) for 2 

seconds, and baked for 1 minute at 95 ˚C to complete the crosslinking and 

polymerisation of the exposed pattern, whilst the unexposed SU-8 compound was 

dissolved with a propyleneglycolmethylether acetate (PGMEA) photoresist 

developer rinse (Chestech, Rugby, UK). This process was repeated to form the 

channels connected by the microgrooves, with a 100 µm thick layer of photoresist 

spin-coated onto the patterned silicon wafer, and incubated for 30 minutes at 95 ˚C; a 

photomask with the channel pattern was then aligned onto the microgrooves, 

irradiated for 8 seconds with 365 nm light, and baked for 12 minutes at 95 ˚C. 

Finally, the unpolymerised photoresist was rinsed off with PGMEA and the master 

mould then ready for use.  

2.3 Manufacture of epoxy templates 

Guillermo initially used the master mould to fabricate PDMS pieces; the thin 

bilayer of photoresist structures was however prone to delamination from the wafer, 

and the silicon wafer would easily fracture (Menendez, 2010). To circumvent the 

fragility of the master, a single PDMS piece from the original mould was used to 

manufacture several epoxy resin moulds, or “daughter moulds”, due to its hard, 

infusible properties; a  couple  of  the  daughter moulds were generously provided by  
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Figure 2.2- Schematic of the fabrication process for the master mould. (A,B,C) A 
thin layer of photosensitive material (photoresist) is spincoated onto a silicon wafer 
substrate. A photomask bearing the microscale pattern of the microgrooves is 
overlaid and exposed to high intensity UV light; the unexposed material is dissolved 
in developer solution, leaving the microscale pattern etched into the photoresist 
layer. (D,E,F) The same process is repeated with a photomask bearing the channels 
pattern to form the second layer of photoresist structure. The master mould is then 
ready for use (G). 
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Guillermo to our laboratory. These epoxy templates were then duplicated to increase 

the number of PDMS pieces produced at any given time; these templates permitted 

the fabrication of hundreds of PDMS pieces without altering the microscale pattern. 

To construct epoxy resin templates, its components were mixed in the ratio described 

in Table 2.1, with 20 g providing a mass sufficient for the fabrication of a single 

mould. Taab 812 resin, methyl nadic anhydride (MNA), dodecenyl succinic 

anhydride (DDSA), and the accelerator 2.4.6-tri(dimethyl aminomethyl) phenol 

(DMP-30) were acquired from Taab (Bershire, UK). The mixture was poured into a 

petri dish (5.5 cm diameter, 1.3 cm height) and left for ≥ 30 minutes in a bell jar 

connected via a hose to a vacuum pump, to facilitate the degassing process. A PDMS 

piece with the pattern facing downwards was laid upon the epoxy resin mixture; the 

petri dish was incubated at 65˚C for 10 hours for polymerisation and crosslinking.  

Final weight (g) Resin (g) MNA (g) DDSA (g) DMP-30 (g) 

20 9.6 6.6 3.8 0.4 

Table 2.1 – Ratio of epoxy resin components. 

2.4 Fabrication of PDMS replica 

All PDMS pieces were fabricated by replica moulding from epoxy resin 

templates. In a ratio of 1:10, the PDMS was thoroughly mixed with its curing agent 

(Sylgard 184, Down Corning, Midland, MI, USA), poured onto the mould with an 

approximate thickness of 3 mm, and left to degas for 30 minutes. The mixture was 

then placed into a 85 °C oven for a minimum of 45 minutes for polymerisation, and 

allowed to cool for 5 minutes. The PDMS piece was gently removed from the master 

with curved forceps, the reservoir wells punched using 5 mm diameter Harris Uni-

Bore biopsy punchers (Electron Microscopy Sciences, PA, USA), and the excess 

PDMS trimmed away with a razor blade. 

2.5 Irreversible bonding by plasma treatment 

The irreversible bonding of the PDMS pieces to glass-bottom dishes was 

achieved by plasma treatment of both surfaces, creating an impermeable, sterile 

environment. WillCo glass-bottom dishes (Intracell, Royston, UK) consist of a high 
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quality borosilicate glass of 30 mm diameter and 0.17 mm thickness in a disposable 

plastic petri dish compatible with high resolution microscopic imaging. Firstly the 

patterned side of the PDMS was cleared of any dust and debris with Scotch Magic 

tape and introduced with its dish into a plasma cleaner (Femto model, Diener 

Electronics, MI, USA). The vacuum pump was activated to vent the cleaner; once the 

pressure dropped below 200 milliTorr, two series of plasma treatments were 

successively applied for 25 seconds. The activation of the plasma treatment device 

leads to an acceleration of the electric field and the scattering of electrons, yielding 

free electrons; the plasma hence generated ionises further atoms, breaking organic 

bonds apart to form reactive radical species – this renders the exposed surfaces both 

sterile and hydrophilic. PDMS piece were subsequently mounted onto glass bottom 

dishes in a laminar flow hood. The chambers were then incubated for 10 minutes in a 

70 °C oven to form a tight irreversible bond. Hydrophobic recovery resumes swiftly 

after plasma treatment, the chambers were therefore rapidly flooded with sterile 

water to prevent permanent dessication of the microgrooves. Microfluidic chambers 

could be kept for weeks in a sterile environment and water added on a weekly basis 

to prevent dehydration. 

2.6 Preparation of a coating substrate 

Prior to the coating of the glass surface of microfluidic chambers, the devices 

were sterilised with the application of 70 % ethanol as an antiseptic agent. Water was 

removed from the reservoir wells with a suction device and ethanol pipetted onto 

each compartment until the opposite reservoir wells were half-filled to allow its flow 

through the channels. The chambers were then immersed entirely in ethanol for a 

minimum of 30 minutes for sterilisation. Ethanol was subsequently removed from 

the devices, and sterile water pipetted in the same manner as described above; this 

process was repeated 3 times with each water immersion lasting 10 minutes. Water 

was removed and the compartments filled with 20 µL of 0.1 mg/mL poly-L-lysine 

for an overnight incubation at 4 ˚C (Sigma, Gillingham, UK); this volume prevents 

the dessication of the channels. On dissection day, poly-L-lysine was aspirated and 

the compartments filled with 10 µL of 30 µg/mL laminin (made in 50 mM Tris-HCl 

[pH 7.4], Invitrogen, Paisley, UK) for a minimum of two hours at 4 ˚C prior to the 

seeding of neurons in the somal compartment.  
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2.7 Culture of primary sensory neurons 

Embryonic and neonatal Sprague-Dawley rats were collected from the UCL 

Biological services where they were kept at a regulated temperature with ad libitum 

access to food and water, whilst postnatal day 0 C57BL/6 mice were generously 

provided by Professor Dimitri Kullman’s Laboratory (UCL Institute of Neurology, 

London, UK). The animals were sacrificed following Schedule 1 (cervical 

dislocation) in accordance with the UK Home Office protocols as legislated by the 

Animals (Scientific Procedures) Act 1986. Embryonic age was estimated from the 

mating day and confirmed by the measurement of crown-rump length, which 

provides a reliable estimate of the in utero developmental stage (Olson et al., 1983). 

Fetuses were extracted from pregnant rats and immersed into a petri dish filled 

with calcium, magnesium, and phenol red free Hank's balanced salt solution (HBSS); 

HBSS was prepared from a x10 HBSS solution (Invitrogen, Paisley, UK) 

supplemented with 5 mM 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid 

(HEPES) and 10 mM D-glucose, and adjusted to pH 7.4 with NaOH. The heads were 

removed with fine forceps and the spinal cord teased out to extract the dorsal root 

ganglia from all segments into a petri dish filled with 2 mL HBSS. The ganglia were 

washed with HBSS and centrifuged ( ~ 200 g) until the supernatant was clear. The 

ganglia were first digested with 5 mL of 20 units/mL of papain solution (Sigma, 

Gillingham, UK) in papain activation solution (250 µM L-cysteine, 40 µM 

ethyleneiaminetetraacetic acid [EDTA], 150 µM CaCl2 dihydrate in calcium and 

magnesium free HBSS, alkalised to pH 7.4 with NaHCO3) for 30 minutes at 37 ˚C, 

then with a 2 mg/mL collagenase/dispase solution (Invitrogen, Paisley, UK; Roche, 

Welwyn Garden City, UK respectively) in HBSS at 37 ˚C for 45 minutes. The 

ganglia were mechanically dissociated by trituration with a series of fire-polished 

Pasteur pipettes, the supernatant added onto a Percoll gradient (Sigma, Gillingham, 

UK) centrifuged (~ 500 g) for 10 minutes, and the pellet washed with Neurobasal 

medium (Invitrogen, Paisley, UK). 

For neonatal animals, the spinal cord was removed and the spine cut 

longitudinally, generating two hemisections; the dorsal root ganglia from all 

segments were extracted with fine forceps and transferred into a petri dish filled with 
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2 mL HBSS. The ganglia were digested with 2 mg/mL of collagenase (Sigma, 

Gillingham, UK) at 37 ˚C for 45 minutes, followed by a 0.5 mg/mL trypsin (Sigma, 

Gillingham, UK) incubation at 37 ˚C for 20 minutes. The trypsin solution was 

removed, 10 µL of bovine pancreatic DNAase type IV at 40 mg/mL (Sigma, 

Gillingham, UK) added into the solution and the falcon centrifuged (~ 500 g) for 1 

minute. The ganglia were immersed with 1 mL of heat-inactivated horse serum (Life 

Technologies, Carlsbad, CA, USA) to inactivate trypsin, and the pellet washed twice 

with HBSS. The ganglia were mechanically dissociated in Neurobasal medium with 

a P1000 pipette and centrifuged for 2 minutes at ~ 500 g. For both embryonic and 

neonatal animals, the resulting pellet was resuspended in complete Neurobasal 

medium, made with 2 % B27 supplements (Invitrogen, Paisley, UK), 1 % penicillin-

streptomycin (10,000 units of penicillin, 10 mg/mL of streptomycin; Invitrogen, 

Paisley, UK), and 0.416 mM L-glutamine (Invitrogen, Paisley, UK), supplemented 

with 200 ng/mL mouse NGF 7S (from stock solution of 100 µg/mL made in H2O; 

Alomone, Jerusalem, Israel). 2 µL of the solution was plated into one of the openings 

of the somal compartment; the cells were drawn by capillary action resulting in an 

even neuronal distribution along the channel. The cultures were subsequently 

flooded after a minimum of 2 hours to allow neurons to settle and adhere to the 

surface (Owen and Egerton, 2012).  

2.8 Induction of axonal chemotaxis 

The high resistance across the microgrooves allows for a slow, continuous 

flow between the compartments upon hydrostatic pressure imbalance (Park et al., 

2006). This physical property was exploited to create a unidirectional NGF gradient 

to direct axonal growth towards the axonal and terminal compartments in both 

embryonic and neonatal cultures as described in Table 2.2. Upon medium change, 

the solutions were gently removed from the reservoir wells and the channels left 

immersed. The fresh medium was first added onto the somal compartment, followed 

by the axonal and terminal compartments. The anti-mitotic agent cytosine b-D-

arabinoside (araC, from a 5 mM stock solution dissolved in H2O; Sigma, Gillingham, 

UK) was added into the medium from 1 day in vitro (1 DIV) to 2 DIV to inhibit the 

proliferation of non-neuronal cells. Neurons were cultured for 8 to 9 DIV in three 

compartment  microfluidic  chambers to allow  for a  dense  neuronal network, unless  
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DIV Somal compartment Middle compartment Terminal compartment 

0 200 ng/mL NGF –  
100 µL 

200 ng/mL NGF –  
100 µL 

200 ng/mL NGF –  
100 µL 

1 20 ng/mL NGF –  
80 µL 

200 ng/mL NGF -   
100 µL 

200 ng/mL NGF –  
100 µL 

2 0 ng/mL NGF –  
80 µL 

20 ng/mL NGF –  
100 µL 

200 ng/mL NGF –  
120 µL 

3 0 ng/mL NGF –  
80 µL 

0 ng/mL NGF –  
80 µL 

200 ng/mL NGF –  
100 µL 

5, 
7+ 

0 ng/mL NGF –  
100 µL 

0 ng/mL NGF –  
100 µL 

200 ng/mL NGF –  
100 µL 

Table 2.2 - Chemo-attractant medium protocol in three-compartment microfluidic 
chambers. + indicates that neurons plated for a prolonged incubatory period had 
their medium changed every two days.  

 

DIV Somal compartment Middle compartment Terminal compartment 

GDNF 

0 50 ng/mL GDNF –  
100 µL 

50 ng/mL GDNF –  
100 µL 

50 ng/mL GDNF –  
100 µL 

1 5 ng/mL GDNF –  
80 µL 

50 ng/mL GDNF -   
100 µL 

50 ng/mL GDNF –  
100 µL 

2 0 ng/mL GDNF –  
80 µL 

5 ng/mL GDNF –  
100 µL 

50 ng/mL GDNF –  
120 µL 

3 0 ng/mL GDNF –  
80 µL 

0 ng/mL GDNF –  
80 µL 

50 ng/mL GDNF –  
100 µL 

5, 7 0 ng/mL GDNF –  
100 µL 

0 ng/mL GDNF –  
100 µL 

50 ng/mL GDNF –  
100 µL 

Retinoic acid 

0 - 7 100 nM 100 nM 100 nM 

Table 2.3 – Medium changes protocol for the addition of GDNF or retinoic acid in 
three-compartment microfluidic chambers. 
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stated otherwise. GDNF and retinoic acid (RA) were incubated in a series of 

experimentations, as described in Table 2.3. 

2.9 Retrograde fluorescent labelling of projecting neurons 

In order to visualise cells with neurites extending through the two arrays of 

microgrooves, a 50 µL solution of 40 µg/mL 1,1',dioctadecyl-3,3,3'3'-

tetramethylindocarbocyanine perchlorate (DiI) was added to the terminal 

compartment overnight at 37 ˚C, the day before experimentation. This solution was 

prepared by adding a stock solution of 2 mg/mL DiI diluted in dimethyl sulfoxide 

(DMSO; Invitrogen, Paisley, UK), to complete Neurobasal medium supplemented 

with 200 ng/mL NGF. The 50 µL hydrostatic imbalance between the terminal 

compartment and the other compartments ensured that DiI did not diffuse into the 

axonal compartment as a result of the slow, unidirectional flow through the 

interconnecting microgrooves (Taylor et al., 2005; Clark, 2014). Cell neurites 

extending into the terminal comparment were exposed to DiI and therefore actively 

transported the dye back to the somata, whilst cells with neurites extending only 

through the first array of microgrooves, or constrained to the somal compartment, 

were not exposed to DiI, hence unable to transport the dye back to the somata. Prior 

to experimentation, the DiI solution was removed and the terminal compartment 

immersed with extracellular fluid (ECF). Somata of DiI-labelled cells were imaged 

with an excitation wavelength λexcitation = 549 nm and an exposure time texposure = 1 s; 

the recording equipment consisted of a x10 Fluar objective on a Zeiss Axiovert 200 

inverted microscope (Zeiss, Oberkochen, Germany), fitted with a SP 580 exciter 

filter, DCLP 595 dichroic mirror and BP 645/75 emitter filter, and connected to a 

Polychrome IV monochromator (FEI Munich GmBH, Gräfelfing, Germany).  

2.10 Visualisation of functional responses with calcium imaging 

Cell responses were visualised by loading the cell bodies with the calcium 

indicator Fura-2 acetoxymethyl ester (Invitrogen, Paisley, UK). The somal 

compartment was immersed with a 100 µL solution of 2 µM Fura-2-AM at 37 ˚C for 

45 minutes, prepared in complete Neurobasal medium from a stock solution of 2 mM 

in DMSO, and supplemented with 80 µM pluronic acid (Invitrogen, Paisley, UK); 

the terminal compartment remained incubated with the DiI solution. Microfluidic 
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chambers were then mounted onto the Zeiss inverted microscope described above, 

and images captured through a DCLP 410 dichroic mirror, long-pass LP440 Fura-2 

emitter filter and x10 Fluar objective. Light was emitted onto the somata, and 

solutions applied onto the appropriate compartments (see Figure 2.3). Chambers 

were held tightly by rotating pliers to retain the same imaging area throughout the 

experiment. The WAS97 software allowed the programming of the protocols and 

controlled in a time-locked manner the array of magnetic valves that set the flow of 

solutions in the terminal compartment from the gravity-driven application system; 

pharmacological agents were applied manually with a P200 pipette.  

Prior to experimentation all compartments were washed with a buffering 

solution of ECF, and pictures of the brightfield and the DiI fluorescence acquired. To 

reduce risks of desensitisation due to the large calcium influxes when stimulated 

directly, experiments were first carried out on the terminal compartment. Calcium 

transients, as a consequence of cellular depolarisation, were visualised by ratiometric 

calcium imaging. The dye Fura-2-AM permeates the cell and is converted into its 

impermeant form Fura-2 by intracellular esterases where it can be found either as the 

free Fura-2 form or as the Fura-2-Ca2+ complex with distinct spectroscopic 

properties: whilst both forms emit light of ~ 510 nm when excited, their peak 

excitation wavelengths are ~ 340 nm and ~ 380 nm respectively (Tsien, 1981; 

Bootman et al., 2013). Pairs of images were captured by alternatively exciting the 

indicator at these wavelengths for 400 ms (cycle time = 2 s) and recording the 

fluorescence intensities at 340 nm (F340) and 380 nm (F380). 

Cells were analysed by drawing a point of interest (POI) in the centre of their 

surface area and converting these POIs into regions of interest (ROI) of 5 µm 

diameter for embryonic cultures and 8 µm for neonatal ones. The fluorescence ratio 

(Fratio = F340 / F380) was plotted over time for each individual ROI after background 

substraction with the TILLvisION 4.0 software. Every experiment started with the 

application of ECF in the terminal compartment for 30 seconds to derive the baseline 

ratio (Fbaseline) and standard deviation of each neuron. The change in fluorescence 

over time (DF) was defined as DF = [ (Fratio – Fbaseline ) / Fbaseline] and used 

subsequently   for  analysis;  a  positive response  –  or  cellular  depolarisation  - was  
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Figure 2.3 - Schematic representation of (A) the application system set up and (B) 
the application of stimulants and pharmacological agents in three-compartment 
microfluidic chambers. Cells responses were continuously visualised by calcium 
imaging of Fura-2 loaded cell bodies.  
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assigned to a marked  increase  in  DF,  above  baseline  levels.  Each  30 

seconds  stimulation was followed by a resting period of 5 minutes to allow for 

recovery. Different volumes were applied in the compartments to prevent the 

diffusion of stimulants into adjacent compartments: the compartment flooded with 

stimulants had the least volume of all compartments, with ≤ 50 µL; the compartment 

filled with the blocking solution contained ~ 50 µL, whilst the compartment with a 

buffering solution was filled with ≥ 100 µL of ECF, ensuring its fluidic isolation.  

2.11 Solution preparation 

All stimulants and pharmacological agents were diluted from stock in ECF on 

the day of experimentation. ECF contained 145 mM NaCl, 5 mM KCl, 2 mM CaCl2, 

1 mM MgCl2, 10 mM HEPES, and 10 mM D-glucose; the solution was adjusted with 

NaOH to pH 7.4. The depolarising solutions of 10 mM, 15 mM, 30 mM, 50 mM, and 

100 mM KCl were prepared with 125 mM, 120 mM, 105 mM, 85 mM, and 100 mM 

NaCl respectively, and contained 2 mM CaCl2, 1 mM MgCl2, 10 mM HEPES, and 

10 mM D-glucose similarly brought to pH 7.4. Blockers included tetrodotoxin with 

citrate used from 10 nM to 100 µM (from 1 µM stock solution dissolved in H2O; 

Alomone, Jerusalem, UK), lidocaine hydrochloride used from 3 µM to 10 mM (from 

1 M stock solution dissolved in H2O; Sigma, Paisley, UK), A-803467 used from 1 

nM to 100 µM (from 100 mM stock solution dissolved in DMSO; Alomone 

Jerusalem, Israel), ProTx-II used from 1 nM to 1 µM (from 100 µM stock solution in 

H2O; Alomone, Jerusalem, Israel), Jingzhaotoxin-III used at 10 µM (stock solution 

of 1 mg/mL in H2O; Tocris, Bristol, UK), ICA-121431 used at 1 µM (stock solution 

of 20 mg/mL in DMSO; Sigma, Gillingham, UK) and cadmium used at 100 µM 

(stock solution of 0.73 M in H2O; Sigma, Gillingham, UK). A battery of growth 

factors was added to the culture medium, including NGF from 20 ng/mL to 200 

ng/mL (stock solution of 100 µg/mL in H2O; Alomone, Israel), GDNF at 50 ng/mL 

(stock solution of 100 µg/mL in sterile PBS containing 0.1 % bovine serum albumin 

[BSA]; R&D systems, Abingdon, UK), and retinoic acid at 100 nM (stock solution 

of 500 µM in DMSO; Sigma, Gillingham, UK). All stock solutions were aliquoted 

immediately in Eppendorf vials at – 20 ˚C, apart from lidocaine kept at 4 ˚C; 

solutions were adjusted to pH 7.4 with 1 M NaOH or 1 M HCl prior to 

experimentation. 
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2.12 Immunocytochemistry 

The neuronal marker monoclonal anti-b-tubulin III antibody (Tuj1; mouse; 

1:250; Millipore, Livingston, UK) was used to label neuritic extensions, whilst 

sensory subpopulations were identified with either the monoclonal antibody N52 

(1:200; Sigma, Gillingham, UK), which recognises both phosphorylated and non-

phosphorylated forms of neurofilament expressed in larger non-nociceptive neurons, 

or the lectin from Bandeiraea simplicifolia (40 µg/mL; Sigma, Gillingham, UK), 

which labels non-peptidergic neurons. Immediately after calcium recording, the 

microfluidic compartments were washed three times for 10 minutes with 100 µL of 

phosphate buffer solution (PBS; 0.137 M NaCl, 3 mM KCl, 8 mM Na2HPO4, and 1.5 

mM KH2PO4), incubated with 4 % paraformaldehyde for 30 minutes, and washed 

again three times with PBS. Once fixed, chambers were stained within a week.  

The same protocol was used for the monoclonal anti-b-tubulin III antibody and 

the monoclonal antibody N52. The only difference consisted in flooding all 

compartments with the former, to stain the neuritic projections throughout the 

microfluidic compartments, whilst solely immersing the somal compartment with the 

latter. Cells were permeabilised with 0.3 % Triton X-100 (Sigma) prepared in PBS 

for 10 minutes, followed by a PBS wash for 10 minutes, then treated for an hour with 

a 5% donkey serum (First Link UK Ltd, Wolverhampton, UK), 1 % bovine serume 

albumin (Sigma, Gillingham, UK) solution to reduce non-specific binding. The 

primary antibodies monoclonal anti-b-tubulin III or N52 were added to a 5 % donkey 

serum, 1 % BSA solution and incubated at room temperature overnight. The 

following day the channels were washed three times with PBS for 15 minutes, the 

chambers immersed with the secondary antibody Alexa-Fluor 488 donkey anti-

mouse (1:200; Molecular Probes, Eugene, OR, USA) in a 5 % donkey serum, 1 % 

BSA solution for two hours at room temperature, and washed three times with PBS 

for 15 minutes. Fluorescent cells were captured with an excitation wavelength 

λexcitation = 490 nm and an exposure time texposure = 2 s through a x10 Fluar objective 

on the microscope described previously, fitted with a DCLP490UV dichroic mirror 

and LP515 emitter filter. Fluorescent images were superimposed onto corresponding 

brightfield pictures using the Adobe Photoshop CS3 software (Adobe Systems; San 

Jose, CA, USA). For the isolectin B4 (IB4), FITC conjugate, neurons were 
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permeabilised with 0.3 % Triton X-100, and incubated with IB4 for 48 hours at 4 ˚C 

in PBS supplemented with 0.90 mM Ca2+ and 0.5 mM Mg2+. Cells were then washed 

three times with PBS for 10 minutes. Fluorescent cells were captured with an 

excitation wavelength λexcitation = 495 nm and an exposure time texposure = 2 s with the 

same apparatus described above. Images acquired with the N52 and IB4 antibodies 

were converted to grayscale and auto-contrasted with the National Intitutes of Health 

imaging software ImageJ 1.48 (ImageJ, Bethesda, Maryland, USA). The Maximum 

Entropy macro in ImageJ 1.48 was used as the cut-off point in the bimodal 

fluorescence distribution to distinguish between negatively- and positively-labelled 

neurons, with each image analysed separately.  

2.13 Data analysis and statistical inference 

For each set of results the total number of neurons (nneurons) and the total 

number of cultures from neonates or embryonic litters (nexperiments) are indicated as 

(nneurons = x; nexperiments = y). For neonatal cultures one to two animals were dissected 

and the DRGs harvested into two to three microfluidic chambers. For embryonic 

cultures the ganglia from two to three embryos were pooled together and cultured in 

one to two microfluidic chambers. Analysis from one experiment consisted in 

deriving the group mean and its variance. Only neurons that showed a robust calcium 

peak on the 1st 100 mM KCl application in the terminal compartment were analysed, 

set as the 100 % response value for each set of experiments. The data is expressed as 

the mean ± standard error of the mean (SEM). Results were computed and analysed 

with the Origin Pro 9 software (OriginLab, Bucks, UK) and SPSS 22 (IBM, Armonk, 

NY, USA), and the data tested for normality with the Shapiro-Wilk test due to the 

relatively small sample size herein; the appropriate statistical tests are indicated in 

the text. Images were superimposed with ImageJ 1.48, the contrast of individual 

images balanced and the brightness of coloured images adjusted when assembling 

double montages.  
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Chapter 3  

Characterisation of spike conduction in microfluidic chambers 
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3.1 Introduction 

Compartmentalised microfluidic chambers have recently been shown to be an 

ideal platform to probe the functional properties of spike conduction in vitro, as they 

allow the separation of the somata, axons and terminals through fluidically isolated 

compartments (Tsantoulas et al., 2013; Clark, 2014). The first step in this project was 

to establish and optimise a protocol to reproducibly culture and stimulate neonatal 

cultures. I initially aimed at determining the viability of the cultures after 8 days in 

vitro by directly stimulating the neurons and recording calcium transients with Fura-

2 imaging. The ability of neurons to propagate action potentials from the terminals to 

the somata was assessed in parallel by stimulating the terminal arbor. I then intended 

to characterise the phenotype of the neuronal population by drawing a neuronal size 

profile, and staining the preparations with the monoclonal antibody N52 to identify 

neurons with putative A-, and C-type characteristics. I finally tested the 

reproducibility of neuronal responses, and altered by the inter-stimuli recovery time 

and stimulus concentrations to minimise tachyphylaxis.  

3.2 Qualitative description of the terminal and somal functional responses  

In the first instance a high concentration of K+ was applied on the terminal, 

and somal compartments, to test the ability of neuritic projections to conduct trains 

of action potentials from the terminal endings to the somata, and the functional 

viability of the cultures, respectively. The non-selective depolarising agent 100 mM 

KCl was therefore repeatedly applied in the distal compartment for 30 seconds to 

depolarise the terminal endings, and thereafter, onto the somal compartment to 

directly excite cell bodies (see Figure 3.1); each stimulus was followed by a 5 

minutes recovery period with the buffering solution ECF. Calcium transients, as a 

result of cellular depolarisation, were visualised by ratiometric calcium imaging with 

the loading of Fura-2 AM in the cell bodies, and the solutions flooded using a time-

locked stimulation protocol. The same imaging area was recorded upon both terminal 

and somal applications of KCl.  
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Figure 3.1 - Schematic representation of the sequential application of 100 mM KCl 
in the terminal and somal compartments in three-compartment microfluidic 
chambers. Calcium transients were recorded in the Fura-2 loaded somata with 
intermittent light excitation.  

The application of high K+ in the compartments resulted in time-locked 

calcium transients within seconds of opening of the corresponding magnetic valve. 

Upon terminal stimulation large calcium transients were evoked in the somata, 

peaking to their maximal value, and decaying rapidly to return to pre-stimuli levels; 

the amplitude of calcium transients decreased slightly upon repeated terminal 

stimulations (Figure 3.2). A cell was d eemed depolarised if chemical stimulation 

resulted in a robust calcium transient. Somal stimulation on the other hand triggered 

calcium transients with a steep upstroke, a larger amplitude, and a more prolonged 

response. Calcium levels did not return to baseline levels following the first stimulus; 

this did not however prevent robust transients upon further depolarisations. 

Interestingly, all cells depolarised upon the application of high K+ in the somal 

compartment, whilst a majority depolarised upon terminal application; this 

demonstrates that all cells were alive and vital, with most neurons projecting through 

the two arrays of microgrooves, and functionally responsive after 8 days in vitro.  
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Figure 3.2 - Neuronal responses upon repeated terminal and somal depolarisations. 
(A) Microfluidic compartments were stained with an anti-b-tubulin III antibody to 
reveal the neuritic extensions throughout the chamber (from left to right). Scale bar 
= 100 µm (B) From left to right: brightfield view, Fura-2 loaded cells at baseline, 
upon terminal and somal depolarisation. Scale bar = 100 µm. (C) Representative 
calcium transients recorded upon terminal depolarisation (top), and somal 
depolarisation (bottom) of the cells highlighted with arrowheads in (B). 
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3.3 Phenotypic characterisation of neonatal neurons cultured in microfluidic 
chambers 

The sole incubation of nerve growth factor in postnatal day 0 neurons over 8 

days in vitro, likely selects for the survival and projection of small-sized neurons. To 

test this hypothesis and determine the phenotype of neonatal neurons cultured in this 

system, the cell size profile of the neuronal population was drawn by measuring 

individual diameters (d). Cultures were then stained with the monoclonal antibody 

N52, which recognises both phosphorylated and non-phosphorylated forms of 

neurofilament expressed mainly in larger neurons, a population considered to 

subserve non-nociceptive functions (Lawson and Waddell, 1991). Cell bodies 

positively stained with N52 (N52+) essentially identify the largely non-nociceptive 

A-type neurons, whilst those negatively stained (N52-) label the largely nociceptive 

C-type neurons (Lawson et al., 1984, 1993). To confirm that the monoclonal 

antibody N52 predominantly labels larger neurons, the diameter of the entire 

neonatal population was assessed after 8 DIV, and the cell surface area profile drawn 

(A = p r2;; Figure 3.5). Neonatal preparations were also stained the isolectin B4, 

which binds a-galactose residues expressed in non-peptidergic neurons (Lawson et 

al., 1984, 1993; Matheson et al., 1997; Baudet et al., 2000; Fullmer et al., 2004; Fang 

et al., 2006). 

The vast majority of neurons were characterised by a diameter of 8 – 17 µm, 

with a mean value of 14 ± 1 µm (nneurons = 329; nexperiments = 5) (Figure 3.3); the 

median cell size of rat DRG neurons during the first postnatal week is estimated at 

18 µm (Lawson et al., 1974). 55 ± 7 % of terminally-responsive neurons were 

positively labelled with the monoclonal antibody N52 (nneurons = 193; nexperiments = 4; 

Figure 3.4); the mean surface area of the N52+ neurons reached 226 ± 18 µm2, whilst 

that in the N52- population averaged 148 ± 5 µm2 (nneurons = 329; nexperiments = 5), the 

difference in the surface area between these groups was statistically significant (p < 

0.01; two-sample Kolmogorov-Smirnov test). 29 ± 4 % of projecting neurons stained 

with the IB4 – FITC conjugate (nneurons = 213; nexperiments = 3; Figure 3.6). This set of 

experiments shows the preferential survival of small diameter neurons, with an 

approximate half of the terminally-responsive neurons with putative A-type 

characteristics; the N52 cell size profile also ascertains that the antibody binds larger 
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diameter neurons, consistent with the morphology of A-type neurons. It is interesting 

that, despite the absence of GDNF-mediated Ret signalling, a fraction of non-

peptidergic neurons persists in these preparations. 

 

Figure 3.3 – Small diameter neurons are sustained by the sole incubation of NGF in 
P0 microfluidic cultures. (A) Brightfield picture of a P0 culture incubated for 8 days 
in vitro (left), with the mean cell diameter. Scale bar = 100 µm. (B) Histogram of the 
percentage of neonatal neurons, as a function of their cell diameter.  
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Figure 3.4 – Approximately half of neonatal neurons cultured in microfluidic 
chambers are putative A-type neurons. (A) From left to right: brightfield picture of a 
neonatal culture after 8 DIV, stained with N52, and the merged picture. Scale bar = 
100 µm. (B) Percentage of terminally responsive neurons that were positively 
labelled with the N52 antibody.  
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 Figure 3.5 – The monoclonal antibody N52 stains predominantly larger diameter 
neurons. (A) Cell size profile of neurons that positively (green line) and negatively 
(black line) stained with N52. (B) Mean surface area of neurons positively and 
negatively stained with N52 (p < 0.01; two-sample Kolmogorov-Smirnov test).  
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Figure 3.6 – A minority of neonatal neurons cultured in microfluidic chambers are of 
the non-peptidergic type. (A) From left to right: brightfield picture of a neonatal 
culture after 8 DIV, stained with IB4-FITC conjugate, and the merged picture. Scale 
bar = 50 µm. (B) Percentage of terminally responsive neurons that were positively 
labelled with IB4.  
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3.4 Visualisation of the projecting neurons 

Neurites extend progressively through the two arrays of microgrooves in 

microfluidic chambers. In order to identify the proportion of neurons that projected 

into the most distal compartment after 8 DIV, the fluorescent tracer DiI was 

incubated overnight onto the terminals for retrograde transport (Figure 3.7). Neurites 

that reached the terminal compartment were exposed to DiI and therefore actively 

transported the dye back to the somata, whilst neurites extending solely through the 

first array of microgrooves were not in contact with DiI, hence unable to transport 

the dye. After an overnight incubation, 72 ��3 % (nneurons = 507; nexperiments = 5) were 

labelled with the dye (see Figure 3.8). This shows that a majority of neurons extend 

through the two arrays of microgrooves, and validates the chemotactic potency of the 

NGF gradient.  

 

 

Figure 3.7 – Schematic representation of the incubation of the fluorescent retrograde 
tracer DiI and the application of the non-selective depolarising agent 100 mM KCl 
in the terminal and somal compartments. Calcium transients were recorded in the 
Fura-2 loaded somata with intermittent light excitation. 
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Figure 3.8 - The majority of neurons project through the two arrays of microgrooves 
in the three-compartment system. (A) The fluorescent tracer DiI is incubated in the 
terminal compartment of a P0 culture for retrograde transport overnight. Scale bar 
= 100 µm. (B) From left to right: brightfield picture of a neonatal culture, the same 
field is assessed for DiI labelling after overnight incubation, and their overlay. Scale 
= 100 µm. (C) Percentage of vital cells that are DiI-labelled after overnight 
incubation.  
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3.5 Overlap between retrograde transport and functional response 

In order to assess the functionality of the projecting neurons, the non-selective 

depolarising agent 100 mM KCl was applied in the terminal and somal 

compartments, and the evoked calcium peaks recorded by ratiometric calcium 

imaging with Fura-2 AM, whilst DiI was similarly incubated overnight in the distal 

compartment (see Figure 3.7). As expected, the high K+ concentration depolarised all 

the cell bodies: neurons were alive and vital (nneurons = 507; nexperiments = 5; Figure 

3.9). 72 � 3 % of the cells bodies labelled with DiI, showing that the majority of 

neurons projected successfully into the terminal compartment (Figure 3.8). Of the 

DiI-labelled cells, 83 � 1 % displayed robust calcium transients when stimulated at 

the terminals, demonstrating the excitability of the terminals and the ability of these 

neurons to propagate trains of action potentials along the entire neuritic length. Of 

note, experiments with lidocaine in the following chapter show that spike conduction 

relies entirely on the activation of voltage-gated sodium channels (see Figure 4.3). 

Interestingly, 11 �  2 % of the responsive cells did not label with DiI. The 

combination of DiI retrograde transport and functional responsiveness demonstrates 

that, after 8 DIV, the majority of neonatal neurons extend through the two arrays of 

microgrooves with the machinery for both retrograde transport and impulse 

propagation functional.  
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Figure 3.9 - Extent of overlap between functional responsiveness and retrograde 
transport in neonatal neurons. (A) From left to right: brightfield picture of a 
neonatal culture, overlay of the DiI labelled population, the terminally responsive 
one, and the merged pictures. Scale bar = 100 µm. (B) Schematic representation of 
the overlap between the two populations. 
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3.6 Neuronal depolarisation is inducible throughout the entire neuritic length  

In order to assess the regional excitability of neurons in the microfluidic 

system, a high K+ concentration was successively applied in the terminal, axonal, 

and somal compartments, as illustrated in Figure 3.10. As expected, the non-selective 

depolarising agent 100 mM KCl excited all neurons upon somal application (nneurons 

= 287; nexperiments = 5). 66 ± 5 % of the cells were depolarised upon terminal 

stimulation, whilst 69 ± 5 % were responsive upon axonal stimulation (Figure 3.11). 

Interestingly, 7 ± 4 % of the neurons displayed robust calcium transients upon 

terminal application of high K+, whilst unresponsive upon axonal application, likely 

due to incomplete cellular recovery. Conversely, 10 ± 5 % of the neurons were 

depolarised upon axonal stimulation, yet unresponsive upon terminal application, 

indicating the crossing of a single array of microgrooves in this subset of neurons. 

Altogether, this shows that the majority of neurons are functionally excitable 

throughout the entire neuritic length.  

 

 

Figure 3.10 – Schematic representation of the successive stimulation of the terminal, 
axonal, and somal compartments to assess regional neuronal excitability. Calcium 
transients were recorded in the Fura-2 loaded somata with intermittent light 
excitation. 
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Figure 3.11 – Neurons are excitable throughout the entire neuritic length. (A) From 
left to right, top to bottom: brightfield picture of a neonatal culture, overlay of the 
functionally responsive population upon stimulation on the terminal compartment, 
on the axonal compartment, and the merged populations. Scale bar = 100 µm. (B) 
Schematic representation of the overlap between neurons responding upon axonal 
stimulation, and neurons responding upon terminal stimulation.  
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3.7 Extent of neuronal tachyphylaxis upon repeated stimulations 

In order to assess the reproducibility of neuronal responses upon repeated 

terminal stimulations, 100 mM KCl was repeatedly applied in the distal 

compartment, and neurons allowed to recover for 5 minutes in-between stimuli 

(Figure 3.12). Neurons responding to the first KCl application were selected, and set 

as the 100 % value. Of note, cells that failed to depolarise upon the first stimulation 

were not excited upon further applications. Cultures were imaged at 8 DIV to ensure 

a large axonal network throughout the compartments. Neurons consistently 

responded to terminal depolarisations, with only 12 ± 3 % of neurons failing to 

respond by the sixth application, increasing to 30 ± 8 % on the ninth application 

(nneurons = 201; nexperiments = 7; see Figure 3.14). This set of experiments was used as a 

control to compare the effects of pharmacological agents relative to the extent of 

neuronal rundown upon repeated stimulations; it also indicated that subsequent 

experiments ought to stimulate the terminal arbor up to six times to optimise 

neuronal responsiveness and reduce variability.  

 
 

 

Figure 3.12 – Schematic representation of the repeated stimulation of the terminal 
compartment with x mM KCl. Calcium transients were recorded in the Fura-2 
loaded somata with intermittent light excitation. 
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Figure 3.13 - Quantification of the somal responses to successive terminal 
depolarisations in neonatal cultures. (A) From left to right: Fura-2 loaded cells at 
baseline, upon the first, third, fifth, seventh, and ninth KCl terminal applications. 
Scale bar = 100 µm. (B) Representative calcium transients recorded in the cell 
bodies of three neurons (arrowheads) depolarised by 9 successive KCl applications 
in the terminals. 
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Figure 3.14 - Percentage of neurons responding upon repeated 100 mM KCl 
applications in the terminal compartment. 
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3.8 The optimal inter-stimuli recovery period 

In order to optimise the reproducibility of neuronal responses upon repeated 

terminal depolarisations, the inter-stimuli recovery period was altered from 30 

seconds to 10 minutes; 100 mM KCl was therefore repeatedly applied, and the 

buffering solution ECF incubated for either 30 seconds, 2 minutes and a half, 5 

minutes, or 10 minutes in-between stimuli (see Figure 3.15). When comparing the 

reproducibility of neuronal responses as a function of the number of KCl stimuli 

(Figure 3.16 A), the 5’ recovery period (nneurons  = 201; nexperiments = 7) resulted in the 

least rundown. The 30 s inter-stimuli period (nneurons = 110; nexperiments = 4) lead on the 

other hand to considerable tachyphylaxis from the 2nd KCl stimulus onwards, likely 

attributable to an insufficient recovery period. Neuronal rundown was not as 

pronounced with the 10’ (nneurons  = 113; nexperiments = 5), or 2’30 recovery periods 

(nneurons = 110; nexperiments = 5), yet failed to attain the reproducibility levels achieved 

with a 5’ inter-stimuli ECF flow. Plotting neuronal responsiveness as a function of 

the cumulative recovery periods revealed the effect of time on tachyphylaxis (Figure 

3.16 B). Whilst responsiveness decreased drastically within the first 10 minutes with 

both the 30 s and 2’30 recovery protocols, the extent of rundown with the 5’ and 10’ 

recovery protocols was comparable up to 40 minutes. A more prolonged incubatory 

period resulted however in a linear decline in responsiveness with the 10’ protocol, 

possibly reflecting the progressive photobleaching of the calcium indicator upon 

sustained stimulation. A time-series regression was run to predict the percentage of 

neuronal response from the time of KCl stimulus, and the recovery time in-between 

stimuli, modelling an AR1 process using the Cochrane-Orcutt method (data from 

Figure 3.16 B). The time-series regression model statistically significantly predicted 

the percentage of neuronal response, F(2,86) = 9.91, *** p < 0.001, adj. R2 = 0.16. 

Both variables added statistically significantly to the prediction (** p < 0.01); the 

recovery time is therefore a statistically useful predictor of the extent of neuronal 

responsiveness.  Collectively, this demonstrates that a 5’ recovery period results in 

the least tachyphylaxis, and was therefore observed in all subsequent experiments.  
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Figure 3.15 – Neuronal responsiveness depends on the interstimulus recovery time. 
(A) Representative calcium transients of a single dorsal root ganglion neuron with a 
5 minutes recovery period between KCl stimulations on the terminal compartment. 
(B) Calcium transients evoked by the repeated terminal depolarisation of another 
neuron with a 2 minutes and a half recovery period. (C) Calcium transients evoked 
by repeated KCl stimulations on the terminal compartment with a 30 seconds 
recovery period. In all experiments the non-selective depolarising agent 100 mM 
KCl was applied for 30 seconds – the length of the traces on the graphs are 
representative of the respective durations of the stimulant and buffer applications.  
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Figure 3.16 – Neuronal responsiveness upon repeated terminal stimulations, as a 
function of KCl stimuli (A) and time of stimulation (B). Percentage of neurons that 
respond to repeated stimulations with 100 mM KCl on the terminal compartment 
with an inter-stimulus recovery period of 5 minutes (black line), 2 minutes and a half 
(dark grey line), 10 minutes (grey), and 30 seconds (light grey). These graphs are 
drawn from the same set of data.  
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3.9 The optimal potassium concentration to depolarise neuritic extensions 

In order to determine the concentration of potassium chloride that optimally 

depolarises neuritic extensions, a range of isotonic KCl concentrations, from 10 to 

100 mM, was applied in the terminal compartment (see Figure 3.12). Terminals were 

incubated with ECF for 5 minutes in-between stimuli to allow for recovery (see 

Figure 3.16). In this set of experiments, cell depolarised to any KCl applications 

were included for analysis. The application of 10 – 15 mM KCl resulted in a sub-

optimal stimulation of the functionally-responsive population, with about half of the 

neurons depolarised (nneurons = 124; nexperiments = 5; Figure 3.17); in contrast, the 

application of 30 – 100 mM excited nearly twice as many neurons, demonstrating the 

effective depolarisation with KCl concentrations equal to, or exceeding 30 mM. To 

further investigate the reproducibility of neuronal responsiveness with high K+ 

applications, 30 mM and 100 mM KCl were repeatedly applied to the terminal 

compartment in a separate set of experiments (Figure 3.17 C). Both concentrations 

resulted in a near-maximal responsiveness with up to 3 stimulations; neuronal 

tachyphylaxis was however more pronounced with the repeated application of 30 

mM KCl (nneurons = 133; nexperiments = 4), with an additional 20 % of neurons failing to 

respond by the 7th KCl stimulus, relative to the application of 100 mM KCl (nneurons = 

201; nexperiments = 7). A weighted least-squares (WLS) regression was run to predict 

neuronal response from the number of KCl stimuli, and the concentration of KCl. 

The WLS model statistically significantly predicted % of neurons responding, 

F(2,85) = 53.421, *** p < 0.001, adj. R2 = 0.547. Both variables added statistically 

significantly to the prediction (* p < 0.05); the KCl concentration is therefore a 

statistically useful predictor of neuronal responsiveness. Taken together, these 

experiments show that 100 mM KCl optimally depolarises neuritic extensions, with 

little tachyphylaxis over repeated applications; this concentration was henceforward 

selected to stimulate the terminal arbor. 
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Figure 3.17 – The extent of responsiveness and reproducibility of neuronal 
depolarisations depends on the concentration of potassium chloride applied. (A) 
Representative calcium transients of two dorsal root ganglia neurons upon 
increasing concentrations of KCl successively applied in the terminal compartment. 
(B) Percentage of neurons that respond to increasing concentrations of potassium 
chloride. (C) Percentage of neurons that respond to repeated applications of 30 mM 
KCl (light orange), and 100 mM KCl (dark orange) to the terminals. 
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3.10 Discussion  

After 8 days in vitro, an extensive axonal network extends through the 

microfluidic compartments, the machinery for axonal transport is operational, and 

voltage-gated ion channels are sufficiently expressed for the effective initiation and 

propagation of action potentials in the system. An optimised depolarising protocol 

was also established to repeatedly stimulate the distal axonal segments with a high 

degree of reproducibility. These sets of experiments therefore provide the foundation 

to henceforward probe the conductile properties of action potential propagation in 

vitro.  

The culture of neonatal sensory neurons in vitro 

The dissociation of dorsal root ganglia releases a plethora of cell types, 

including fibroblasts, Schwann cells, and sensory cell bodies. The anti-mitotic 

cytosine arabinoside was incubated in these preparations to inhibit the proliferation 

of non-neuronal cells, hence enriching the cultures in neurons (Martin et al., 1990). 

The presence of sensory neurons was evidenced by their circular morphology, and 

characteristically appeared phase bright under phase contrast microscopy. Somata 

ranged from 5 to 30 µm in diameter (Figure 3.3), and grew neurites that projected 

within 2 – 3 DIV in the axonal compartment, and within 3 – 4 DIV in the terminal 

compartment. Immunolabelling against bIII-tubulin, a neuron-specific microtubule 

expressed in the developing and mature cytoskeleton (Katsetos et al., 2003), revealed 

the extent of neuritic arborisation after 8 DIV (Figure 3.2 A). 

The nerve growth gradient applied in the microfluidic system acted as a potent 

trophic and chemotactic agent. Concentrations as low as 10 ng/mL NGF in the side 

compartments of Campenot chambers robustly stimulate neuritic outgrowth in 

neonatal cultures (Kimpinski et al., 1997); it is therefore of no surprise that neurites 

extended readily through both arrays of microgrooves with the incubation of 200 

ng/mL NGF distally, a concentration that far exceeds the picomolar range secreted 

by peripheral targets in vivo, and optimally supports sensory neurons in cultures 

(Meakin and Shooter, 1992; Rydén et al., 1997).  
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The sole incubation of NGF in these preparations likely sustains TrkA-

expressing neurons, as the absence of other members of the neurotrophin family, i.e. 

BDNF, NT-3, and NT-4, does not support TrkB- and TrkC-expressing neurons. 

Global Bdnf and Nt4 mutant mice demonstrate a loss of mechano-receptive neurons, 

including Meissner corpuscles and a fraction of Pacinian corpuscles (González-

Martínez et al., 2004, 2005; Sedý et al., 2004), whilst Nt3 deficient mice show a loss 

of proprioceptive afferents (Ernfors et al., 1994; Klein, 1994); neonatal neurons are 

highly dependent on Trk signalling, the absence of those ligands therefore selects 

against those subpopulations (Valdés-Sánchez et al., 2010).  

An approximate quarter of neonatal neurons stained with isolectin B4, despite 

the absence of GDNF in these cultures (Figure 3.6). Following waves of 

neurogenesis, the majority of DRG neurons initiate TrkA expression and require 

NGF for survival, as the absence of the neurotrophin or the cognate receptor leads to 

the necrosis of this population (Smeyne et al., 1994; White et al., 1996; Rice et al., 

1998). A separate nociceptive subpopulation starts emerging from E12, characterised 

by the expression of the transmembrane signalling component Ret, a constitutive 

component of the tyrosine kinase receptor for GDNF, forming a TrkA-, Ret+ non-

peptidergic subset (Luo et al., 2007). Most Ret+ neurons emerge, however, during 

late embryonic development. These neurons initially express TrkA, with the 

concomitant Ret expression starting as early as E16; TrkA is then downregulated 

under the control of the transcription factor Runx1, which then acts as a TkrA 

repressor neonatally (Molliver et al., 1997; Molliver and Snider, 1997). The 

segregation into distinct TrkA+ and Ret+ populations is complete within 2 – 3 weeks 

neonatally, with the non-peptidergic subset representing an estimated 44 % of the 

total neuronal population (Baudet et al., 2000). Conditional knockout of Ret in DRG 

neurons does not lead to significant neuronal loss, but rather prevents the 

differentiation into the non-peptidergic phenotype (Luo et al., 2007). Hence, at birth, 

a fraction of the non-peptidergic population is already present, whilst full 

differentiation requires Ret binding, accounting for the relatively low proportion of 

IB4
+

 neurons in these preparations.  
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High potassium concentrations depolarise neonatal neurons  

The application of high K+ in the somal and terminal compartments evoked 

robust calcium transients (Figure 3.2). Figure 3.18 depicts the changes in ionic 

concentrations across the membrane upon the application of ECF and 100 mM KCl. 

The respective reversal potential may be derived from the Goldman-Hodgkin-Katz 

equation, defined as: 

!" = 	%&' ln *+, -./ 012 + *4 5/ 012 + *67 89: ;<	
*+, -./ ;< + *4 5/ ;< + *67 89: 012

 

where R = 8.314 J/K/mol, T = 294.15 K (21˚C), F = 96485 C/mol, and pK : pNa : pCl = 

1 : 0.05 : 0.45, yielding a Vm {ECF} = - 66 mV, consistent with whole-cell patch 

clamp recordings in neonatal DRG cultures where the resting membrane potential is 

estimated at ~ - 60 mV throughout neuronal regions (Wang et al., 1994), and Vm 

{100 mM KCl} = - 19 mV, indicative of a substantial depolarisation.   

 

Figure 3.18 – Schematic representation of the intra- and extra-cellular 
concentrations with the application of ECF (left), and 100 mM KCl (right). 
Intracellular neuronal concentrations are derived from Barnett and Larkman, 2007. 
All concentrations are expressed in millimolar (mM); Vm stands for membrane 
potential. A- represent large intracellular anionic charges, carried by impermeable 
proteins.  
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Cell bodies were therefore directly depolarised upon the somal application of 

100 mM KCl. Voltage-gated calcium channels are abundantly expressed on the 

plasma membrane of sensory neurons with both low voltage- (T type) and high 

voltage-activated (N, L, P, R/Q types) channels present (Scroggs and Fox, 1992). 

High K+ likely activates both types of VGCCs, leading to the influx of calcium ions 

down their electrochemical gradient. The increase in cytosolic calcium 

concentrations triggers in turn the release of calcium from intracellular stores, 

dominated by the opening of calcium-permeant ryanodine receptors expressed on the 

endoplasmic reticulum (Kano et al., 1995). Once the depolarising solution is washed 

off, VGCCs return to their resting state, and the increased intracellular calcium levels 

are displaced from the cytosol to re-establish the initial concentration gradient: the 

sarco-/endoplasmic reticulum calcium ATPase and the mitochondrial calcium 

uniporter seclude calcium in intracellular organelles during cytosolic calcium 

elevations, whilst the plasma membrane calcium ATPase (PMCA) and the sodium-

calcium exchanger (NCX) extrude calcium from the cell (Duchen, 1999; Berridge et 

al., 2003). 

Calcium transients detected by Fura-2 imaging may alternatively reflect the 

intracellular release of calcium that underlies calcium waves, thought to promote 

neuritic outgrowth in developing neurons (Holliday et al., 1991). This is however 

extremely unlikely, due to their characteristic temporal kinetics, the amplitude of 

calcium transients evoked, and their frequency of propagation. Calcium waves rise 

and decay at a rate consistent with calcium diffusion, within minutes, and result in 

modest elevations of calcium levels intracellularly (Gu et al., 1994). This contrasts 

with the substantial time-locked calcium peaks evoked upon depolarisation, which 

subside upon the wash of the depolarising solution. 

The application of high K+ on the terminal arbor also resulted in robust 

calcium transients (Figure 3.2). The increase in cytoplasmic calcic concentrations 

cannot be attributed to the direct depolarisation of the cell bodies by the stimulant in 

this instance. The distal compartment, where 100 mM KCl was intermittently 

applied, was continuously filled with a lesser volume than the other two 

compartments, ensuring that the depolarising solution could not diffuse through the 

arrays of microgrooves. Radioisotopic experiments carried out in microfluidic 
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chambers have shown that compartments are fluidically isolated for up to 24 hours 

when adjacent reservoirs are filled with an equal volume; experiments lasted up to 2 

hours, inconsistent with the diffusion of solutions across the grooves (Clark, 2014). 

Instead, the application of KCl depolarised the terminal arbor, with the membrane 

potential (Vm ~ - 19 mV) reaching the half-maximal activation threshold for nearly 

all isoforms expressed in sensory neurons (see Table 3.1). This triggered the 

activation and opening of the vast majority of sodium channels distally, initiating 

trains of action potentials conducted along the entire neuritic length, to eventually 

depolarise the somal membrane. The blockade of all neurons upon the application of 

high concentrations of lidocaine along the axonal length in the following chapter 

confirms this hypothesis (see Figure 4.3).  

VGSC V1/2  References 

TTX-s - 26 mV Roy and Narahashi, 1992 

Nav1.1 - 33 mV  to - 7.5 mV Clare et al., 2000;  
Mantegazza et al., 2005 

Nav1.2 - 24 mV  to + 6 mV   Mantegazza et al., 2001; 
 Qu et al., 2001  

Nav1.3 - 29 mV to - 12 mV   Cummins et al., 2001;  
Meadows et al., 2002 

Nav1.6 - 29 mV  to – 8.5 mV   Smith et al., 1998;  
Burbidge et al., 2002 

Nav1.7 - 27 mV  to - 25 mV   Chevrier et al., 2004;  
Cummins et al., 2004 

TTX-r - 11 mV Roy and Narahashi, 1992 

Nav1.5 - 44 mV  to - 41 mV   Zeng et al., 1996;  
Sheets and Hanck, 1999 

Nav1.8 - 16 mV  to + 10.3 mV   Cummins and Waxman, 1997; 
Vijayaragavan et al., 2004 

Nav1.9 - 54 mV  to - 32 mV   Cummins et al., 1999; Herzog et 
al., 2001; Rugiero et al., 2003 

Table 3.1 - Summary of the ranges of voltage-dependence of half-maximal activation 
(V1/2) of the sodium channel isoforms expressed in sensory neurons; values are 
derived from electrophysiological recordings of either rodent or human recombinant 
sodium channels expressed in heterologous expression systems.  
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Accordingly, calcium transients evoked either by direct depolarisation, or as a 

consequence of terminal depolarisation, displayed distinct profiles (Figure 3.2). 

Firstly, the amplitude of the calcium elevations triggered by somal stimulation was 

consistently greater than that evoked upon terminal application; the direct activation 

and opening of voltage-dependent calcium channels is likely to account for this 

difference. Secondly, calcium transients evoked upon direct stimulation remained 

elevated for the duration of the stimulus, whilst that triggered by terminal stimulation 

decayed rapidly. Somal application of high K+ results in the persistent depolarisation 

of the cell bodies, hence continuously activating and opening plasmalemmal VGCCs, 

leading to substantial calcium influxes. Terminal stimulation on the other hand 

triggers trains of action potentials, with an increasing fraction of VGSCs that enter a 

slow-inactivated state, and the rapid accumulation of calcium intracellularly, leading 

to conduction failures (Bostock and Grafe, 1985; De Col et al., 2008). The slower 

kinetic properties of potassium channels may also shunt the current of propagating 

action potentials at sites of lower safety factor of transmission, increasing 

susceptibility to failures (Luscher et al., 1994a). Finally, calcium levels remained 

elevated following somal stimulation, whilst returned to baseline values upon 

terminal application, likely to reflect the overwhelming of calcic sequestration and 

extrusion mechanisms in the former.  

The extent of arborisation and functional maturity of neuritic outgrowths in 

microfluidic chambers 

The incubation of the carbocyanine DiI in the most distal compartment 

revealed the successful extension of neurites through the microfluidic system after 8 

day in vitro (Figure 3.7). Carbocyanine dyes consist of a family of chemically-related 

crystal dyes that display high fluorescence in living tissue (Godement et al., 1987). 

Evidence suggests that DiI may be transported via two distinct mechanisms. The 

lipophilic tracer diffuses laterally within the plane of the membrane to label non-

selectively neurons, a process that takes weeks to retrogradely label neurons with 

long projections with an estimated rate of 2 mm/month (Honig and Hume, 1986; 

Vercelli et al., 2000). In living cells constitutive endocytosis of plasma membrane 

fragments containing the tracer are ingested as part of lipid turnover, with the 

retrograde transport of labelled vesicles estimated at 6 mm/day (Honig and Hume, 
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1986). In three-compartment microfluidic chambers neurites extend over 2 mm, 

through the two arrays of microgrooves, to reach the terminal compartment where 

the dye is incubated. Due to its slow rate of labelling, lateral diffusion cannot account 

for the somal accumulation of the dye within the incubation timeframe. Assuming a 

constant rate of retrograde transport of 6 mm/day, overnight incubation allows a 

sufficient timeframe for the identification of projecting cells with neurites extending 

over 3 mm. The internalisation of DiI in living cells also implies that transneuronal 

labelling between axons in close proximity is extremely unlikely: DiI selectively 

labels projecting cells (Holmqvist et al., 1992; Köbbert et al., 2000). Finally, the 

diffusion of the tracer into the axonal compartment is not conceivable as an excess 

volume of medium was incubated in the middle compartment relative to the distal 

one, ensuring the fluidic isolation of the dye.  

An approximate quarter of neurons failed to label with the crystal; these 

neurons were alive and vital, as evidenced by the robust calcium transients evoked 

upon somal depolarisation. Neuritic extensions from these neurons were likely 

restricted to the axonal compartment: unexposed to the tracer, these neurons cannot 

accumulate DiI at the somata. This may either arise from an incomplete maturation 

of neuritic processes, where a prolonged incubatory period would allow the 

extension of neurites into the most distal compartment, or the inability of NGF to 

chemotactically attract neurites in a subset of neurons. Alternatively, neurites may 

reach the terminal compartment, yet fail to effectively transport the dye back. 

Dynein-mediated endosomal transport, as revealed by quantum dot NGF-labelling, is 

characteristed by pauses, with the rate of retrograde transport varying between 

neurons (Zhang et al., 2010); some projecting cells may therefore require a longer 

incubation period to accumulate sufficient levels of DiI to become detectable. 

Additionally, the complete maturation of the neuritic cytoskeleton may require a 

longer incubatory period to transport endosomal vesicles back to the somata.  

The large overlap between the DiI-labelled and functionally-responsive 

populations demonstrates that, following a week in vitro, the majority of neurons 

have the energy-dependent machinery for axonal transport functional, and a 

sufficient axolemmal expression of voltage-gated sodium channels for impulse 

propagation (Figure 3.9). There are however a few inconsistencies that need 
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consideration. Firstly, 12 % of the terminally-responsive neurons did not co-label 

with the dye. Neuritic extensions have evidently crossed both arrays of microgrooves 

as propagating action potentials; this anomaly is likely due to a somal accumulation 

of the dye falling just below the detection threshold. Cell bodies in close proximity 

did not necessarily depolarise upon terminal excitation, which precludes paracrine 

cross-excitation, due to either glutamate or substance P release, as a possible 

mechanistic explanation (Matsuka et al., 2001). Conversely, 14 % of DiI-labelled 

neurons failed to display robust calcium transients upon terminal stimulation. 

Evidence suggests that the ability to initiate and sustain repetitive firing develops 

gradually during development, with a mere 60 % of neurons able to conduct trains of 

action potentials upon current injection neonatally; a longer incubation period may 

therefore be required for the sufficient expression of VGSCs along the entire neuritic 

length in this subpopulation (Lechner et al., 2009). Finally, about a tenth of neurons 

failed to label with DiI and were terminally unresponsive; neuritic extensions from 

these neurons likely fell short of crossing both arrays of microgrooves. During 

perinatal development, neonatal neurons become progressively independent of 

growth factors for survival, whilst the downregulation of TrkA reduces dramatically 

NGF chemoattractiveness in a subset of nociceptors: a fraction of neonatal neurons 

may therefore persist, without the need to project into the most distal compartment 

(Bennett et al., 1996; Molliver et al., 1997; Valdés-Sánchez et al., 2010). 

Additionally, NGF-dependent neurons traversing a sole array of microgrooves may 

be optimally supported. Radioisotopic experiments in two-compartments 

microfluidic chambers show a 1.5 % transfer in radioactivity over the course of 24h 

upon a 40 µL hydrostatic pressure imbalance (Clark, 2014). Assuming a similar rate 

of diffusion in three-compartment microfluidic chambers, NGF reaches an 

approximate 3 ng/mL in the axonal compartment, a concentration sufficient for the 

survival of TrkA-expressing neurons (Meakin and Shooter, 1992).  

The sequential application of KCl in the terminal, and axonal compartments 

favours both hypotheses (Figure 3.11): whilst the majority of neurons were 

depolarised throughout the neuritic length, 10 % of neurons were exclusively 

depolarised upon axonal stimulation, indicating the crossing of a single array of 

microgrooves, and an additional 15 % of neurons failed to respond to either 

stimulation, suggesting the confinement of the neuritic extensions to the somal 
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compartment. Surprisingly, a fraction of neurons initially depolarised when 

stimulated at the terminal arbor, but failed to respond upon axonal stimulation. These 

neurons have evidently crossed both arrays of microgrooves and express a sufficient 

density of VGSCs for the initiation and propagation of action potentials. A likely 

explanation for this phenomenon lies in the decrease in neuronal responsiveness 

upon repeated stimulations, a process known as tachyphylaxis (Dessirier et al., 

2000).  

Optimising the reproducibility of neuronal responsiveness in microfluidic 

chambers 

The repeated stimulation of the terminals with a high concentration of K+ 

resulted in a gradual decrease in neuronal responsiveness, with up to a third of 

neurons initially depolarised failing to respond by the ninth stimulus (Figure 3.14). 

Several factors are likely to contribute to this progressive rundown, as intricate 

changes in transmembrane ionic concentrations occur as a result of spike discharges. 

A single spike for instance leads to the loss, per cm2 of nerve membrane, of 1 - 4 

pmol/cm2 of K+ ions, and the gain of 0.03 pmol/cm2 Ca2+ ions and 3 - 5 pmol/cm2 of 

Na+ ions, the removal of which requires both diffusive and energy-consuming pumps 

to re-establish the resting membrane potential (Cohen and De Weer, 1977).   

 Membrane depolarisation activates and opens VGCCs along the entire neuritic 

length, which triggers in turn intracellular calcium release by RyR-mediated 

processes (Tsien and Tsien, 1990; Scroggs and Fox, 1992; Kano et al., 1995). 

Cytosolic displacement of calcium is effected by plasmalemmar ATP-operated 

pumps, as well as endoplasmic and mitochondrial sequestration mechanisms 

(Duchen, 1999; Berridge et al., 2003). Following trains of action potentials, the 

accumulation of intracellular calcium recovers very slowly, in the order of tens of 

seconds, leading to the inactivation of inward Ca2+ currents that contribute to the 

conductile function (Luscher et al., 1994a; Blair and Bean, 2002). Overwhelming of 

calcium extrusion mechanisms are however unlikely to account for the tachyphylaxis 

observed herein, as intracellular calcium levels, as detected by DF, return to baseline 

levels within a minute or so post-stimuli (Figure 3.2 and 3.13). 
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Spike discharges also lead to the accumulation of sodium and potassium ions 

across the membrane. Moles of K+ ions diffusing outwards are infinitesimal to the 

compartmental volume; periaxonal increase in potassium is therefore unlikely to 

affect impulse propagation. Intracellular sodium accumulation on the other hand may 

contribute to a progressive decrease in responsiveness. Na+ is essentially cleared by 

the Na+ / K+ ATPase pump, an antiporter enzyme that maintains and restores the 

resting membrane potential by pumping sodium ions out and potassiums ions in, in a 

3 : 2 ratio (Skou, 1957); the operation of this pump is considered the key determinant 

of energy consumption following impulse propagation. It is conceivable that 

repetitive depolarisations progressively deplete energy stores, affecting sodium 

clearance mechanisms, which impairs the ability of neurons to sustain further trains 

of action potentials. Following electrical stimulation, long lasting O2 consumption 

bursts, lasting 60 – 90 minutes, reflect the need to replenish high-energy phosphate 

reserves through mitochondrial oxidative phosphorylation (Baker, Connelly 66;  

Clarke et al., 2013).  

Neuronal tachyphylaxis is an important limitation to the experimental 

paradigm, as a potential confounding factor when testing the effects of 

pharmacological compounds on the propagation of action potentials. Two separate 

variables were therefore altered in this system to further enhance neuronal 

responsiveness, namely the depolarising concentration, and the inter-stimuli recovery 

period. Amending the latter aimed at increasing metabolic recovery upon intermittent 

stimulation (Figure 3.16). As expected, reducing the application of ECF to 30 

seconds lead to substantial tachyphylaxis, whilst a 2’30 or 5’ recovery resulted in 

little rundown. Surprisingly the increase in the recovery period, from 5’ to 10’, did 

not reduce tachyphylaxis. This suggests that beyond a 5’ inter-stimuli period, 

insufficient metabolic recovery cannot account for the rundown observed; instead, it 

probably reflects experimental artefacts. Upon sustained irradiation, the probability 

that the excited fluorophore reacts with oxygen to form a non-fluorescent compound, 

rather than emitting a photon and returning to a non-excited state, increases, 

compromising the detection of Ca2+ signals over time, a process known as 

photobleaching (Bootman et al., 2013). Prolonged illumination also induces reactive 

oxygen species, affecting cellular viability (Demaurex and Scorrano, 2009); both 
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factors likely jeopardise the fidelity of the calcium imaging technique in detecting 

impulse propagation over extended stimulation.    

Decreasing the concentration of KCl, on the other hand, aimed at reducing the 

rate of action potential discharge, hence metabolic stress. Assuming the same 

parameters as discussed previously the application of 10 – 100 mM KCl depolarised 

the membrane from – 66 mV to to – 19 mV (see Table 3.2). Surprisingly, the 

application of 10 mM and 15 mM KCl on the terminal arbor resulted in a suboptimal 

depolarisation of the neuronal population (Figure 3.17). The propensity of neurons to 

trigger trains of action potentials upon terminal depolarisation depends on the 

relative expression of voltage-gated sodium channels. Assuming a low density of Nav 

channel expression, a robust depolarisation may be required to activate and open a 

sufficient proportion of VGSCs to generate a cation influx that brings the membrane 

potential to its electrogenic threshold. The voltage threshold for action potential 

overshoot is estimated at – 30 to – 20 mV in sensory neurons, hence the larger the 

depolarisation, the greater the likelihood this threshold is reached (see Figure 3.19A; 

Raouf et al., 2012). The slight depolarisation induced by the 10 - 15 mM KCl 

applications, to a respective  – 59 mV to – 53 mV, may therefore solely trigger spike 

discharges in neurons with a relatively high density of VGSC expression. The 

density at the terminal tips may be particularly low, as neurites emerge into the 

terminal compartment the latest; a further incubatory period may therefore be 

required for the full maturation of VGSC expression in this region. Alternatively, the 

distal segment may inherently express a low density of Nav channels. In 

unmyelinated basket cells, Nav conductance increases twenty-fold in a stepwise 

manner along the axolemma, illustrating the fine-tuning of Nav density in neuritic 

regions (Hu and Jonas, 2014).  

The repertoire of sodium channels expressed along the axon is also a key 

determinant of neuronal excitability, due to their distinct electrophysiological 

properties (Figure 3.19 B). In cortical pyramidal neurons, the initial axonal segment 

is characterised by a high expression of Nav1.2 channels on the proximal fragment, 

and a high expression of Nav1.6 more distally; the latter display a low voltage-

dependence of activation, facilitating spike initiation in this region, whilst the former 

have a higher activation threshold, mediating backpropagation (Rush et al., 2005; Hu 
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et al., 2009). In sensory neurons, Nav1.7 displays slow closed-state inactivation 

properties, producing prominent ramp currents in response to small depolarisations, 

and underlies resurgent currents, hence acting as a threshold channel and a facilitator 

of high-frequency firing; the expression of this isoform at the terminal tips likely  

underlies spike initiation distally (Khaliq et al., 2003; Jarecki et al., 2010; Faber et 

al., 2012).  

Solution Membrane potential (mV) 
ECF - 66 

10 mM KCl - 59 

15 mM KCl - 53 

30 mM KCl - 42 

50 mM KCl -32 

100 mM KCl - 19 

Table 3.2 – Membrane potentials induced by the application of ECF and ascending 
concentrations of KCl, as derived from the Goldman-Hodgkin-Katz equation. 
Intracellular ionic concentrations were extracted from Barnett and Larkman, 2007. 

The clustering of sodium channels along the axonal membrane also 

determines the propagative properties of primary afferents. In myelinated fibres, the 

Nav1.1 and Nav1.6 isoforms are highly expressed in nodes of Ranvier to facilitate 

saltatory conduction (Caldwell et al., 2000; Duflocq et al., 2008). The absence of 

Schwann cells in these preparations implies that A-type axons cannot become 

ensheathed with myelin; this does not however prevent the emergence of nodal-like 

structures in these fibres. In hippocampal neurons, clusters of Nav channels that co-

localise with scaffold proteins, such as ankyrinG and nodal cell adhesion molecules, 

have beeen detected prior to myelin deposition (Freeman et al., 2015). A growing 

body of evidence also indicates the existence of Nav clusters in unmyelinated fibres, 

underpinning micro-saltatory conduction. Electron microscopy experiments have 

revealed the presence of subaxolemmal electron-dense patches, structurally similar to 

nodes of Ranvier in both neonatal and adult unmyelinated retinal fibres, thought to 

act as electrogenic hotspots (Black et al., 1983; Hildebrand and Waxman, 1983). In 

cultured Aplasia californica neurons, immunofluorescent labelling of Nav channels 

have corroborated the clustering of sodium channels along the axons, with theoretical 
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calculations estimating the requirement of 30 – 60 % fewer Nav channels for the 

propagation of action potentials with such a distribution; conduction velocity 

increases up to 150 % with nodal-like clusters in unmyelinated hippocampal neurons 

(Johnston et al., 1996; Freeman et al., 2015). Pristera et al. have recently provided 

the first piece of evidence that Nav1.8, a channel pivotal to the inward currents in 

nociceptive neurons, associate with freely floating lipid rafts on the plasmalemma to 

form nodal-like structures (2012). Conversely, the disruption of lipid rafts using 

methyl-b-cyclodextrin, an agent that depletes cholesterol from the cell membrane, 

crucial for the stability of these structures, lead to the re-organisation of Nav1.8 

channels to non-raft portions of the membrane, reducing action potential firing and 

propagation. High density clusters in unmyelinated axons are thought to act as 

islands of increased excitability, enhancing the fidelity of spike conduction and its 

velocity (Zeng and Tang, 2009).  

On the other hand, the application of 30 mM, 50 mM, and 100 mM KCl 

optimally depolarised neurons, reflecting the need to robustly depolarise the 

membrane to repeatedly evoke trains of action potentials (Figure 3.17). Consecutive 

applications of 100 mM KCl also resulted in less tachyphylaxis than with 30 mM 

KCl; a further depolarisation likely recruits a greater proportion of voltage-gated 

sodium channels, maximising the likelihood of spike initiation and conduction. 

These sets of experiments collectively demonstrate that the intermittent application 

of 100 mM KCl, with a five minutes recovery period, optimally depolarises neurons 

upon repeated terminal stimulations. All subsequent experiments were compared to 

this set of results to ensure that the effects of pharmacological agents could not be 

attributed to neuronal tachyphylaxis. 

 In sum, neonatal neurons can be successfully cultured in compartmentalised 

microfluidic chambers, with an extensive neuritic arborisation excitable throughout 

the entire axolemma, readily identifiable by retrograde labelling after 8 days in vitro. 

A depolarising protocol has also been optimised to reproducibly excite the terminal 

arbor. This chapter therefore lays the foundation to pharmacologically explore the 

functional properties of action potential propagation in vitro. 
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Figure 3.19 – Schematic representation of the factors critical to the electrogenic and 
conductile properties of sensory neurons. (A) A high density of Nav channel 
expression increases the probability of AP generation and propagation. (B) The 
specific repertoire of VGSC isoforms along the membrane is key in determining the 
electrogenic and conductive properties of the terminals. (C) Nav channel clustering 
is also likely to facilitate the initiation and conduction of action potentials. VGSC: 
voltage-gated sodium channel. Arrows indicate the successful propagation of action 
potentials.   
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4.1 Introduction 

The initiation and propagation of action potentials relies on the influx of 

cations through voltage-gated sodium and calcium channels expressed along the 

axolemma (Blair and Bean, 2002). Whilst the preponderance of sodium-mediated 

currents to spike conduction is well established, that mediated by voltage-dependent 

calcium channels is less clear. High-voltage activated calcium currents account for 

over 40 % of the downstroke of action potentials in small-diameter neurons, whilst 

the application of non-selective calcium channel blockers, such as cobalt and 

cadmium, decreases the amplitude of action potentials in both Ad and C type fibres, 

suggestive of a non-negligible contribution (Blair and Bean, 2002; Villière and 

McLachlan, 1996). Whether calcium conductance is essential to the conductile 

function in sensory neurons remains unknown.   

The relative contribution of voltage-gated sodium channels isoforms to the 

propagation of action potentials in sensory neurons also remains a topical 

conundrum. Tetrodotoxin, a toxin derived from various species of the 

Tetraodontiformes order, allows to distinguish between two categories of sodium 

channels: the TTX-sensitive and TTX-resistant VGSCs. TTX-sensitive channels 

expressed in DRG neurons have a half-maximal inhibitory concentration for 

tetrodotoxin comprised within 1-15 nM, whilst that for TTX-resistant channels is 

comprised between 1 - 60 µM (Akopian et al., 1996; Cummins et al., 1999; Dietrich 

et al., 1998; Joho et al., 1990; Renganathan et al., 2002; Sangameswaran et al., 1997; 

Smith and Goldin, 1998; Suzuki et al., 1988; White et al., 1991; Zeng et al., 1996). 

TTX-sensitive and TTX-resistant channels therefore display a difference in 

sensitivity to the toxin of at least a 100 fold, with 1 µM TTX conventionally used to 

distinguish TTX-sensitive from TTX-resistant currents, with the former likely to be 

completely blocked at this concentration (Blair and Bean, 2002, 2003).  

In situ hybridisation and reverse transcription polymerase chain reaction  

studies have revealed that the somal expression of subtype-specific isoforms is finely 

regulated during development. In rats the earliest detection timepoints for the TTX-s 

SCN1a, SCN2a, SCN3a, and SCN8a transcripts is E17, whilst Nav1.7 mRNA is 

detected from P2 onwards (Black et al., 1996; Felts et al., 1997; Waxman et al., 
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1994). The TTX-r channels also display an exquisite time-regulated expression with 

SCN5a and SCN10a transcripts first detected at E14-15 in rats, and that of SCN11a 

from E17 onwards (Benn et al., 2001; Renganathan et al., 2002; Sangameswaran et 

al., 1996). The functional significance of the axolemmal expression of TTX-s and 

TTX-r channels remains unknown, and the factors that regulate their developmental 

expression largely unexplored.  

Exploiting the compartmentalised microfluidic design, I first aimed at 

determining the role of sodium- and calcium-mediated currents to the conductile 

function. The developmental profile of TTX-sensitive and TTX-resistant 

conductance was then assessed in this system, as well as that of TRPV1, a 

quintessential nociceptive marker. Finally, a battery of growth factors was 

supplemented to the cultures to test their role in the onset and/or maintenance of 

TTX-resistant conductance at different developmental stages.  
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4.2 The propagation of action potentials in sensory neurons relies on TTX-
sensitive and TTX-resistant sodium channels, whilst a subpopulation 
appears to depend on calcium-mediated currents 

In order to validate the necessity of the activation and opening of VGSCs and 

VGCCs to the conductile function, and assess the proportion of neurons that rely on 

TTX-resistant currents for the propagation of action potentials, terminals were 

repeatedly depolarised with intermittent high K+ application and pharmacological 

agents incubated in the axonal compartment as illustrated in Figure 4.1. In a first set 

of experiments, 1 µM TTX was applied for 25 minutes to block TTX-sensitive 

currents and assess the maximal inhibitory timeframe of the compound; 10 mM 

lidocaine was thereafter applied for 15 minutes to confirm that spike conduction 

relies on VGSCs, and assess its action timeframe. At this concentration, lidocaine 

blocks both TTX-s and TTX-r currents in a non-discriminative manner, an effect 

reached within 1 – 2 minutes in whole-cell patch clamp recordings of adult DRG 

neurons (Gold et al., 1998; Sheets and Hanck, 2003). In a second set of experiments, 

the non-selective calcium channel blocker cadmium was applied to assess the 

proportion of neurons that depend on calcium-mediated currents for impulse 

propagation, a compound that inhibits calcium-mediated currents within milliseconds 

in whole-cell patch clamp recordings of dissociated neurons (Swandulla and 

Armstrong, 1989; Spafford et al., 2006). For all experiments using pharmacological 

compounds in this thesis, KCl was initially applied in the terminal compartment, 

with both the somal and axonal compartments immersed with ECF, to determine the 

functionally-responsive population, set as the 100 % value.  

The application of lidocaine in the axonal compartment abolished all responses 

within 5 minutes (nneurons = 237, nexperiments = 8; Figure 4.3A). In contrast, cadmium 

blocked ~ 20 % of neurons within 10 minutes of application, at which point neuronal 

responsiveness plateaued (nneurons = 166, nexperiments = 4; Figure 4.3 B). These 

experiments demonstrate that all sensory neurons rely on the activation and opening 

of voltage-gated sodium channels for the propagation of action potentials, whilst a 

minority appear to depend on voltage-dependent calcium channels. After a 5 minutes 

incubation of 1 µM TTX, 72 ± 5 % of the neurons displayed robust calcium 

transients upon terminal depolarisation (nneurons = 237, nexperiments = 8; Figure 4.3 A). 

A two-way analysis of variance (ANOVA) with a Bonferroni post-hoc test revealed 
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that the decrease in responsiveness could not be attributed neuronal tachyphylaxis 

(** p < 0.01, *** p < 0.001 throughout all timepoints of TTX application). 

Moreover, the prolonged application of the toxin did not recruit additional cells, 

showing that TTX reached its maximal inhibitory effect within 5 minutes in this 

system. This demonstrates that nearly three quarters of neonatal neurons rely on 

TTX-resistant conductance for axolemmal conduction in vitro.  

 
 

 

Figure 4.1 - Schematic representation of the sequential application of TTX and 
lidocaine in the axonal compartment in three-compartment microfluidic chambers; 
TTX was washed off with the buffering agent ECF for 5 minutes before the 
application of lidocaine. In a separate set of experiment the non-selective voltage-
dependent calcium channel inhibitor cadmium was incubated in the middle 
compartment and the terminal similarly depolarised. Calcium transients were 
recorded in the Fura-2 loaded somata with intermittent light excitation. 
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Figure 4.2 - Axonal TTX application reveals two subpopulations of neurons - TTX-
sensitive and TTX-resistant neurons - whilst lidocaine abolishes all responses. (A) 
From left to right: Fura-2 loaded fields at baseline, upon the first KCl application, 
with a 1 µM TTX then 10 mM lidocaine incubation in the axonal compartment. Scale 
bar = 100 µm. (B) Representative calcium transients recorded in the soma of a 
neuron that is consistently blocked by 1 µM TTX (top), and one that displays axonal 
TTX-r properties (bottom); both neurons are blocked by 10 mM lidocaine after a 5 
minutes ECF washout.  
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Figure 4.3 – All neurons rely on VGSCs for the propagation of action potentials, a 
majority solely on TTX-r mediated currents, and a minority on VGCCs. (A) 
Percentage of neurons that respond to repeated terminal depolarisations in an 
untreated group (green line), and a group treated with 1 µM TTX for 25 minutes, 
and 10 mM lidocaine for 15 minutes in the axonal compartment (black line; ** p < 
0.01, *** p < 0.001; two-way ANOVA with Bonferonni post-hoc test). (B) 
Percentage of neurons that respond to consecutive terminal depolarisations in an 
untreated group (green line), and a group treated with 100 µM cadmium in the 
axonal compartment (brown line).  
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4.3 TTX-resistant conductance is upregulated during development 

In order to determine the extent of neurons that rely on TTX-s and TTX-r 

conductance for the propagation of action potentials in foetal and neonatal life, the 

percentage of neurons that conduct action potentials in the presence of 1 µM TTX in 

the axonal compartment was assessed at several developmental stages. To this end, 

dorsal root ganglia were harvested from embryonic day 14 to postnatal day 0 and 

imaged after 8 days in vitro; the embryonic age was estimated from the mating day 

and confirmed by rump-crown length measurements (Olson et al., 1983). 1 µM TTX 

was incubated for a minimum of 5 minutes in the middle compartment to block 

TTX-s mediated currents, and the terminals repeatedly stimulated with high K+ as 

illustrated in Figure 4.4. The proportion of neurons that display TTX-resistant 

properties of spike conduction in A- and C-type fibres was then assessed in neonatal 

cultures by staining P0 cultures with the monoclonal N52 antibody.  

This set of experiments indicates that the proportion of neurons that rely on 

TTX-r mediated currents for impulse propagation increases dramatically during 

development (Figure 4.5). Nearly all neurons displayed TTX-s properties of action 

potential propagation in E14 and E15 cultures imaged after 8 DIV, with a mere 2 ± 1 

% (nneurons = 196, nexperiments = 5) and 2 ± 2 % (nneurons = 88, nexperiments = 2) of TTX-r 

neurons at those respective developmental ages. The proportion of TTX-r neurons 

quadrupled from 7 ± 2 % (nneurons = 283, nexperiments = 6) to 29 ± 3 % (nneurons = 133, 

nexperiments = 2) in E16 and E18 cultures. A marked upregulation of the functional 

expression of TTX-r currents was also observed between E19 and E21 cultures, with 

an increase from 34 ± 12 % (nneurons = 115, nexperiments = 3) to 71 ± 3 % of TTX-r 

neurons (nneurons = 117, nexperiments = 3). TTX-r conductance then plateaued at ~ 60 – 

70 % in E21 to P0 cultures, to reach 65 ± 4 % at the latter age (nneurons = 237, 

nexperiments = 8). In neonatal cultures, 81 ± 3 % of the negatively-labelled population 

displayed TTX-r properties of action potential propagation, compared to 65 ± 5 % in 

the positively-labelled population (nneurons = 190, nexperiments = 5); the difference in the 

proportion of TTX-r neurons between these subpopulations was statistically 

significant (* p < 0.05; two-sample Student’s t-test; Figure 4.6). 
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This set of data confirms the exquisite fine-tuning of TTX-s and TTX-r 

channels during development. The drastic upregulation of the proportion of neurons 

that display TTX-r conductance suggests that TTX-s channels have a preponderant 

role in early embryonic development, whilst TTX-r channels become predominant 

perinatally. Moreover, a majority of both A- and C-type fibres displayed TTX-r 

conductile properties in neonatal neurons, with a preferential expression in the latter 

population.  

 
 

 

Figure 4.4 - Schematic representation of the incubation of TTX along the axolemma, 
with the terminals repeatedly stimulated with high K+; neurons were harvested from 
different embryonic ages in separate sets of experiments. Calcium transients were 
recorded in the Fura-2 loaded somata with intermittent light excitation. 
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Figure 4.5 – The proportion of neurons that display TTX-r conductile properties 
increases markedly during development. (A) Neurons with TTX-resistant axolemmal 
properties (blue cells) in E14, E16, E19, E21, and P0 cultures imaged after 8 DIV. 
Scale bar = 100 µm. E(x) stands for embryonic dissection day (x). (B) Percentage of 
neurons that display TTX-resistant properties of action potential propagation at 
different developmental stages. The developmental age represents the embryonic age 
at tissue harvest - the imaging took place 8 DIV later. 
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Figure 4.6 – A greater extent of C-type neurons display TTX-resistant properties of 
spike conduction in neonatal cultures. (A) From left to right, top to bottom: 
brightfield picture of a P0 culture, overlay of the TTX-resistant neurons (pink 
neurons), N52 staining of the culture, and the merged picture. Scale bar = 100 µm. 
(B) Percentage of TTX-resistant neurons in the N52 positively, and N52 negatively 
stained populations (* p < 0.05; two-sample Student’s t-test). 
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4.4 TRPV1 is upregulated during development 

TRPV1, a hallmark transducer of nociceptors, is a non-selective cation channel 

whose expression is highly regulated during development (Caterina et al., 2000; 

Hjerling-Leffler et al., 2007). In order to investigate the functional expression of 

TRPV1 during in vitro development and how it compares with ex vivo recordings, 

dorsal root ganglia were extracted from different developmental stages (E14 – P0) 

and imaged after 8 days in vitro. Cell bodies were first stimulated with 1 µM 

capsaicin, a concentration that induces maximal TRPV1-mediated currents in whole-

cell patch clamp recordings in HEK 293 cells  (Tominaga et al., 1998), followed with 

100 mM KCl to identify the functionally-responsive population; the experimental 

protocol is illustrated in Figure 4.7. 

These sets of experiments show the substantial upregulation of somal TRPV1 

expression during development (Figure 4.8). In E14 (nneurons = 370, nexperiments = 4) 

and E15 (nneurons = 163, nexperiments = 2) cultures, an approximate tenth of neurons 

displayed calcium transients upon somal capsaicin application. This was followed by 

a substantial upregulation of TRPV1 expression in E15 and E16 cultures, with 66 ± 3 

% of neurons responding in the latter (nneurons = 444, nexperiments = 6). A further 

upregulation was observed between E16 and E18 cultures to reach 84 ± 2 % (nneurons 

= 211, nexperiments = 2). This plateaued at ~ 80 – 90 % in E18 to P0 cultures, with 90 ± 

1 % of neonatal cell bodies responding to the agonist at this developmental age 

(nneurons = 373, nexperiments = 8). Taken together, this shows that the functional 

expression of TRPV1 along the somal plasmalemma is highly dependent on the 

embryonic dissection day, with a considerable developmental upregulation in in vitro 

conditions. 
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Figure 4.7 - Schematic representation of the sequential application of TRPV1 and 
the non-selective depolarising agent KCl in the somal compartment. Calcium 
transients were recorded in the Fura-2 loaded somata with intermittent light 
excitation. 
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Figure 4.8 - The proportion of capsaicin-responsive neurons increases substantially 
during development. (A) Overlay of brightfield pictures and somata responding to 
capsaicin stimulation (red cells) in E14, E16, E19, and E21 cultures. Scale bar = 
100 µm. E(x) stands for embryonic dissection day (x). (B) Percentage of neurons 
responding to capsaicin upon somal stimulation at different developmental stages. 
The developmental age represents the embryonic age at tissue harvest, whilst 
imaging took place 8 DIV later.  
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4.5 TRPV1 expression is not differentially regulated in the TTX-s and TTX-r 
subpopulations 

TTX-resistant channels are largely expressed in unmyelinated neurons, whilst 

TTX-sensitive ones in the myelinated population (Fukuoka et al., 2008; Fukuoka and 

Noguchi, 2011). TRPV1 mRNA transcripts on the other hand co-localise in over 80 

% of unmyelinated fibres, whilst barely detectable in the myelinated ones (Michael 

and Priestley, 1999). By inference, it was hypothesised that somal TRPV1 expression 

may preferentially emerge in neurons that display TTX-r conductance. To test their 

hypothesised mutual expression patterns, capsaicin responsiveness was assessed in 

the TTX-s and TTX-r subpopulations during development, with the data extracted 

from the sets of experiments previously described (Figure 4.5 andFigure 4.8). Due to 

the near absence of neurons that displayed TTX-resistant properties of action 

potential propagation in E14 and E15 imaged after 8 DIV, these ages were excluded 

from analysis. 

Unexpectedly, capsaicin responsiveness was similarly upregulated in the TTX-

sensitive and TTX-resistant populations (Figure 4.9). In E14 to E15 cultures, less 

than 5 % of TTX-s neurons responded to the agonist. TRPV1 was substantially 

upregulated in E15 to E18 cultures in both the TTX-r and TTX-s populations, 

increasing from 19 ± 8 % and 52 ± 4 % at E16 (nneurons = 253, nexperiments = 6) to reach 

84 ± 7 % and 84 ± 4 % at E18, respectively (nneurons = 133, nexperiments = 2). Capsaicin 

responsiveness then plateaued in both populations at ~ 80 – 90 % in E18 to P0 

cultures with 94 ± 2 % and 90 ± 5 % of TTX-r and TTX-s neurons responding to the 

agonist neonatally, respectively (nneurons = 236, nexperiments = 8). Taken together, this 

indicates that the somal expression of TRPV1 is not restricted to neurons that display 

either TTX-sensitive or TTX-resistant properties of action potential propagation 

during embryonic, nor perinatal development.   
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Figure 4.9 – Percentage of neurons that respond to the TRPV1 agonist capsaicin 
upon somal application in the TTX-sensitive and TTX-resistant subpopulations at 
different developmental stages. E(x) stands for embryonic day x, and P0 for 
postnatal day 0. 
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4.6 NGF does not allow for the functional induction of TTX-resistant currents 
in E14 cultures 

The transcription, trafficking, and insertion of voltage-gated sodium channels 

into the plasma membrane is a highly regulated and dynamic process. Growth factors 

have a key role in the survival and maintenance of neuronal subpopulations, and act 

as potent repressors/activators of VGSC expression. NGF for instance sustains 

nociceptive neurons throughout embryonic and neonatal development, a role that 

subsides postnatally (Johnson et al., 1980; Pearson et al., 1983; Bennett et al., 1996; 

Molliver and Snider, 1997); this neurotrophin also plays a pivotal role in the 

functional expression of Nav1.8 in adult primary afferents (Fjell et al., 1999a,b). This 

neurotrophin was therefore hypothesised as a likely inducer of TTX-r expression 

during development. To assess the role of nerve growth factor in the functional 

expression of TTX-r channels, NGF was incubated as the sole growth factor in the 

medium at different developmental stages. E14 neurons were cultured for 15 DIV 

and compared to E21 neurons cultured for 8 DIV; assuming an uninterrupted course 

of development in vitro, these neurons correspond to a same developmental age as 

illustrated in Figure 4.10 C. To test the extent of TTX-r conductance, terminals were 

repeatedly stimulated with high K+ and the axolemma incubated with 1 µM TTX to 

block all TTX-sensitive currents, as illustrated in Figure 4.4. E (x) + 8 DIV describes 

embryonic neurons dissected at x gestational days, and imaged after 8 days in vitro, 

whilst E14 + x DIV refers to embryonic neurons dissected at gestational day 14, and 

imaged after x days in vitro. 

A mere 2 ± 2 % of E14 cells imaged after 8 DIV displayed TTX-r properties of 

action potential propagation (nneurons = 131, nexperiments = 4; Figure 4.10 B). This 

proportion increased dramatically during development, with 71 ± 4 % of E21 

neurons cultured for 8 DIV showing TTX-r axolemmal properties (nneurons = 117, 

nexperiments = 3). In contrast, E14 neurons cultured for 15 DIV – reaching the same 

theoretical developmental age as E21 neurons imaged after 8 DIV – displayed little 

TTX-r conductance, with only 5 ± 3 % of TTX-r neurons (nneurons = 146, nexperiments = 

4). The difference in the proportion of TTX-r neurons in cultures reaching a P6 

developmental age was highly significant between the two experimental conditions 

(** p < 0.01; two-sample Student’s t-test). These experiments indicate that NGF is 
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unable to induce the substantial functional upregulation of TTX-r currents observed 

at later developmental stages.  

 

Figure 4.10 – NGF maintains TTX-resistance conduction in E14 cultures. (A) Top to 
bottom, left to right: brightfield pictures of E14 neurons cultured for 15 DIV, and 
E21 neurons cultured for 8 DIV, overlay of the TTX-resistant population (dark blue) 
in both experimental conditions. Scale bar = 100 µm. (B) Percentage of neurons that 
rely on TTX-r currents for axonal conduction in embryonic cultures dissected at x 
gestational days, imaged after 8 DIV [line with squares; E(x) + 8 DIV], and E14 
neurons imaged after x days in vitro [line with lozenges; E14 + x DIV] (** p < 0.01; 
two-sample Student’s t-test). (C) Schematic representation of the projected 
developmental age between E14 neurons cultured for 15 DIV, and E21 neurons 
cultured for 8 DIV.  
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4.7 NGF maintains TTX-resistant conductance in E19 cultures 

In order to further elucidate the role of NGF as a regulatory factor in the 

functional expression of TTX-r channels, neurons from a later developmental stage 

were cultured for a prolonged period with the sole addition of this factor to the 

medium. Hence E19 neurons were cultured for 12 DIV and compared to P0 neurons 

imaged after 8 DIV, reaching the same projected biological age of P6 neurons 

(Figure 4.11 C). The terminals were repeatedly stimulated with 100 mM KCl and the 

axolemma incubated with 1 µM TTX for a minimum of 5 minutes to block TTX-

sensitive currents, as illustrated in Figure 4.4.  

As previously described, the proportion of neurons that display TTX-r 

properties of action potential propagation is substantially upregulated from 34 ± 12 

% in E19 cultures imaged after 8 DIV (nneurons = 115 , nexperiments = 3) to 65 ± 4 % in 

P0 + 8 DIV neurons (nneurons = 237, nexperiments = 8; Figure 4.11). In contrast, only 35 ± 

6 % of E19 cultures imaged after 12 DIV displayed TTX-resistant properties of 

action potential propagation (nneurons = 145 , nexperiments = 4). The difference in the 

fraction of TTX-r neurons between E19 and P0 cultures reaching the same projected 

developmental age was highly significant (** p < 0.01; two-sample Student’s t-test). 

This set of experiments implicates NGF in the maintenance of TTX-resistance during 

perinatal development, whilst the neurotrophin similarly failed to induce the 

upregulation of TTX-resistant conductance at this developmental age.   
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Figure 4.11 – NGF maintains the proportion of TTX-r neurons in E19 cultures upon 
a prolonged incubatory period. (A) Top to bottom, left to right: brightfield pictures 
of E19 neurons cultured for 12 DIV, and postnatal day 0 neurons cultured for 8 DIV; 
overlay of the TTX-resistant neurons (dark blue) in both experimental conditions. 
Scale bar = 100 µm. (B) Percentage of neurons that rely on TTX-r currents for 
axonal conduction in embryonic cultures dissected at x gestational days, imaged 
after 8 DIV [line with squares; E(x) + 8 DIV], and E19 neurons imaged after x days 
in vitro [line with lozenges; E14 + x DIV] (** p < 0.01; two-sample Student’s t-test). 
(C) Schematic representation of the projected developmental age between E14 
neurons cultured for 15 DIV, and E21 neurons cultured for 8 DIV. 
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4.8 The addition of GDNF does not influence TTX-r conductance in E14 
cultures 

Glial-derived neurotrophic factor, released by Schwann cells as early as E17, 

has a pivotal role in the survival and differentiation of non-peptidergic neurons 

during embryonic and postnatal development, and is heavily involved in the 

regulation of SCN10A and SCN11A transcripts, hence hypothesised as a critical 

regulatory factor in the functional expression of TTX-r channels (Bennet et al., 1996; 

Molliver and Snider, 1997; Fjell et al., 1999; Cummins et al., 2000; Boucher et al., 

2000). To assess this role, a GDNF gradient was applied across microfluidic 

chambers in the same manner as NGF (confer Table 2.3), with 50 ng/mL 

continuously incubated in the terminal compartment, a concentration that optimally 

increases Nav1.8 and Nav1.9 mRNA transcripts and TTX-r mediated currents in 

axotomised neurons (Fjell et al., 1999; Boucher et al., 2000; Cummins et al., 2000). 

E14 neurons supplemented with GDNF were imaged after 8 and 15 DIV and 

compared to E14 and E21 imaged after 8 DIV respectively, to reach a same projected 

developmental ages (see Figure 4.10 C). Terminals were repeatedly stimulated with 

100 mM KCl with the axolemmal TTX-s channels blocked with 1 µM TTX, as 

illustrated in Figure 4.4. 

11 ± 4 % of E14 neurons incubated with GDNF + NGF displayed TTX-r 

properties after 8 DIV (nneurons = 96, nexperiments = 4), compared to 2 ± 1 % with NGF 

alone (nneurons = 196, nexperiments = 5; Figure 4.12). This proportion remained 

unchanged at 10 ± 1 % in cultures incubated with both factors for 15 DIV (nneurons = 

184, nexperiments = 5), compared with 5 ± 4 % with NGF alone (nneurons = 146, nexperiments 

= 4); the slight nominal increase in the fraction of neurons that display TTX-r 

conductile properties in the presence of GDNF at both experimental ages was not 

statistically significant. With a same projected developmental age of P6 neurons for 

the latter group, nearly three quarters of E21 neurons imaged after 8 DIV were TTX-

resistant (nneurons = 113, nexperiments = 3; *** p < 0.001; two-sample Student’s t-test). 

GDNF does not therefore appear to induce the functional upregulation of TTX-r 

currents at those ages.   
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Figure 4.12 – The addition of GNDF does not influence the TTX-resistant properties 
of action potential propagation in E14 cultures. This graph represents the 
percentage of neurons with TTX-resistant conductile properties in embryonic 
cultures dissected at x gestational days, imaged after 8 days in vitro [blue line with 
square; E(x) + 8DIV], E14 neurons imaged after x DIV [blue line with lozenges; 
E14 + x DIV], and E14 neurons incubated with GDNF imaged after x DIV [brown 
line with triangles; GDNF E14 + x DIV] (*** p < 0.001; two-sample Student’s t-
test).  
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4.9 The incubation of retinoic acid does not influence the proportion of TTX-
resistant neurons in E14 cultures 

Beyond neurotrophic factors, a plethora of other factors are involved in the 

survival and development of sensory neurons. Of particular interest, retinoic acid, a 

metabolite of retinol, induces neuritic growth and affects the functional expression of 

nociceptive markers during embryogenesis (Wuarin and Sidell, 1991; Quinn and De 

Boni, 1991; Clark 2014). This agent was therefore hypothesised as a possible 

regulator of the functional expression of TTX-resistant channels during development.  

To test the effect of retinoic acid on the functional expression of TTX-r 

currents during embryonic development, 100 nM of retinoic acid was continuously 

incubated in all microfluidic compartments until experimentation as described in 

Table 2.3. E14 neurons were cultured and imaged after 8 DIV as control; at this age, 

very few, if any neurons display TTX-r conductile properties. Another batch of E14 

neurons were imaged after 15 DIV and compared to E21 neurons imaged after 8 DIV 

to reach a same projected developmental age (confer Figure 4.10 C). In all 

experiments, the axolemma was incubated with 1 µM TTX to block TTX-s channels 

and the terminals repeatedly stimulated with high K+, as illustrated in Figure 4.4.  

At both developmental stages, the addition of retinoic acid in E14 cultures did 

not affect the proportion of neurons that rely on TTX-resistant currents for the 

propagation of action potentials (see Figure 4.13). There was a slight, non-significant 

increase in the proportion of TTX-r neurons in cultures incubated with the agent, 

from 2 ± 1 % (nneurons = 131, nexperiments = 4) to 4 ± 1 % (nneurons = 140, nexperiments = 3) 

after 8 DIV. A similar trend was observed after 15 days in vitro from 5 ± 4 of TTX-r 

neurons with NGF alone (nneurons = 146, nexperiments = 4), to 9 ± 4 % (nneurons = 111, 

nexperiments = 3) with supplements of retinoic acid. At a same projected developmental 

age with the latter group, E21 neurons imaged after 8 DIV had a much higher 

proportion of TTX-r neurons (*** p < 0.001; two-sample Student’s t-test). These 

experiments suggest that retinoic acid does not allow for the induction of TTX-r 

currents in E14 cultures.  
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Figure 4.13 – Retinoic acid does not allow for the induction of TTX-resistant 
currents in E14 cultures. Graph represents the percentage of neurons with axonal 
TTX-resistant properties of embryonic neurons dissected at x gestational days, 
imaged after 8 days in vitro [blue line with squares; E(x) + 8 DIV], E14 neurons 
imaged after x DIV [turquoise line with lozenges; E14 + x DIV], and E14 neurons 
incubated with retinoic acid imaged after x DIV [pink line with triangles; retinoic 
acid E14 + x DIV] (*** p < 0.001; two-sample Student’s t-test).  

 

 

 

 

 

 

 

E(x) + 8 DIV 

E14 + x DIV 

Retinoic Acid 
E14 + x DIV 

*** 

E14 E15 E17 E18 E19 E20 E21 E16 



 141 

4.10 Retinoic acid increases TTX-resistant conductance in E19 cultures 

The translation, transcription, and trafficking of sodium channels is regulated 

by a variety of factors that act at crucial developmental timepoints. Considering the 

pivotal role of retinoic acid in the upregulation of TRPV1 expression during 

embryonic development, it was hypothesised that this factor may regulate the 

expression of TTX-r channels at a later developmental stage. 

To test this hypothesis 100 nM retinoic acid was applied to all compartments 

of E19 cultures as described in Table 2.3, and neurons imaged after 8 or 12 days in 

vitro. Cultures were compared with E19 neurons similarly imaged, with NGF as the 

sole factor added to the medium; E19 + 12 DIV cultures were also compared with P0 

neurons imaged after 8 DIV, as reaching a same projected developmental age (see 

Figure 4.11 C). In all experiments, the axonal compartment was incubated with 1 µM 

TTX to block TTX-s currents, and the terminals repeatedly stimulated with 100 mM 

KCl, as illustrated in Figure 4.4.   

The addition of retinoic acid to the culture medium resulted in a time-

dependent increase in TTX-resistant conductance (see Figure 4.14). There was a 

significant increase in the proportion of TTX-r neurons from 34 ± 12  % with NGF 

alone (nneurons = 115 , nexperiments  = 3), to 76 ± 5 % with supplements of retinoic acid 

(nneurons = 299, nexperiments = 4; * p < 0.05; two-sample Student’s t-test). This 

upregulation persisted in E19 cultures imaged after 12 DIV, though the effect was 

not statistically significant: there was an increased from 35 ± 6 % with NGF alone 

(nneurons = 145 , nexperiments = 4) to 50 ± 7 % in cultures supplemented with the agent 

(nneurons = 191, nexperiments = 4). This suggests that retinoic acid upregulates TTX-

resistant conductance in late embryogenesis to perinatal development.  
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Figure 4.14 – Retinoic acid increases TTX-resistant conductance at specific 
timepoints in E19 cultures. (A) Top to bottom, left to right: brightfield pictures of 
E19 neurons cultured for 8 DIV, and E19 neurons supplemented with 100 nM 
retinoic acid over 8 DIV; overlay of the TTX-resistant population (dark blue) in both 
experimental conditions. Scale bar = 100 µm. (B) Percentage of neurons that relied 
on TTX-r currents for axonal conduction in embryonic cultures dissected at x 
gestational days, imaged after 8 DIV [graded blue line with squares; E(x) + 8 DIV], 
and E19 neurons imaged after x days in vitro blue [blue line with lozenges; E14 + x 
DIV], and E19 neurons incubated with retinoic acid and imaged after x DIV [pink 
line with triangles; Retinoic acid E19 + x DIV] (* p < 0.05; two-sample Student’s t-
test). 
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4.11 Discussion 

The findings of this chapter are several-fold. The application of lidocaine along 

the axon demonstrates that all neurons rely on the activation and opening of voltage-

gated sodium channels for the propagation of action potentials, whilst the incubation 

of cadmium suggests the necessity of calcium currents in a minority of neurons. 

TTX-resistant properties of action potential propagation were highly dependent on 

the developmental age, and so was somal TRPV1 expression. Whilst NGF and 

GDNF did not affect the functional emergence of TTX-resistant currents, retinoic 

acid played a critical role in the upregulation of TTX-resistant conductance during 

late embryogenesis.  

The propagation of action potentials: the contribution of voltage-gated ion 

channels 

The block of impulse conduction depends on two conditions: a concentration 

of a pharmacological compound that impedes transmembrane inward currents to the 

point of conduction failure, and the exposure of a sufficient length of plasmalemma 

to prevent electrotonic stimulation beyond the application site. As expected, the 

incubation of 10 mM lidocaine in the axonal compartment abolished all responses 

(Figure 4.3 A). Replacement of Na+ ions by N-methyl-D-glucamine reduces 98 % of 

inward currents during the upstroke of action potentials, 58 % of the downstroke, and 

> 70 % of overall inward conductance in DRG neurons (Blair and Bean, 2002), 

indicating the preponderance of sodium conductance to the conductile function. This 

concentration of lidocaine nearly abolishes sodium currents in the cell bodies, with 

over 95 % of TTX-s and TTX-r mediated currents blocked in whole-cell patch clamp 

recordings of adult sensory neurons (Gold et al., 1998). The application of lidocaine 

along 1 mm of neuritic length also proved sufficient to impede impulse propagation. 

Action potentials are generated on segments of excitable membrane, and the currents 

induced excite neighbouring stretches. Electrical potentials may also propagate 

passively, as electrotonic potentials, and trigger action potentials on relatively distant 

excitable stretches of membrane, a basic mechanism first evidenced by Hodgkin 

(1937), where despite the cooling or crushing of a nerve segment, action potentials 

arriving on one side provoked spike discharges past the affected segment. In 
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mathematical terms, the distance at which the voltage potential falls to  =>  of its 

maximal value is deemed sufficient to block spike conduction in unmyelinated 

axons, a distance known as the length constant l, 

?	 = 	 		@	%"4	%,
 

where d is the axonal diameter, Rm the membrane resistivity, and Ra the axoplasmic 

resistivity (Walter and Boron, 2003). Assuming a neuritic diameter of ≤ 1 µm in 

neonatal neurons (Muma et al., 1991), a specific membrane resistance 1000 W.cm2 

(Cole and Hodgkin, 1939), and a specific axoplasmic resistance 100 W.cm (Waxman 

and McDonald, 2003), l ≤ 160 µm; the exposure of 1 mm of neuritic length along 

the axonal compartment with the compound is therefore over 6 times the critical 

length. This set of experiments provided an important control to ensure that 

electrotonic propagation could not account for the depolarisation of the somata upon 

stimulation of the terminal arbor, and confirm the necessity of the activation and 

opening of axolemmal VGSCs to the propagation of action potentials.  

The application of cadmium on the other hand impeded spike propagation in 

an approximate fifth of neurons (Figure 4.3 B). High voltage-activated calcium 

currents are likely to play a preponderant role in this population, as mediating ~ 40 % 

of inward currents during the upstroke of action potentials, compared to low voltage-

activated channels, which carry less than 2 % of overall currents (Blair and Bean, 

2002). Of particular interest, HVA N- and L-subtypes are highly prevalent in sensory 

neurons and contribute ~ 80 % of high threshold calcium-mediated currents (Scroggs 

and Fox, 1992), likely to mediate the bulk of transmembrane calcium conductance in 

this neuronal subset.   

The functional emergence of TTX-resistant conductance in vitro  

In order to investigate the functional emergence of TTX-r conductance during 

development, neurons were harvested from a range of embryonic and neonatal ages, 

and the TTX-r conductile properties probed pharmacologically (Figure 4.5). Dorsal 
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root ganglia were extracted from E14 embryos onwards as, by this stage, neurons are 

post-mitotic cells derived from the three waves of neurogenesis; the last set of 

neurons, issued from boundary cap cells, emerge at E11 in the rat, with their 

complete migration along spinal nerve roots complete by E13 (Altman and Bayer, 

1984; Maro et al., 2004). Differentiating sensory neurons exhibit both voltage-

dependent sodium and calcium currents, with high-frequency sensory-evoked 

activity replacing low-frequency spontaneous activity by E20 in rats, indicating the 

progressive remodelling of VGIC expression during late embryonic development 

(Fitzgerald, 1987; Meister et al., 1991; Gottman et al., 1991).  

The incubation of NGF throughout these developmental ages needs to be 

considered. All neuronal precursors and early post-mitotic cells derived from neural 

crest cells express TrkC; the commencement of target field innervation, estimated at 

E14, coincides with the downregulation of TrkC in sensory neurons and the onset of 

dependence on NGF and TrkA signalling, apart from the proprioceptive subset 

(White et al., 1996). In utero injections of anti-NGF antiserum in E15 pregnant rats 

result in the loss of over 70 % of DRG neurons by E21 (Ruit et al., 1992), whilst the 

absence of the neurotrophin in P0 cultures leads to the necrosis of over 90 % of 

neurons within 48 hours (Valdés-Sánchez et al., 2010). The lack of TrkB and TrkC 

ligands selects however against mechano- and proprio-ceptive populations, whilst the 

absence of GDNF prevents the full differentiation and survival of the non-

peptidergic subset (Molliver et al., 1997; Molliver and Snider, 1997; Marmigère and 

Ernfors, 2007). Hence, the sole addition of NGF preferentially sustains TrkA-

expressing neurons in both embryonic and neonatal cultures.  

The application of 1 µM tetrodotoxin along the axolemma inhibited TTX-s 

currents, leaving TTX-r currents largely unaffected (see Figure 4.15). Consequently, 

only neurons that sufficiently expressed TTX-r channels along the axon were able to 

transmit action potentials across the axonal compartment in the presence of TTX; 

TTX-s channels were thence likely recruited in the toxin-free microgrooves due to 

membrane depolarisation, increasing the current density and amplitude to effectively 

depolarise the somata. A lack of depolarisation upon terminal stimulation therefore 

reflects two  possible phenotypes:  neurons  that solely  express  TTX-s channels, and  
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Figure 4.15 - Schematic representation of the TTX dose response curves for the 
VGSCs present in DRG neurons. Nav1.1 and Nav1.2 were not included as the TTX 
dose response curves have not been characterised, though likely similar to that of 
Nav1.3, Nav1.6, and Nav1.7. 0.3 µM TTX separates TTX-sensitive from TTX-resistant 
currents as illustrated with the arrow on top of the diagram (Nav1.3, Joho et al., 
1990; Nav1.6, Burbidge et al., 2002; Nav1.7, Klugbauer et al., 2002; Nav1.5, Zeng et 
al., 1996; Nav1.8, Akopian et al., 1996; Nav1.9, Cummins et al., 1999). 
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neurons whose density, repertoire and / or  distribution  of  TTX-r  channels  fails  to  

transmit  action  potentials  in  the absence of TTX-s conductance. As such, 

responsiveness is not a measure of the presence or absence of TTX-r channels along 

the axon, but rather whether such expression reaches a functional significance. 

 There was a substantial increase in the proportion of neurons that display 

TTX-r properties of action potential propagation during development (Figure 4.5). 

Assuming an uninterrupted course of development, E14 cultures plated for 8 days in 

vitro reach a projected developmental age of E22 neurons, and P0 cultures, that of P8 

neurons. TTX-r conductance is mediated by the Nav1.5, Nav1.8, and Nav19 isoforms; 

their respective contribution to the conductile function therefore needs to be 

evaluated. The earliest patch clamp recording of Nav1.5-mediated currents is found 

in E15 neurons, concomitant with the appearance of Nav1.5 mRNA transcripts at this 

age (Renganathan et al., 2002). Northern blot experiments have revealed the 

emergence of the Nav1.8 isoform at a similar age, whilst Nav1.9 is first detected at 

E17 (Benn et al., 2001). Humped action potentials, characteristic of TTX-r currents, 

have been recorded as early as E12.5 in mice, consistent with the 

electrophysiological emergence of TTX-r channels (Lechner et al., 2009), which 

corresponds to an E14 developmental age in rats, as described by the Carnegie 

staging of development (Butler and Juurlink, 1987). Following the induction of 

TTX-r transcription, there are intricate changes in the expression levels of these 

isoforms. An approximate 80 % of neurons express Nav1.5-mediated currents at E15, 

a proportion that decreases substantially during late embryogenesis, with a mere 10 – 

20 % that express Nav1.5 perinatally (Renganathan et al., 2002). In contrast, 20 -  25 

% of neurons express Nav1.8 and Nav1.9 at E17, with twice as many expressing these 

isoforms postnatally; the current densities mediated by these isoforms is also 

markedly increased during late embryogenesis (Benn et al., 2001; Renganathan et al., 

2002). This suggests an important role for Nav1.5 in the emergence of TTX-r 

conductance, whilst Nav1.8 and Nav1.9 appear to predominate during late 

embryogenic and early postnatal development. 

The unique electrophysiological properties of TTX-r channels on the other 

hand dictate their potential contribution to electrogenesis and/or the conductile 

function. The Nav1.5 isoform displays fast activation and slow inactivation kinetics, 
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likely to facilitate both the initiation and conduction of action potentials; the exact 

role of Nav1.5 in primary afferents remains however uncertain, as the biophysical 

properties of this isoform have not yet been characterised in sensory neurons 

(Renganathan et al., 2002; Rush et al., 2007). In contrast Nav1.8 exhibits rapid 

repriming kinetics, consistent with a role in high frequency repetitive firing 

(Renganathan et al., 2001). This isoform mediates > 80 % of inward transmembrane 

currents during the upstroke of action potentials in small DRG neurons, indicating a 

prominent role to the conductile function (Renganathan et al., 2001). The widening 

of action potential duration and acquisition of persistent firing behaviour first noted 

at E18.5 in mice, likely reflects the upregulation of this isoform during late 

embryogenic development (Mirnics and Koerber, 1997; Lechner et al., 2009). The 

very slow activation and inactivation properties of Nav1.9 suggest that this isoform is 

involved in setting activation thresholds and the resting membrane potential, rather 

than contributing to the upstroke of action potentials (Cummins et al., 1999; Herzog 

et al., 2001; Baker et al., 2003). Taken together, the biophysical properties of Nav1.5 

and Nav1.8 indicate that these isoforms likely mediate TTX-r conductance, with a 

preponderant role for the latter. 

The persistence of the conductile function in a majority of neonatal neurons 

in the presence of the toxin was unexpected (Figures 4.6 and 4.7). Functional 

recordings in ex vivo preparations indicate that a minority of both Ad- and C-type 

fibres conduct action potentials in the absence of TTX-s transmembrane conductance 

(Quasthoff et al., 1995; Strassman and Raymond, 1999). The sole incubation of NGF 

selects for the survival and projection of TrkA-expressing neurons, a subpopulation 

that unanimously displays high levels of Nav1.8 mRNA transcripts (Fukuoka et al., 

2008; Fukuoka and Noguchi, 2011). Moreover, the resting membrane potential in 

neonatal neurons is estimated at – 57 mV (Wang et al., 1994), a voltage where half 

of TTX-s channels are inactivated, whilst TTX-r channels remain largely unaffected, 

implying that the latter are fully available to contribute to inward membrane 

conductance upon depolarisation (Sarria et al., 2012). A fraction of Ad and C-type 

TTX-r neurons also become electrically excitable at temperatures < 27˚C, as the 

lowering of temperature decreases the rheobase in this population (Zimmermann et 

al., 2007). The high prevalence of TTX-r conductance in both A- and C-type fibres, 
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as detected by immunocytochemistry, therefore likely reflects the experimental 

paradigm (Figure 4.6).  

In addition, the use of TTX as a biochemical probe to distinguish TTX-s from 

TTX-r neurons may not be entirely reliable, possibly skewing the fraction of neurons 

that display TTX-r conductile properties. Concentrations ranging from 300 nM to 1 

µM are conventionally used to discriminate TTX-s from TTX-r currents, based on 

the assumption that TTX-s currents are abolished at those concentrations (see Figure 

4.15; Villière and McLachlan, 1996; Blair and Bean, 2003; Leffler et al., 2005). 

Individual TTX dose response functions are derived from the cloning of rodent 

sodium channels heterologously expressed in host cells, such as HEK 293 cells. 

Voltage-gated sodium channels however associate with multiple protein partners in a 

native neuronal background, which regulate their biophysical properties. The density 

and distribution of sodium channels in circular-shaped HEK 293 cells under whole-

cell patch clamp recordings also likely differ from that along the axonal membrane, 

questioning further the translational nature of such recordings. Importantly, it is 

possible that currents as low as 1 % of peak conductance may be sufficient to 

transmit action potentials; this ultimately depends on the absolute number of ion 

channels required for the propagative properties per unit area of nerve membrane, 

which remains unknown to date. Such number likely depends itself on the 

distributive patterns of the isoforms expressed, and their respective 

electrophysiological properties. Whilst 1 µM TTX likely blocks most of the TTX-s 

mediated currents, as > 40 times the estimated IC50 for TTX-s currents, there is no 

evidence that it abolishes TTX-s inward conductance. The concept of TTX-r 

conductance remains therefore mainly conjectural. 

The functional expression of TRPV1 is highly dependent on dissection age 

Transient receptor potential vanilloid 1, a non-selective cation channel, is a 

hallmark transducer of nociceptive neurons, as a polymodal receptor activated by 

various noxious stimuli, such as heat (> 43˚C), acidic conditions, and capsaicin 

(Szallasi et al., 2007). There was a substantial upregulation of somal TRPV1 

expression between E15 and E16 cultures imaged after 8 days in vitro in these 

preparations (Figure 4.8). Assuming an uninterrupted course of development, these 
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cultures reach a projected developmental age of P0 and P1 neurons respectively. It 

may therefore be hypothesised that TRPV1 expression emerges perinatally. 

Functional recordings in acutely dissociated DRG neurons argue strongly against this 

hypothesis however: TRPV1 expression surges soon after the full differentiation 

from neuronal precursors, from a mere 5 % of neurons that respond to capsaicin at 

E12.5, to > 60 % in E14.5 mice neurons, corresponding to a critical period between 

E14 and E16 in the rat (Butler and Juurlink, 1987; Hjerling-Leffler et al., 2007). 

TRPV1 henceforward stabilises to ~ 40 % of functional expression during late 

embryonic to postnatal development. The prolonged incubation of embryonic 

neurons harvested from E15 and E16 animals indicates on the other hand that, whilst 

E16 neurons can intrinsically maintain TRPV1 expression in the presence of NGF, 

E15 neurons require the supplement of an additional factor: E16 cultures maintain 

their high TRPV1 profile, whilst capsaicin responsiveness decreases from an initial 

35 % to less than 10 % by 7 DIV in E15 cultures (Clark, 2014).  

There was a further increase in the TRPV1 expression profile in E16 – P0 

cultures imaged after 8 DIV, with over 80 % of cell bodies responding to capsaicin in 

neonatal cultures (Figure 4.8). This is at odds with the progressive decline in TRPV1 

expression profile from E14.5 onwards in acutely dissociated mice cultures 

(Hjerling-Leffler et al., 2007). This discrepancy may be explained by the selective 

death of neurons with a low TRPV1 profile, and/or the survival of neuronal 

populations with a high TRPV1 expression profile. During late embryogenesis (~ 

E13 – E18), the innervation of peripheral targets leads to a marked neuronal pruning 

as a result of limiting quantities of neurotrophins released by peripheral tissue: a 

substantial fraction of neurons undergo apoptosis due to insufficient Trk-mediated 

signalling (Davies, 1988; Barde, 1989). The exogenous application of NGF, at 

concentrations well beyond the picomolar range observed in vivo, implies that 

neurons do not compete for limited quantities of NGF, which prevents naturally-

occuring cell death in the NGF-dependent population (Meakin and Shooter, 1992). 

The sole incubation of NGF on the other hand selects for TrkA-expressing neurons, a 

subpopulation with over 65 % of neurons that express TRPV1 transcripts (Michael 

and Priestley, 1999). In addition, the prolonged incubation of NGF leads to a pan-

neuronal upregulation of TRPV1 due to its release from phosphotidylinositol-4,5-
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bisphosphate-mediated inhibition, likely to further increase the extent of TRPV1 

expression in these preparations (Chuang et al., 2001). 

Unexpectedly, TRPV1 was similarly expressed in neurons that display TTX-s 

and TTX-r properties of action potential propagation throughout development 

(Figure 4.9). Whilst the expression of TRPV1 and TTX-r channels have been 

characterised in sensory classes, no study so far has investigated their mutual 

expression patterns. The TTX-r Nav1.8 and Nav1.9 isoforms are essentially present in 

unmyelinated fibres, a population that highly co-localises with TRPV1 transcripts (~ 

80 - 90 %; Michael and Priestley, 1999); the expression profile of TRPV1 in TTX-r 

neurons in these preparations is therefore consistent with these findings. On the other 

hand, the large extent of TRPV1 expression in the TTX-s population was unforeseen. 

TTX-s channels are preferentially expressed in the larger, myelinated population, 

very few (~ 3 %) of which co-localise with TRPV1 mRNA (Michael and Priestley, 

1999). Nav1.1, Nav1.3, and Nav1.6 are indeed expressed in large diameter neurons, 

whilst Nav1.7 is present in both N52- and N52+ populations (Fukuoka et al., 2008; 

Fukuoka and Noguchi, 2011). This discrepancy likely results from the expression of 

TTX-r channels, below functional significance, in large diameter neurons (Shields et 

al., 2012; Ramachandra et al., 2013); this finding does not therefore preclude the 

preferential expression of TRPV1 in TTX-r expressing neurons.  

NGF and the functional emergence of TTX-r conductance in vitro 

The inability of NGF to increase the proportion of neurons that display TTX-r 

properties of action potential propagation in both E14 and E19 cultures was 

unexpected (Figure 4.10 and 4.13). A large body of evidence implicates nerve 

growth factor in the regulation of TTX-resistant channels in mature primary 

afferents, in particular the Nav1.8 isoform. Following transection of the peripheral 

branches of the adult sciatic nerve, Nav1.8 and Nav1.9 immunofluorescence levels 

are reduced, concomitant with a decrease in slowly inactivating and persistent TTX-r 

currents (Sleeper et al., 2000). In vivo deprivation of NGF on the other hand 

decreases Nav1.8 expression levels, with TTX-r current densities reduced to half 

their control value (Fjell et al., 1999a). Conversely, the exogenous addition of NGF 

partly rescues Nav1.8 expression levels, consistent with an increase in TTX-r current 
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densities (Dib-Hajj et al., 1998). On a mechanistic basis, NGF is thought to promote 

the translocation of Nav1.8 channels to the plasma membrane via an upregulation of 

the annexin II light chain p11, an accessory protein that binds Nav1.8 N-terminals 

(Okuse et al., 2002; Foulkes et al., 2006). Rather than inducing an increase in the 

TTX-r expression levels, NGF appears to maintain their transcriptional and 

translational levels. 

The role of NGF, as a regulator of TTX-r expression, needs to be considered in 

the context of development however. The profound switch in the embryonic role of 

p75NTR illustrates how the downstream intracellular pathways activated by NGF and 

its cognate receptors may serve radically different functions at different 

developmental stages. Binding to p75NTR during E12 – E15 mediates neuronal 

survival, as downregulation of the low affinity neurotrophin receptor by antisense 

oligonucleotides results in the loss of 70 % neurons after 2 DIV, whilst a mere 10 % 

of neurons are affected in E19 cultures; p75NTR then acts a constitutive death signal 

in the absence of NGF (Barrett and Bartlett, 1994). The temporal correlation between 

the commencement of peripheral target innervation, where NGF is synthesised, and 

the emergence of a hump phase, suggests however a causal link (Elkabes et al., 1994; 

Lechner et al., 2009). It is possible that NGF regulates TTX-r channels during 

embryonic development, but requires the synergistic action of other factors to induce 

TTX-r channel expression at a functionally-significant level, consistent with the fact 

that neurons harvested from later developmental ages display an increasing 

proportion of TTX-r conductance despite the sole presence of NGF. Nevertheless, 

the inability of NGF to induce a substantial upregulation of the TTX-r conductile 

properties indicates that in vitro development of embryonic neurons does not follow 

an uninterrupted course of development with the mere addition of this factor.     

GNDF and the functional emergence of TTX-r conductance in vitro 

Glial-derived neurotrophic factor has been identified as another key factor in 

the regulation of TTX-r channels. The temporal emergence of GDNF, released from 

dermis-derived Schwann cells from E15 onwards, coincides with the onset of Nav1.8 

(E14) and Nav1.9 (E17) expression, whilst the widening of the action potential 

duration during this developmental period is consistent with the slow inactivation 
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kinetics of these isoforms (Wright and Snider, 1996; Benn et al., 2001; Stirling et al. 

2005; Lechner et al., 2009). The ligand also sustains the differentiation and survival 

of Ret-expressing neurons throughout embryonic and perinatal life, a subpopulation 

that displays high levels of Nav1.8 and Nav1.9 immunoreactivity, and emerges 

essentially from E16 onwards (Moore et al., 1996; Fang et al., 2006; Luo et al., 2007; 

Lallemend and Ernfors, 2012). Postnatally, GDNF rescues Nav1.8 and Nav1.9 

transcript and protein levels in nerve injury models, concomitant with a twofold 

increase in TTX-r peak amplitudes in axotomised afferents (Fjell et al., 1999b; 

Cummins et al., 2000). Whilst GDNF may enhance the transcriptional and/or 

translational levels of SCN10A and SCN11A in embryonic cultures, this did not reach 

functional significance (Figure 4.12). 

Retinoic acid shows a time-dependent effect in the functional regulation of 

TTX-r conductance 

Beyond neurotrophic factors, an array of vitamins act at critical timepoints 

during development for the specification and survival of neurons. Retinoic acid (RA) 

for instance, a carboxylic derivative of retinol (vitamin A), affects a wide spectrum 

of functional processes. During early embryonic development, RA has a unique 

spatiotemporal expression that acts as a trunk organiser to impart different cell fates 

in the somites (Marshall et al., 1996; Duester, 2008). The retinoid also increases the 

survival of rat spinal cord neurons in vitro, and stimulates neuritic extensions in 

NGF-dependent embryonic neurons as well as the regeneration of neurites in adult 

DRG neurons (Wuarin et al., 1990; Corcoran and Maden, 1999; Corcoran et al., 

2000). This agent has been estimated to affect the expression of over 500 genes in a 

meta-analysis of its transcriptional effects, and the full extent of its regulatory role in 

neuronal patterning and differentiation is still being unravelled (Balmer and 

Blomhoff, 2002). On a cellular level, retinol is irreversibly converted into its 

carboxylic derivative retinoic acid, which binds target genes via two classes of 

nuclear receptors: the retinoic acid receptors RARa-g, and the retinoid X receptors 

RXRa-g. RARs mediate gene expression by forming heterodimers with RXRs, in 

regions called retinoic acid response elements (RAREs); RA binding induces 

conformational changes that either promote or repress gene transcription. RXRs on 
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the other hand act as homodimers or heterodimers with a variety of orphan receptors 

to affect gene transcription (Mangelsdorf and Evans, 1995).  

The incubation of retinoic acid in embryonic cultures showed an exquisite 

time-dependent regulatory effect on the functional expression of TTX-r channels: 

whilst the agent had no effect in E14 cultures, RA caused a significant increase in the 

proportion of TTX-r neurons in E19 cultures with a projected developmental age of 

P4 neurons (see Figure 4.13 and Figure 4.14). Arguably, RA may select against 

neuronal subpopulations that do not express TTX-r channels, thus increasing the 

proportion of neurons that display TTX-r conductile properties. This concentration 

optimally supports embryonic stem cells (Li et al., 2005), however, and I did not 

observe a dramatic change in the survival of sensory neurons in RA-free and RA-

treated cultures. Alternatively, retinoic acid may either induce or upregulate the 

expression of TTX-r channels. The application of RA in the human neuroblastoma 

cell line LAN-5, derived from sympathetic autonomic precursors, causes drastic 

changes in the morphology and electrophysiological properties of the neuronal 

population, with a twofold increase in the sodium current density, indicating the 

involvement of this factor in the regulation of sodium channel expression (Weiss and 

Sidell, 1991).  

How retinoic acid affects the expression of sodium channels is unclear. There 

is no direct evidence for a transcriptional and/or translational effect on VGSC 

isoforms, whilst the recent meta-analysis of the genes affected by RA did not include 

sodium channels sequences (Balmer and Blomhoff, 2002). The agent appears, 

however, to act synergistically with other growth factors. Whilst the application of 

high concentrations of NGF implies that the neurotrophin is unlikely a limiting 

factor, the extent of NGF-mediated signalling may be hampered by the relative 

expression of its cognate receptors. In the rat pheochromocytoma cell line PC12, RA 

induces the transcription of p75NTR, increasing the extent of NGF binding to the low 

affinity receptor; the effect is specific to p75NTR as not accompanied by an 

upregulation in TrkA mRNA, nor an increase in NGF signalling through the latter 

(Scheibe and Wagner, 1992). Increased activation of p75NTR may therefore underlie 

an enhanced transcription of SCN5A, SCN10A and/or SCN11A. Evidence suggests on  
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Figure 4.16 – Growth factors may affect the TTX-r properties of action potential propagation by a number of transcriptional, and post-
transcriptional mechanisms, including: 1) transcriptional induction or repression of VGSC isoforms; 2) forward trafficking of cytoplasmic pools 
of sodium channels; 3) anchoring of sodium channel vesicles onto the plasmalemma; 4) clustering of sodium channel isoforms; 5) regional 
translation in response to localised signals; 6) intraneuronal relocalisation of pre-existing sodium channel isoforms along the axon; and 7) 
altered electrophysiological properties by phosphorylation of sodium channel residues. VGSC stands for voltage-gated sodium channel; arrows 
indicate the process of. RAR stands for retinoic acid receptor, and RXR for retinoid X receptor.  
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the other hand the pan-transcriptional effect of retinoic acid on the expression of 

TrkA, TrkB, TrkC, and Ret (Balmer and Blomhoff, 2002). In developing chick 

sympathetic neurons and adult-derived hippocampal neural stem cell neurons, 

exposure to RA upregulates both TrkA and p75NTR, concomitant with an increase in 

NGF-mediated signalling (von Holst et al., 1995; Takahashi et al., 1999). 

Collectively, this indicates that the upregulation of TTX-r conductance with this 

factor likely  involves an increased and/or  altered NGF signalling. The sheer number 

of genes regulated by retinoic acid makes it difficult, however, to infer the precise 

mechanisms by which the agent affects TTX-r expression. Figure 4.16 illustrates 

how RA, in combination with NGF and GDNF, may alter the conductile properties 

of sensory neurons, either via a rapid modulation of the electrophysiological 

properties of sodium channel isoforms, and/or a (re)modelling of sodium channel 

isoforms expression and the distributive patterns along the plasmalemma. 
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Chapter 5  

Effects of isoform-specific blockers  
on the propagation of action potentials in sensory neurons 
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5.1 Introduction 

The involvement of the Nav1.3, Nav1.7, Nav1.8, and Nav1.9 isoforms to both 

inflammatory and neuropathic states has instigated the search for subtype-specific 

VGSC modulators, as promising therapeutic targets. Such compounds, in turn, may 

unravel how nociceptive transmission may be specifically inhibited without affecting 

non-nociceptive functions. To this end, an array of pharmacological compounds have 

recently been identified, with a high selectivity profile when assessed in heterologous 

expression systems (see Table 1.5). Three-compartment microfluidic chambers 

provide the unique opportunity to test their effects on the conductile function in a 

native neuronal background. The agents listed below were selected to target sodium 

channel isoforms as they display the highest selectivity profile among commercially 

available compounds, and bind to mutually exclusive interaction sites as shown in 

Figure 5.1.  

v ICA-121431: > 40 fold selectivity for hNav1.1, hNav1.2, and hNav1.3, over  

hNav1.4, hNav1.5, hNav1.6, hNav1.8, and hNav1.9  

v ProTx-II: ~ 90 – 500 fold selectivity for hNav1.7, over hNav1.2, hNav1.3, 

hNav1.4, hNav1.5, hNav1.6, and hNav1.8 

v Jingzhaotoxin-III: > 100 fold selectivity for hNav1.5 over hNav1.7 

v A-803467: ~ 120 – 400 fold selectivity for hNav1.8, over hNav1.2, hNav1.3, 

hNav1.5, and hNav1.7  
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Figure 5.1 – Putative binding sites for the sodium channel blockers used in this 
chapter. (A) Crossview of a voltage-gated sodium channel with the interactions sites 
of tetrodotoxin and lidocaine. (B) Nav structural topology with the binding sites for 
tetrodotoxin, lidocaine, A-803467, ProTx-II, Jingzhaotoxin-III, and ICA-121431. (C) 
List of the compounds and their interaction sites.  

 

 

A 
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5.2 The contribution of Nav1.1, Nav1.2, and Nav1.3 to the propagation of 
action potentials: an ICA-121431 investigation in mice sensory cultures 

In order to test the contribution of Nav1.1, Nav1.2, and Nav1.3 to the 

propagation of action potentials, ICA-121431 was applied in the axonal compartment 

of neonatal mice cultures imaged after 8 – 9 DIV, and the terminals repeatedly 

stimulated, as illustrated in Figure 5.2. ICA-121431 shows a specificity for Nav1.1-3 

of about a 1,000 fold over other types of sodium channels: the IC50 for the Nav1.1 

and Nav1.3 isoforms in HEK 293 cells that heterologously express human sodium 

channels is estimated at < 20 nM, that for Nav1.2 at 240 µM, whilst > 10 µM for the 

Nav1.4, Nav1.5, Nav1.6, Nav1.7, and Nav1.8 isoforms (McCormack et al., 2013). 

Hence 1 µM ICA-121431 nearly abolishes Nav1.1-3 mediated currents, sparing the 

currents mediated by other isoforms (McCormack et al., 2013). Of note, mice 

neurons were harvested in this set of experiments, as the rat Nav1.7 ortholog is highly 

sensitive to the compound (McCormack et al., 2013).  

 

 

Figure 5.2 - Schematic representation of the application of 1 µM ICA-121431 in the 
axonal compartment, with the terminals repeatedly depolarised with 100 mM KCl. 
Calcium transients were recorded in the Fura-2 loaded somata with intermittent 
light excitation. 

The application of ICA-121431 along the axon resulted in a slight decline in 

neuronal responsiveness upon repeated terminal stimulations, very much akin to that 

observed in untreated cultures (nneurons = 114, nexperiments = 4; Figure 5.3); a two-way 
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ANOVA test with a Bonferroni post-hoc test did not reveal any difference between 

these experimental groups. The blockade of Nav1.1, Nav1.2, and Nav1.3 

transmembrane conductance does not therefore appear to impede spike conduction in 

neonatal cultures. 

 

 

Figure 5.3 – Graph representing the proportion of neurons that depolarised upon 
repeated stimulations in untreated cultures (light green line), and those treated with 
1 µM ICA-121431 along the axolemma, after an initial stimulation of the terminal 
arbor (dark green line).  
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5.3 The contribution of Nav1.5 to the propagation of action potentials: a 
Jingzhaotoxin-III investigation 

The TTX-resistant Nav1.5 isoform is expressed throughout all developmental 

stages in sensory neurons with an estimated 20 % of neonatal neurons that display 

Nav1.5-mediated currents, a subpopulation that does not express either Nav1.8 nor 

Nav1.9 (Renganathan et al., 2002). To test whether Nav1.5 channels may underlie 

spike conduction in a subset of neonatal neurons, the recently characterised Nav1.5-

specific blocker Jingzhaotoxin-III was applied in the microfluidic system. The 

axolemma was incubated with 10 µM Jingzhaotoxin-III for 15 minutes to establish 

the action timeframe of the compound, followed with a buffer flow to assess whether 

the compound may be washed off (see Figure 5.4). In a second set of experiments the 

axonal compartment was initially immersed with 1 µM TTX to block TTX-sensitive 

currents, followed with the application of 1 µM TTX + 10 µM Jingzhaotoxin-III to 

ascertain the role of Nav1.5 to TTX-r conductance. This concentration of 

Jingzhaotoxin-III blocks almost entirely Nav1.5-mediated currents in whole-cell 

voltage clamp experiments in rat myocytes, leaving the currents mediated by other 

VGSCs unaffected, an effect reached in less than a minute (Xiao et al., 2004; Rong et 

al., 2011).  

Unexpectedly, Jingzhaotoxin-III failed to block the propagation of action 

potentials beyond control levels, in both experimental conditions. The 15 minutes 

incubation of the toxin did not result in a significant drop in neuronal responsiveness 

(nneurons = 124, nexperiments = 4; Figure 5.5 A), and the compound equally failed to 

affect TTX-resistant conductance: the incubation of 1 µM TTX blocked the 

propagation of action potentials in about 15 % of neurons as expected, whilst the 

addition of 10 µM Jingzhaotoxin for over 35 minutes did not recruit additional cells 

(nneurons = 130, nexperiments = 4; Figure 5.5 B). This set of experiments suggests that 

Nav1.5-mediated currents do not underlie spike conduction in neonatal cultures.   
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Figure 5.4 – Schematic representation of the application of 10 µM Jingzhaotoxin-III 
(JZT-III) in the axonal compartment, in the presence or absence of 1 µM TTX, with 
the terminals repeatedly depolarised with 100 mM KCl. Calcium transients were 
recorded in the Fura-2 loaded somata with intermittent light excitation. 
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Figure 5.5 – Jingzhaotoxin-mediated Nav1.5 blockade does not affect neuronal 
responsiveness in the entire, nor the TTX-r populations. (A) Graph representing the 
percentage of neurons responding to repeated terminal depolarisations in the 
untreated group (green line), and the group treated with the toxin (brown line). (B) 
Graph representing the extent of neuronal responsiveness upon repeated terminal 
stimulations in the untreated group (green line), and the group sequentially treated 
with TTX, and TTX + Jingzhaotoxin-III in the axonal compartment (brown line). 
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5.4 The contribution of Nav1.7 to the propagation of action potentials: a 
ProTx-II investigation 

(i) ProTx-II dose response function 

 To assess the contribution of Nav1.7 to the propagation of action potentials, 

the Nav1.7-specific blocker ProTx-II was applied in the microfluidic system, a 

compound that displays > 100 fold selectivity for this isoform (Schmalhofer et al., 

2008). In whole-cell voltage clamp recordings the application of 10 nM to 1 µM 

ProTx-II blocks almost entirely Nav1.7-mediated currents, largely sparing currents 

mediated by other isoforms with concentrations up to 10 nM; such effect is reached 

within minutes. The maximal inhibitory timeframe was first assessed at those 

concentrations with a prolonged incubation of 10 nM, 100 nM, or 1000 nM in the 

axonal compartment, and the terminals repeatedly stimulated with intermittent KCl 

aplications, as illustrated in Figure 5.6. The ProTx-II dose response function was 

then derived from these experiments.   

 

 

Figure 5.6 – Schematic representation of the incubation of x concentration of ProTx-
II in the axonal compartment (10 nM, 100 nM, or 1000 nM) with the repeated 
stimulation of the terminals with 100 mM KCl. Calcium transients were recorded in 
the Fura-2 loaded somata with intermittent light excitation. 
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ProTx-II reached its maximal inhibitory effect within 5 – 15 minutes, 

depending on the concentration applied along the axolemma (see Figure 5.7). 

Neuronal responsiveness plateaued within 10 minutes with the incubation of 10 nM 

ProTx-II, at 84 ± 2 % (nneurons = 140, nexperiments = 4). The maximal inhibitory effect 

was reached within 15 minutes, with the application of 100 nM, with 75 ± 7 % of the 

neurons responding (nneurons = 120, nexperiments = 4), whilst 1 µM resulted in the 

shortest action timeframe with responsiveness plateauing at 20 % within 5 minutes 

(nneurons = 109, nexperiments = 3).  

The dose-dependent inhibition function derived from these sets of 

experiments shows that the majority of neurons were blocked with the application of 

0.1 to 1 µM ProTx-II (Figure 5.7). The sigmoidal kinetic profiles of this graph was 

fitted with the Hill equation formulated below, where f (x) is the predicted effect of a 

ligand, Vmax the maximal effect, C the drug concentration, k the dissociation 

constant, IC50 the half maximal inhibitory concentration, and a the Hill coefficient 

of sigmoidicity (Goutelle et al., 2008): 

!	($) = 	
'()*	×	,

-

.- +	,-
 

With a Hill coefficient a = 1 for the ProTx-II compound (Schmalhofer et al., 2008): 

	!	($) = 	
'()*	×	[1234$ − 66]

. + [1234$ − 66]
 

At half-maximal inhibitory concentration, 

!	($) = 	
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2

					 ∴ 				
'()*
2

= 	
'()*	×	6,50

. + 6,50
					 ∴ 				6,50 = . 

yielding an IC50 of 0.6 µM. Taking 10 nM ProTx-II as the concentration that nearly 

abolishes Nav1.7-mediated currents (> 97 % inhibition), whilst sparing currents 

mediated by other isoforms (< 25 % inhibition), this suggests that about 15 % of 

neonatal neurons depend on Nav1.7-mediated currents for impulse propagation.  
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Figure 5.7 – ProTx-II dose response curves in neonatal cultures. (A) The action 
timeframe of ProTx-II is concentration-dependent: graph representing the 
percentage of neurons responding to repeated terminal stimulations in the untreated 
group (green lines) and groups incubated with 10 nM - 1 µM ProTx-II on the 
axolemma (pink lines). (B) ProTx-II dose response function derived from the 
respective maximal inhibitory responses. (C) ProTx-II dose-dependent inhibition 
function, with the Hill equation fitted to the graph, and with the corresponding IC50. 
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(ii) Immunocytochemical investigation of ProTx-II-mediated block 

Though present throughout sensory classes, Nav1.7 appears to be 

preferentially expressed in the smaller, nociceptive population, with high 

hybridisation and immunoreactivity levels detected in the unmyelinated population 

(Fukuoka and Noguchi 2011; Black et al., 2012). To test whether the inhibition of 

Nav1.7 currents affects preferentially C-type neurons, neonatal neurons incubated 

with 100 nM ProTx-II were subsequently stained with the monoclonal antibody N52, 

and the percentage of neurons blocked with 100 nM ProTx-II thence quantified in 

the N52-
 and N52+ populations.  

A greater extent of the negatively-labelled neurons was blocked with ProTx-

II, though this difference was not statistically significant: 47 ± 13 % of the N52- 

neurons were blocked with 100 nM ProTx-II, compared to 32 ± 14 % in the N52+ 

population (nneurons = 212, nexperiments = 6; Figure 5.8). The blockade of Nav1.7-

mediated currents therefore affects neurons with both A- and C- type characteristics.   
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Figure 5.8 – ProTx-II-mediated blockade affects both A- and C-type neurons. (A) 
From left to right, top to bottom: brightfield picture of a neonatal culture (top left), 
overlay of the neurons blocked with 100 nM ProTx-II (pink neurons; top right), N52 
staining of the culture (bottom left), and the neuronal population blocked with 
ProTx-II and positively labelled with N52 (bottom right). (B) Graph representing the 
percentage of blocked neurons by axolemmal incubation of 100 nM ProTx-II in the 
N52 positively and negatively labelled subpopulations.  
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5.5 The contribution of Nav1.8 to spike conduction: an A-803467 investigation 

(i) A-803467 action timeframe 

 In order to assess the contribution of Nav1.8 to the propagation of action 

potentials, the A-803467 compound was applied in microfluidic chambers: A-

803467 blocks Nav1.8-mediated currents with a hundred fold selectivity over other 

types of sodium channels, an effect attained within several minutes in whole-cell 

patch clamp recordings (Jarvis et al., 2007; Alomone, 2015).  

 To establish the maximal inhibitory period of this compound in the system, 

0.3 µM A-803467 was first incubated for 15 minutes in the axonal compartment of 

neonatal cultures imaged after 8 DIV, and the terminals repeatedly stimulated, as 

illustrated in Figure 5.9. This concentration of A-803467 blocks a majority of 

Nav1.8-mediated currents in HEK 293 cells expressing recombinant sodium 

channels, leaving the currents mediated by other sodium channel isoforms largely 

unaffected (Jarvis et al., 2007). TTX was subsequently applied to the axonal 

compartment to assess whether neurons that display TTX-s conductile properties 

may be blocked with the inhibition of Nav1.8-mediated currents. TTX and A-80467 

bind to distinct allosteric sites and could therefore be used in combination (Jarvis et 

al., 2007; Fozzard and Lipkind, 2010).  

Neuronal responsiveness plateaued within 5 minutes of application of A-

803467, showing that the maximal inhibitory effect is reached within this timeframe 

in the microfluidic system (nneurons = 167, nexperiments = 5; Figure 5.10). The addition of 

1 µM TTX recruited an additional 20 % of neurons, which corresponds to the 

proportion of TTX-s neurons in neonatal cultures. This suggests that the inhibition of 

a majority of Nav1.8 currents does not affect TTX-s conductance.   
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Figure 5.9 – Schematic representation of the sequential application of A-803467, 
and TTX + A-803467 in the axonal compartment, with the terminals repeatedly 
stimulated with 100 mM KCl. Calcium transients were recorded in the Fura-2 
loaded somata with intermittent light excitation. 
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Figure 5.10 – The Nav1.8 blocker A-803467 blocks the propagation of action 
potentials within 5 minutes. (A) Representative calcium transients of a neuron that 
sustained firing despite the successive application of 0.3 µM A-803467 and 1 µM 
TTX in the axonal compartment (top trace), and one that was blocked within 5 
minutes of 0.3 µM A-803467 application (bottom trace). (B) Percentage of neurons 
that responded to repeated terminal stimulations in the untreated group (green line), 
in the TTX treated group (blue line) - where 1 µM TTX was incubated in the axonal 
compartment - and the A-803467 treated group (purple line) - where 0.3 µM A-
803467 and 1 µM TTX + 0.3 A-803467 were successively applied along the axon.  
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(ii) A minority of TTX-resistant neurons are blocked by Nav1.8-specific blockade 

 In order to assess the contribution of Nav1.8 to the propagation of action 

potentials in the TTX-resistant population, the axolemma was initially incubated 

with 1 µM TTX, followed with the combined application of 1 µM TTX and 1 µM A-

803467, whilst the terminals were repeatedly stimulated with 100 mM KCl. 1 µM 

TTX is deemed to block TTX-sensitive currents, whilst 1 µM A-803467 blocks ~ 70 

% of Nav1.8-mediated currents, leaving the currents mediated by other types of 

sodium channels largely spared (Jarvis et al., 2007). A-803467 was incubated for a 

prolonged period to assess the maximal inhibitory timeframe of the compound at this 

concentration. 

 Within 5 minutes of application, 1 µM TTX blocked about 20% of the 

neuronal population as expected (Figure 5.11). The Nav1.8 blocker resulted in a 

further 20 % decrease in neuronal responsiveness, reaching 60 ± 8 % after a 5 

minutes incubation (nneurons = 143; nexperiments = 4). This effect plateaued despite the 

prolonged application of A-803467 on the axolemma. This indicates that the 

maximal inhibitory effect is reached within 5 minutes when both TTX and 1 µM A-

803467 are applied to the axolemma. Interestingly the blockade of ~ 70 % of Nav1.8-

mediated currents resulted in the failure of spike conduction in a minority of TTX-r 

neurons.  
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Figure 5.11 – 1 µM A-803467 blocks a minority of neurons with TTX-r conductile 
properties. (A) From left to right: brightfield picture of a neonatal culture (left), 
overlay of the neurons blocked with 1 µM TTX (blue neurons; middle), and the 
neurons blocked with the addition of 1 µM A-803467 (purple neurons; right). Scale 
bar = 100 µm. (B) Percentage of neurons that responded to successive terminal 
depolarisations in the untreated group (green line), and the treated group (blue line), 
where the axolemma was sequentially incubated with 1 µM TTX, and 1 µM TTX + 1 
µM A-803467.  
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(iii) A-803467 dose response function in the entire neuronal population and the TTX-

resistant one 

 In order to establish the dose response functions of A-803467 in the entire 

neuronal population and the population with TTX-r conductile properties, an 

ascending concentration of A-803467 was applied in the axonal compartment in the 

presence of absence of 1 µM TTX, with the terminals repeatedly stimulated with 

high K+ as illustrated below.  

 

Figure 5.12 – Schematic representation of the repeated stimulation of the terminals 
with 100 mM KCl, and the axolemmal application of increasing concentrations of A-
803467 in the absence or presence of 1 µM TTX. Calcium transients were recorded 
in the Fura-2 loaded somata with intermittent light excitation. 

 In the whole population (Figure 5.13 A), the application of 0.001 to 0.1 µM 

of A-803467 resulted in the progressive decrease in responsiveness from 85 ± 9 % to 

70 ± 11 % (nneurons = 144; nexperiments = 5). Neurons were mainly affected by 

concentrations ranging from 0.1 to 10 µM, with only 19 ± 10 % of the neurons 

responding with the latter concentration. Responsiveness plateaued to an 

approximate 10 % of neurons responding with the prolonged incubation of 100 µM 

A-803467. The application of A-803467 in the TTX-resistant population (see Figure 

5.13 B) resulted in similar patterns of responsiveness: there was a progressive 

decrease in spike conduction from 0.001 to 0.1 µM A-803467 reaching 79 ± 6 % 

with 0.1 µM A-803467 (nneurons = 138; nexperiments = 5), followed by a marked drop in 
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responsiveness from 0.1 to 10 µM, with 15 ± 7 % responding with the latter 

concentration. The prolonged incubation with 10 µM A-803467 also resulted in a 

plateau in responsiveness with ~ 10 % of neurons responding.  

When comparing the inhibitory dose response functions in both populations 

(Figure 5.13 C), the graphs show very similar patterns of inhibition with most 

blockade occuring between 0.01 to 10 µM, and a maximal inhibition reaching 85 – 

90 %. Using the same parameters as described in section 5.4 (i), with a Hill 

coefficient a = 0.7 for the A-803467 compound (Jarvis et al., 2007),  

!	($) = 	
'()*	×	[< − 803467]

B.D

.B.D +	 [< − 803467]B.D
 

yielding an IC50 (whole population) = 1.2 µM, and an IC50 (TTX-r population) = 

0.7 µM.  

Taken together, the A-803467 compound impeded the conductile function 

predominantly at concentrations where the majority of Nav1.8-mediated currents are 

inhibited (≥ 0.3 µM). At concentrations up to 1 µM A-803467, which grossly 

corresponds to the IC50 in both subpopulations, currents mediated by other types of 

channels remain largely unaffected (< 15 % fractional inhibition for Nav1.2, Nav1.5, 

and Nav1.7; Jarvis et al., 2007). This suggests that a majority of neurons in these 

preparations rely on Nav1.8 for impulse propagation.  
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Figure 5.13– A-803467 results in similar dose response functions in the absence or 
presence of 1 µM TTX. (A) Dose response curve of neonatal cultures in the untreated 
group (green line), and the treated one (purple line), where ascending 
concentrations of A-803467 were applied. (B) Dose response curve of neonatal 
cultures in the untreated group (green line), and the treated group (blue line), where 
both TTX and A-803467 were applied (C) The Hill equation was fitted to both 
experimental conditions.  
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(iv) Immunocytochemical investigation of A-803467-mediated block 

 Evidence suggests that the Nav1.8 isoform displays a preferential expression 

in smaller diameter neurons with nociceptive properties (Djouhri et al., 2003; Rush et 

al., 2007). To assess whether the blockade of Nav1.8 preferentially blocks the 

propagation of action potentials in smaller C-type neurons, cultures treated with 1 

µM A-803467 were subsequently stained with the monoclonal antibody N52. As 

discussed previously, 1 µM A-803467 blocks a majority of Nav1.8-mediated 

currents, leaving the other types of currents largely spared (Jarvis et al., 2007); 

neurons blocked with the compound were thence quantified in both the N52+ and 

N52- populations.  

 A-803467 blocked the majority of neurons in both N52+ and N52- labelled 

cells: 65 ± 23 % of the positively-labelled neurons were blocked with 1 µM A-

803467, and 73 ± 13 % of the negatively-labelled neurons were blocked at this 

concentration (nneurons = 121; nexperiments = 4; Figure 5.14). The selective blockade of 

Nav1.8-mediated currents therefore appears to affect neurons with both A- and C-

type characteristics.  12/13/16 6:34:00 PM.  
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Figure 5.14 – A-803467-mediated blockade affects both A-type and C-type neurons. 
(A) From left to right, top to bottom: brightfield picture of a neonatal culture, 
overlay of the neuronal population blocked by 1 µM A-803467 (pink neurons), N52 
staining of the culture, and the merged populations. Scale bar = 100 µm. (B) 
Percentage of neurons positively, and negatively stained with N52, blocked with 1 
µM A-803467 along the axon.  
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5.6 The contribution of Nav1.7 and Nav1.8 to the propagation of action 
potentials: a combined ProTx-II and A-803467 investigation 

(i) Neuronal responsiveness to the combined application of ProTx-II and A-803467 

 In order to assess the joint contribution of Nav1.7 and Nav1.8 to the 

propagation of action potentials, both ProTx-II and A-803467 were incubated in the 

axonal compartment with the terminals repeatedly stimulated, as illustrated in Figure 

5.15. 100 nM ProTx-II was applied for 15 minutes to reach its maximal inhibitory 

effect (confer section 5.4); ProTx-II and A-803467 were then incubated for 15 

minutes, to ascertain the action timeframe for the combined application of the 

compounds. 100 nM ProTx-II and 1 µM A-803467 were applied to inhibit the vast 

majority of both Nav1.7- and Nav1.8-mediated currents, respectively (Schmalhofer et 

al., 2008; Jarvis et al., 2007). 

 

 

Figure 5.15 – Schematic representation of the sequential application of ProTx-II and 
ProTx-II + A-803467 in the axonal compartment, with the terminals repeatedly 
stimulated with 100 mM KCl. Calcium transients were recorded in the Fura-2 
loaded somata with intermittent light excitation. 

 
 The sequential application of ProTx-II and A-803467 resulted in a cumulative 

block of the propagation of action potentials in neonatal neurons. After a 15 minutes 
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incubation 100 nM ProTx-II blocked 44 ± 10 % of neurons, whilst the combined 

application of ProTx-II and A-803467 recruited an additional ~ 20 % of the neuronal 

population within 5 minutes of incubation (nneurons = 195, nexperiments = 5; Figure 5.16). 

This set of experiments shows that the combined inhibition of Nav1.7- and Nav1.8-

mediated currents blocked the propagative properties of a majority of neonatal 

neurons.  
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Figure 5.16 – The combined application of ProTx-II and A-803467 blocks the 
majority of neonatal neurons. (A) From top to bottom: representative calcium 
transients of a neuron not blocked by 100 nM ProTx-II axolemmal application, nor 1 
µM A-803467 (top), calcium transients of a neuron blocked with the application of 1 
µM A-803467 (middle), and that of a neuron blocked within 10 minutes of 100 nM 
ProTx-II application onto the axolemma. (B) Graph representing neuronal 
responsiveness in the untreated group (green line) and the group treated with ProTx-
II and A-803467, sequentially applied in the axonal compartment (black line).  
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(ii) Immunocytochemical investigation of ProTx-II and A-803467 mediated block 

 To assess whether the combined blockade of Nav1.7 and Nav1.8 preferentially 

affects A- or C-type neurons, cultures treated with both ProTx-II and A-803467 were 

subsequently stained with the monoclonal antibody N52. The percentage of neurons 

blocked with the combined application of the Nav1.7 and Nav1.8 compounds was 

assessed in the N52+ and N52+ populations. The application of ProTx-II and A-

803467 impeded the propagation of action potentials in a non-preferential manner: 

70 ± 9 % of neurons were blocked in the N52+ population, and 68 ± 11 % were 

blocked in the N52- one (nneurons = 149, nexperiments = 4; Figure 5.17). The inhibition of 

both Nav1.7- and Nav1.8-mediated currents does not appear to preferentially affect 

either A- or C-type fibres.  
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Figure 5.17 – The combined application of ProTx-II and A-803467 blocks both A-
type and C-type neurons. (A) From left to right, top to bottom: brightfield picture of 
a neonatal culture (top left), overlay of the neuronal population blocked with the 
combined application of 100 nM ProTx-II and 1 µM A-803467 in the axonal 
compartment (pink neurons; top right), N52 staining of the culture (bottom left), and 
the neuronal population blocked by both compounds and positively-labelled with 
N52 (bottom right). (B) Percentage of neurons blocked in the positively- and 
negatively-labelled populations.  
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5.7 TTX-resistant conductance: the combined contribution of Nav1.5- and 
Nav1.8-mediated currents 

Whilst the biophysical properties of Nav1.5 and Nav1.8 are consistent with a 

role in the initiation and propagation of action potentials, the very slow kinetics of 

Nav1.9 implies that this isoform likely acts as an electrogenic facilitator by lowering 

the threshold for action potential initiation (Reinhard et al., 2013; Renganathan et al., 

2001; Baker et al., 2003). The combined blockade of Nav1.5- and Nav1.8-mediated 

currents was therefore hypothesised to abolish TTX-r conductance in sensory 

neurons, as illustrated in Figure 5.18 A. To this end, 1 µM TTX was first incubated 

in the axonal compartment of neonatal neurons imaged after 8 - 9 days in vitro, 

followed by 1 µM TTX + 1 µM A-803467 and 1 µM TTX + 1 µM A-803467 + 10 

µM Jingzhaotoxin-III, hence progressively blocking TTX-sensitive channels, Nav1.8, 

and Nav1.5 channels respectively; terminals were repeatedly stimulated with high K+ 

(see Figure 5.21 B).  

As expected, the application of 1 µM TTX blocked ~ 20 % of neurons within 5 

minutes (nneurons = 104, nexperiments = 4; Figure 5.19). The addition of 1 µM A-803467 

blocked a further 10 % of neurons, whilst the addition of Jingzhaotoxin-III did not 

recruit additional cells, with neuronal responsiveness plateauing at ~ 70 %. These 

experiments indicate that, despite the inhibition of the majority of Nav1.5- and 

Nav1.8-mediated currents, a majority of neurons retained the ability to propagate 

action potentials.   
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Figure 5.18 – Schematic representation of the combined blockade of Nav1.5 and 
Nav1.8 in TTX-resistant neurons. (A) Diagram representing the simultaneous 
incubation of TTX, Jingzhaotoxin-III and A-803467 to block TTX-sensitive, Nav1.5- 
and Nav1.8-mediated currents, respectively. TTX-s channels are not represented in 
this scheme; the arrow represents the conduction of action potentials through the 
axolemma. (B) Schematic representation of the successive application of TTX, A-
803467, and Jingzhaotoxin-III in the axonal compartment, and the repeated 
depolarisation of the terminals with 100 mM KCl. Calcium transients were recorded 
in the Fura-2 loaded somata with intermittent light excitation. 
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Figure 5.19 – Graph representing the proportion of neurons responding to 
successive terminal depolarisations in untreated cultures (green line), and cultures 
sequentially treated with TTX, A-803467, and Jingzhaotoxin-III in the axonal 
compartment (blue line).   
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5.8 Discussion 

Voltage-gated sodium channels underlie the firing of action potentials in 

excitable cells, including neurons, and it is therefore of no surprise that the complete 

block of inward currents mediated by these channels abolishes pain, exemplified by 

the potent analgesic effects of non-selective sodium channel blockers such as 

lidocaine (de Souza and Kraychete, 2014). Evidence has emerged for a preferential 

pattern of expression in the peripheral nervous system of certain Nav isoforms 

involved in nociception, which has accordingly sparked an interest in the 

development of new classes of selective sodium channel inhibitors specifically 

targeted for pain relief that hold the promise of potent analgesic effects, without the 

substantial cardiac and CNS liabilities associated with non-discriminative VGSC 

blockers. In the past few years an array of subtype-selective blockers have been 

discovered with a selectivity profile of 2 to 3 orders of magnitude in heterologous 

expression systems, allowing the pharmacological investigation of the functional 

significance of sodium channel isoforms to the conductile function, an opportunity 

unparalleled so far. The identification of loss-of-function SCN9A variants linked to 

congenital insensitivity to pain indicate a pivotal role for Nav1.7 in nociceptive 

transmission; yet the application of ProTx-II, a highly Nav1.7-selective blocker, 

reduces the amplitude of compound action potentials in the skin-nerve preparation by 

a mere 15 % in unsheathed C-type fibres, at concentrations that nearly abolish 

Nav1.7-mediated currents in heterologous expression systems, illustrating the 

apparent dichotomy between genetic and pharmacological evidence (Cox et al., 

2006; Schmalhofer et al., 2008). The administration of these compounds in in vivo 

experimental pain models has also failed to validate the therapeutic potential of 

targeting these compounds due to the relatively low selectivity profile of newly 

developed inhibitors. Compounds are injected at concentrations well above the 

selectivity range to compensate for a low bioavailability, substantial plasma binding, 

and high clearance rate, and estimations of the concentrations that immerse the nerve 

fibres at each experimental timepoint generally rely on measurements of plasma 

concentrations, a highly unreliable method, due to the partial diffusion across the 

blood-nerve barrier; unfenestrated endothelial cells lining the walls of the vasa 

nervorum are not entirely permeable, even to lipophilic agents (Rechthand and 

Rapoport, 1987). Importantly the bulk of the evidence regarding the relative 
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contribution of sodium channel isoforms to the propagation of action potentials is 

derived from electrophysiological recordings performed on the somal plasmalemma, 

unlikely to reflect the palette and distributive patterns of VGSC isoforms expressed 

along the axon. The microfluidic technology allows therefore the application specific 

concentrations of selective sodium channel inhibitors exclusively along the axon in a 

native neuronal environment, as a translational step from a heterologous expression 

system, to a whole organ (i.e peripheral nerve) to infer the role of Nav subtypes in 

sensory subpopulations.  

Somal depolarisation, as a consequence of the propagation of action potentials 

from the terminals to the cell bodies, was detected by time-locked calcium transients 

using ratiometric Fura-2 imaging. In porcine sensory neurons incubated with the 

Fluo-8 dye, the transmission of a single spike evokes calcium transients that reach an 

approximate 25 % of peak values, whilst 10 – 20 Hz electrical stimulations result in 

peak fluorescence (Jonas et al., 2015). Interestingly, the application of the sodium 

channel ionophore ionomycin by the authors elicited greater transients still, which 

indicates that the inability to trigger larger calcium transients with ≥ 20 Hz likely 

results from the intermittent failure of conduction along the neurite, rather than the 

saturation of the indicator, showing the high fidelity of this technique in detecting 

spike discharges. In perinatal pyramidal neurons incubated with Fura-2 AM, the 

injection of current pulses to evoke single action potentials results in distinct calcium 

transients in the somata (Smetters et al., 1999); both studies demonstrate the high 

fidelity of calcium imaging in detecting spike discharges. The five minutes recovery 

period between repeated terminal depolarisations herein implies that the resting 

equilibrium was re-established before each subsequent stimulus, as fast and slow 

inactivation take effect within a few milliseconds and seconds respectively (Cox and 

Gosling, 2014). Some pharmacological compounds display indeed a differential 

binding affinity between the conformational states of voltage-gated sodium channels 

(i.e. to the resting, activated, or inactivated state), resulting in an increased block 

upon repeated activation of the channel, known as use-dependent, or phasic block. 

This experimental paradigm therefore assesses tonic, rather than phasic block, with 

the propagation of a single action potential likely sufficient to trigger robust calcium 

transients in the somata. 
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It is important to consider the experimental conditions in which 

pharmacological agents were tested. The section of central and peripheral processes, 

inherent to the dissociation of dorsal root ganglia neurons, alters the relative 

expression of sodium channel isoforms, whilst recordings at temperatures below 

physiological levels affect their biophysical properties. Peripheral axotomy results in 

the upregulation of Nav1.3 transcripts, and the downregulation of Nav1.8 and Nav1.9 

ones, concomitant with the emergence of rapidly repriming TTX-s currents and a 

decrease in TTX-r current densities respectively (Waxman et al., 1994; Cummins 

and Waxman, 1997; Black et al., 1999; Sleeper et al., 2000). The exogenous 

administration of NGF in these cultures, normalises SCN3A and SCN10A 

transcriptional levels however, whilst the absence of GDNF implies that Nav1.9 

likely remains downregulated (Black et al., 1997; Fjell et al., 1999b; Leffler et al., 

2002). Experimentations below physiological temperatures, on the other hand, 

increase membrane input resistance, decelerate activation kinetics, and reduce the 

amplitude of inward transmembrane conductance. The reduction of temperature from 

30 ˚C to 20 ˚C for example decreases TTX-s transmembrane conductance by ~ 50 %, 

and ~ 25 % for TTX-r currents, which translates as a fractional increase in the 

contribution of TTX-r currents, relative to the TTX-s ones: at 37 ˚C the TTX-r 

component of C-fibre compound action potentials in an ex vivo preparation of the 

sciatic nerve represents 7 % of total INa, compared to 34 – 35 % when measured at 22 

˚C (Pinto et al., 2008; Sarria et al., 2012). The attenuation in transmembrane 

conductance does not necessarily impede spike discharge however: a fraction of 

sensory neurons regain responsiveness upon electrical and mechanical stimulation at 

temperatures below 27 ˚C, with an overall decrease in the rheobase in TTX-r 

neurons, indicating an increased excitable state (Zimmermann et al., 2007).   

By definition, transmembrane conductance is function to the extent of 

activation and steady-state inactivation, with sodium currents 6E) defined as: 

6E) = 	FE)	G
H	ℎ	(	' −	JE)	) 

with FE)  is the maximal sodium conductance (120 mS/cm2), G	the probability of 

activation, ℎ the probability that the inactivated particle is not in its inactivating state 

(0 ≤ G, ℎ	≤ 1), and  JE) the  sodium  reversal potential (Hodgkin and Huxley, 1952).  
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VGSC Species Expression system Inactivation References 

Nav1.1 rat XLO ± b1 ± b2 ~ 0 % Smith and Goldin, 1998 

 rat XLO 0 % Barela et al., 2006 

 human tsA-201  0 % Mantegazza et al., 2005 

 human HEK 50 % Bechi et al., 2012 

Nav1.2 rat XLO with b1 + b2 40 % Smith and Goldin, 1998 

Nav1.3 rat HEK  60 % Sheets et al., 2008 

 rat HEK with b1 and 
b2 

50 % Cummins et al., 2001 

Nav1.6 mouse XLO ~ 50 % Smith et al., 1998 

 mouse transfection in 
Nav1.8-/- with mouse 

channel 

~ 50 % Herzog et al., 2003 

 human HEK ~30 % Burbidge et al., 2002 

Nav1.7 rat XLO ~ 80 % Chevrier et al., 2004 

 rat XLO ~ 80 % Vijayaragavan et al., 
2004 

 human HEK + b1 50 % Klugbauer et al., 1995 

Nav1.5 rat HEK  50 % Mantegazza et al., 2001 

Nav1.8 rat XLO ~ 10 % Akopian et al., 1996 

 rat XLO with b1 50 % Vijayaragavan et al., 
2001 

 rat XLO + b1/2/3 50 % Vijayaragavan et al., 
2004 

 rat native DRG ~ 0 % Sheets et al., 2008 

Nav1.9 rat DRG ~ 50 % Tyrrell et al., 2001 

 human transfection in  
Nav1.9-/- mice 

~ 40 % Huang et al., 2014 

Table 5.1 – Extent of steady-state inactivation at – 58 mV for voltage-gated sodium 
channels expressed in DRG neurons. HEK stands for human embryonic kidney 293 
cells; tsA-201, transformed human kidney cell line ; XLO, Xenopus laevis oocyte.  
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When a depolarising stimulus is imposed onto the membrane, m changes within a 

fraction  of  a  millisecond, whilst  h  requires  several  milliseconds  to attain its new, 

smaller value; sodium conductance is therefore controlled by two processes, with an 

initial increase due to the rapid activation properties of the channels, and a 

subsequent reduction with the onset of inactivation. In strains where both Nav1.7 and 

Nav1.8 are genetically deleted in Nav1.8-expressing neurons, an estimated 50 % of 

neurons are unable to generate action potentials when stimulated with depolarising 

current injections (Raouf et al., 2012). Holding the membrane to a hyperpolarised 

potential from an approximate - 60 mV to - 90 mV, removes steady-state 

inactivation, thereby restoring the ability to generate all-or-none responses in these 

neurons; the extent of steady-state inactivation at resting membrane potential is 

therefore key in determining the relative availability of individual sodium channel 

isoforms prior to stimulation. In neonatal sensory neurons cultured in vitro, whole-

cell patch clamp recordings estimate at – 58 mV the RMP throughout neuronal 

regions (Wang et al., 1994); the fractional inhibition of individual Nav isoforms is 

summarised in Table 5.1 at this membrane potential.   

VGSC expression patterns: axolemmal considerations 

Sensory neurons deploy a specific subset of voltage-gated sodium channels 

throughout neuritic regions, with the vast majority expressing both TTX-s and TTX-r 

channels (Akopian et al., 1999). Our understanding of the specific isoforms 

expressed along the axon during neonatal development remains however largely 

speculative, as most studies have investigated the presence or absence of subtype-

specific proteins or transcripts in the cell bodies, rather than along the axolemma 

(Waxman et al., 1994; Felts et al., 1997; Benn et al., 2001). One study has recently 

addressed this gap in knowledge by immunolabelling Nav isoforms with subtype-

specific antibodies in developing nodes of Ranvier (Luo et al., 2014). In the first 

postnatal week the interaction between Schwann cells and the axon results in the 

progressive clustering of VGSC isoforms in A-type fibres (Vabnick et al., 1996). 

These nascent focal zones display a high dynamicity in the expression of sodium 

channels with the emergence of the Nav1.7, Nav1.8, Nav1.2, and Nav1.6 isoforms in 

the majority of nodes (Luo et al., 2014). The clusters eventually develop into mature 

nodes of Ranvier, with a high density of sodium channels at ~ 1,200 channels/µm2, 
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compared to an estimated 20 – 25 channels/µm2 in paranodal and internodal regions 

(Rosenbluth, 1976; Ritchie and Rogart, 1977). These structures necessitate the 

maintenance of axon-glial contact: lack of gliomedin or neuronal cell adhesion 

molecule (NrCAM), glial proteins secreted by Schwann cells microvilli that contact 

the nodal axolemma, results in the disintegration of those focal points (Amor et al., 

2014). In Oct6DSCE/bgeo mice, ablation of the Schwann-cell-specific enhancer element 

that promotes the transcription of Oct6, results in the delayed onset of myelination 

during the first postnatal week (Mandemakers, 2000). Interestingly, transcriptional, 

proteinic, and trafficking levels of sodium channel isoforms are very much similar 

between mutant and control animals, which indicates that myelination facilitates the 

formation of nodal clusters from existing isoforms pools, rather than acting as an 

enhancory/repressory factor; the expression of individual VGSC isoforms therefore 

appears to follow a preprogrammed developmental course, independent of 

myelination (Luo et al., 2014). This suggests that the absence of Schwann cells does 

not alter the repertoire of VGSC expression, with sodium channels likely distributed 

sporadically along the axon (Dugandzija-Novaković et al., 1995; Schafer et al., 

2006). In C-type fibres, no study so far has explored the expression patterns of 

VGSC isoforms along the axon at this developmental age, and one may solely 

extrapolate findings from somal transcriptional analysis (see Table 5.2).  

Isoforms not needed for the propagation of action potentials 

Nav1.1, Nav1.2, Nav1.3: an ICA-121431 investigation 

The 2,2-diphenyl-N-(4-(N-thiazol-2-ylsulfamoyl)phenyl) acetamide 

compound ICA-121431 acts as a selective inhibitor of the Nav1.1-3 isoforms by 

inducing a concentration-dependent hyperpolarising shift in the voltage dependence 

of inactivation (McCormack et al., 2013). ICA-121431 binds preferentially to 

inactivated channels, which implies that the extent of steady-state inactivation will 

determine its potency for individual isoforms. In human channels heterologously 

expressed in HEK 293 cells, ICA-121431 displays a hundred fold selectivity profile 

for the Nav1.1-3 isoforms when the holding voltage is such that half of the channels 

are inactivated for individual VGSC isoforms (V1/2); the application of 1 µM of ICA- 
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VGSC A type C type References 

Nav1.1 Medium expression: 
20 – 60 % of nodes 

Medium expression Black et al., 1996; Felts et 
al., 1997; Luo et al., 2014 

Nav1.2 High expression in 
late embryogenesis: 
75 – 100 % of nodes 

High expression in 
late embryogenesis 

Waxman et al., 1994; Felts et 
al., 1997; Schafer et al., 
2006; Alessandri-Haber et 
al., 2002; Luo et al., 2014 

Nav1.3 High expression in 
late embryogenesis 

High expression in 
late embryogenesis 

Felts et al., 1997; Waxman et 
al., 1994 

Nav1.6 High expression: 
40 – 100 % of nodes 

Presence unlikely Alessandri-Haber et al., 
2002; Schafer et al., 2006; 
Luo et al., 2014 

Nav1.7 High expression: 
up to 50 % of nodes 

High expression: 
all neurons 

Luo et al., 2014 

Nav1.5 Medium expression: 
10 – 20 % of neurons 

Renganathan et al., 2002 

Nav1.8 Medium expression: 
up to 50 % of nodes 

High expression: 
> 90 % of neurons 

Benn et al., 2001; Shields et 
al., 2012; Luo et al., 2014 

Nav1.9 Little expression: 
< 10 % of neurons 

High expression: 
in IB4

+ neurons 
Benn et al., 2001 

Table 5.2 – VGSC expression patterns along the axonal length in A- and C-type 
fibres during perinatal development. The term nodes refers to developing nodes of 
Ranvier.  
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121431 nearly abolishes Nav1.1-, and Nav1.3-mediated currents with such a holding 

potential, with less than 10 % of Nav1.2-mediated currents remaining (McCormack 

et al., 2013). In neonatal neurons, about half of Nav1.2 and Nav1.3 channels are 

inactivated at rest (Table 5.1): ICA-121431 therefore nearly abolishes the currents 

mediated by these isoforms (Smith and Goldin, 1998; Cummins et al., 2001). The 

extent of steady-state inactivation for the Nav1.1 isoform on the other hand is 

estimated at h ~ 0 at rest, whilst the Nav1.1 dose response function has solely been 

characterised with a half-inactivated voltage protocol (Smith and Goldin, 1998; 

Barela et al., 2006). This concentration is however over 30 times the estimated IC50 

when cells are held at V1/2: Nav1.1-mediated currents are likely abolished at this 

concentration.  

The prolonged application of ICA-121431 failed to block the conductile 

function in neonatal cultures (Figure 5.13). The Nav1.1 isoform exhibits widespread 

distribution patterns, with a preferential expression in myelinated fibres throughout 

development; its expression along the axon is indisputable, with as many as 70 % of 

developing nodes labelled with the isoform in the first postnatal week (Felts et al., 

1997; Fukuoka and Noguchi, 2011; Luo et al., 2014). Its electrophysiological 

properties also appear consistent with a role in conduction with fast activation and 

inactivation kinetics, though the biophysical properties of the channel have not fully 

been characterised in sensory neurons (Rush et al., 2007). The downregulation of this 

isoform neonatally, paralleled with the substantial upregulation of Nav1.6 in A-type 

fibres, indicates however a transient, redundant role in spike conduction, likely to 

account for the inability of the compound to impede impulse propagation in these 

experiments (Schafer et al., 2006; Luo et al., 2014). Of note, the recent discovery that 

the Nav1.1-specific activator Hm1a elicits mechanical allodynia indicates an 

plausible involvement in mechanoceptive electrogenesis and/or conduction (Osteen 

et al., 2016). In situ hybridisation studies have revealed high levels of Nav1.2 

transcripts during late embryogenesis, with nearly all nodal clusters in myelinated 

fibres co-labelling with Nav1.2 specific immunofluorescence in the first postnatal 

week (Waxman et al., 1994; Luo et al., 2014). Nav1.2 electrophysiological properties 

are also consistent with a role in conduction with fast activation and inactivation 

kinetics; this isoform plays a pivotal role in backpropagation in the axonal initial 

segment of cortical pyramidal neurons for instance (Hu et al., 2009). The 
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preponderance of Nav1.2 however rapidly subsides with less than 20 % of nodes 

labelled by P14: Nav1.2 likely becomes increasingly redundant to the conductile 

function in both A- and C-type fibres (Felts et al., 1997; Luo et al., 2014). Nav1.3 

similarly shows a preferential expression in A-type neurons, with a high expression 

pattern during late embryogenesis (Waxman et al., 1994). In nerve injury models 

Nav1.3 is consistently upregulated at the site of injury, rather than along the axon 

(Black et al., 2008; Siqueira et al., 2009); its rapid repriming kinetics is consistent 

with a role in driving high-frequency ectopic firing in the distal end (Cummins and 

Waxman, 1997; Cummins et al., 2001). Consequently this isoform likely mediates 

aberrant spike activity at neuritic terminals, rather than along the axonal length. It is 

interesting that, even when expressed at their highest levels during development, the 

Nav1.1, Nav1.2, and Nav1.3 isoforms do not appear pivotal to the propagation of 

action potentials. The application of Nav1.1-3-selective µ-conopeptides SxIIIA, 

BuIIIB, and TIIIA onto isolated preparations of the rat sciatic nerve, blocking over 

90 % of the currents mediated by these isoforms, also fails to affect the amplitude of 

either A- or C-fibre compound action potentials, consistent with the findings herein 

(Wilson et al., 2011).  

Nav1.5: a Jingzhaotoxin-III investigation 

Jingzhaotoxin-III, a venom extracted from the tarantula Chilobrachys 

jingzhao, interacts with the extracellular S3-S4 loop of domain II, causing a 

depolarising shift in the activation threshold of voltage-gated sodium channels (Xiao 

et al., 2004; Rong et al., 2011); this compound does not display a preferential affinity 

to any of the conformational states (Xiao et al., 2004). The prolonged application of 

10 µM Jingzhaotoxin-III, in the presence or absence of 1 µM TTX, did not impede 

the propagation of action potentials in neonatal cultures (Figure 5.10). This 

concentration is estimated to abolish Nav1.5-mediated currents, as > 30 times the 

IC50 for Nav1.5 (Xiao et al., 2004; Rong et al., 2011). Nav1.5 currents initially 

predominate in nascent neurons, with the current density mediated by this isoform 

exceeding that mediated by the Nav1.8 and Nav1.9 isoforms throughout embryonic 

development (Renganathan et al., 2002). The prevalence of this isoform however 

declines postnatally, concomitant with a decrease in Nav1.5-mediated currents, which 

may then become functionally obsolete (Renganathan et al., 2002). Very little is 
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known however about the role of Nav1.5 in sensory electrogenesis and conduction. 

The lack of interest for this isoform probably derives from the presence of Nav1.5 in 

less than 3 % of adult DRG neurons (Renganathan et al., 2002), with no significant 

transcriptional alterations in both inflammatory and neuropathic pain states; 

importantly, systemic inhibition of this isoform is not conceivable due to the pivotal 

role of Nav1.5 in cardiac automaticity and conduction (Abriel, 2007).  

A crucial role for the Nav1.7, Nav1.8, and Nav1.9 isoforms to the conductile 

function? 

Nav1.8: an A-803467 investigation 

The furan derivative A-803467 displays a selectivity profile for the Nav1.8 

isoform over a hundred fold when assessed in heterologous expression systems 

(Jarvis et al., 2007). This compounds binds preferentially to inactivated channels, 

and therefore exhibits a differential efficacy depending on the extent of steady-state 

inactivation; the IC50 for hNav1.8 is 79 nM when all channels are available for 

activation (resting voltage protocol V0), and nearly ten times lower (8 nM) when half 

of the channels are inactivated (inactivated state voltage protocol V1/2). The IC50 for 

the Nav1.8 rat ortholog is estimated at 45 nM with a V1/2 holding protocol, about 5 

times less potent than its human counterpart. In neonatal cultures, the resting 

membrane potential is estimated at - 58 mV, a holding potential where steady-state 

inactivation for Nav1.8 channels is null (Sheets et al., 2008); the half-maximal 

inhibitory concentration should therefore be estimated from a V0 voltage protocol. 

With a ~10 fold difference (79 : 8) in the hNav1.8 IC50 between resting and 

inactivated state voltage protocols, the IC50 for rNav1.8 at rest is therefore estimated 

at 450 nM. The dose response functions for Nav1.2, Nav1.3, Nav1.5, and Nav1.7 have 

also been characterised with both V0 and V1/2 voltage protocols. At resting 

membrane potential, an approximate half of these isoforms are inactivated (see Table 

5.1); the IC50 was therefore deduced from the inactivated state voltage protocol, 

assuming a similar binding affinity between the human and rat orthologs (2 µM for 

Nav1.3; 7 µM for the Nav1.2, Nav1.5, and Nav1.7 isoforms).  
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The rapid onset of A-803467 in this system, in less than 5 minutes, is in 

agreement with the inhibitory timespan of the compound in ND7/23 cells, where 

Nav1.8-mediated currents are maximally inhibited within a couple of minutes (Figure 

5.9; Alomone, 2015). The combined application of TTX and A-803467 did not alter 

the maximal inhibitory timeframe, consistent with the mutually exclusive binding 

sites targeted by these compounds: the furan derivative is thought to interact with the 

cytoplasmic portion of sodium channels, whilst TTX binds to the outer vestibule of 

the conducting pore (Figure 5.1 and 5.12; Browne et al., 2009; Fozzard and Lipkind, 

2010). Ascending concentrations of A-803467 were applied along the axon to infer 

the fraction of neurons that rely on Nav1.8 for impulse propagation. The Hill 

equation allows to derive the extent of block for individual isoforms, relative to their 

respective IC50 value, as illustrated in Figure 5.20; fractional inhibition mediated by 

the compound was derived from a Hill plot with a coefficient a  = 0.7 (see Table 

5.3).  

VGSC 0.1 µM 0.3 µM 1 µM 10 µM 100 µM 

Nav1.2 5 % 10 % 15 % 55 % 87 % 

Nav1.3 10 % 20 % 35 % 80 % 93 % 

Nav1.5 5 % 10 % 15 % 55 % 87 % 

Nav1.7 5 % 10 % 15 % 55 % 87 % 

Nav1.8 30 % 45 % 70 % 90 % 97 % 

Table 5.3 - Estimation of remaining currents with the application of ascending 
concentrations of A-803467. These values are derived from the Hill equation fit (a = 
0.7), assuming an IC50 for rNav1.8 of 450 nM, 2 µM for rNav1.3, and 7 µM for 
rNav1.2,5,7.  

Up to 1 µM A-803467, the block in spike conduction is likely imputable to 

Nav1.8-selective blockade as a mere 15 % of Nav1.2-, 5-, 7- and ~ 30 % of Nav1.3-

mediated currents are affected at this concentration. The addition of 1 µM TTX in 

cultures initially incubated with 0.3 µM A-803467 inhibited an additional 20 % of 

cells, which corresponds to the fraction of neurons that display TTX-s properties for 

action potential propagation in neonatal cultures (Figure 4.3); this finding is 

consistent   with    the  selective    blockade   of   Nav1.8-mediated   currents   at   this  
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Figure 5.20 – The Hill equation acts as a model to describe the drug concentration-
effect relationship, taking into account the extent of cooperative binding between a 
ligand and a macromolecule. In this instance, the IC50 was defined as f (1) = 50 %, 
the maximal inhibitory effect set at 100 %, and three distinct Hill coefficients (a = 
1.1, 1, 0.7) computed to illustrate the difference in the concentrations required to 
achieve a 90 % current block. As such, the Hill equation allows to predict the extent 
of block, as a function of the half-maximal inhibitory concentration.  
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concentration, with TTX-s mediated currents largely unaffected. The IC50 in these 

preparations,  in  the  presence  or  absence  of 1 µM TTX, is estimated at 0.7 and 1.2 

µM respectively (Figure 5.12): the selective blockade of ~ 70 % of Nav1.8-mediated 

currents therefore impedes the conductile function in an approximate half of the 

neurons. At concentrations above 1 µM it is difficult to infer whether the block of 

spike conduction is attributable to the sole inhibition of Nav1.8-mediated currents, as 

currents mediated by other sodium channels become increasingly inhibited. 

 Unexpectedly, the application of 10 - 100 µM A-803467 failed to impede the 

propagation of action potentials in an approximate tenth of neurons; this 

subpopulation is therefore resilient to the large extent of Nav1.2-, 3-, 5-, 7-, 8-

mediated block (Figure 5.13). It is possible that the conductile function in these 

neurons relies on currents mediated by isoforms whose binding affinities for the A-

803467 compound have not been characterised: A-803467 may display a particularly 

low affinity for the Nav1.1, Nav1.6, and/or Nav1.9 isoforms. The similar extent of 

blockade with 10 µM A-803467, in the presence or absence of 1 µM TTX, indicates 

however that spike conduction relies on TTX-r channels in this subpopulation. The 

most parsimonious explanation lies in the plausible high safety factor of transmission 

in these neurons, where the remaining ~ 3 % of Nav1.8 peak conductance may be 

sufficient to conduct action potentials along the axolemma; alternatively, Nav1.9-

mediated currents may account for impulse propagation in this neuronal subset.  

The block of the majority of neurons with concentrations of A-803467 that 

selectively inhibit Nav1.8 currents, in preparations where nearly all neurons are 

characterised as nociceptive (Figure 4.8), validates the pivotal role of Nav1.8 in 

nociceptive transmission. This finding corroborates patch clamp recording in small-

sized DRG somata, estimating at 80 – 90 % the contribution of Nav1.8 inwards 

currents to the rising phase of the action potential (Renganathan et al., 2001). The 

non-preferential block in both A- and C-type neurons also agrees with a growing 

body of evidence that indicates that Nav1.8 is expressed in both myelinated and 

unmyelinated fibres (Figure 5.13). Shields et al. recently crossed a Nav1.8-Cre mice 

with a strain bearing a Cre-reporter cassette (loxP-stop-loxP-tdTomato fluorescent 

protein), where the expression of Nav1.8 at any development timepoint ablates the 

stop codon from the reporter cassette, Nav1.8-transcribing cells permanently 
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expressing the red fluorescent dtTomato protein (2012). Whilst Nav1.8 is known to 

be highly expressed in nearly all C-type fibres (Fukuoka et al., 2008; Fukuoka and 

Noguchi, 2011), this study revealed the high expression pattern of Nav1.8 in > 40 % 

A-type fibres, confirming previous immunofluorescence and electrophysiological 

studies estimating the prevalence of this isoform in nearly half of large-diameter 

neurons thought to mainly subserve non-nociceptive functions (Sangameswaran et 

al., 1996; Novakovic et al., 1998; Renganathan et al., 2000).  

The selectivity profile of A-803467 does not however allow to unravel the 

full functional significance of Nav1.8-mediated currents to axolemmal conduction in 

neonatal cultures as non-Nav1.8-mediated currents become increasingly inhibited at 

concentrations above 1 µM A-803467, a concentration where an approximate third 

of Nav1.8-mediated currents remain unaffected. Despite a relatively low selectivity 

profile, concentrations that essentially affect Nav1.8-mediated currents result in the 

attenuation of 40 – 70 % of nociceptive behaviour in in vivo inflammatory and 

neuropathic pain models (Jarvis et al., 2007; McGaraughty et al., 2008). 

Intraperitoneal injections of 40 – 100 mg/kg A-803467 in rats result in 200 – 700 nM 

free plasma concentrations, concentrations that impede the propagation of action 

potentials in an approximate 30 – 50 % of neurons in the microfluidic system (0.3 – 

1 µM), indicating the translational nature of these results. 

A central question in the development of Nav1.8-selective blockers is whether 

the pharmacological blockade of Nav1.8-mediated currents can produce potent 

analgesia with a low side effect profile. The near-exclusive expression pattern of 

Nav1.8 in sensory neurons indicates that targeting this isoform is unlikely to affect 

motor, nor CNS functions, a major limitation in the use of non-discriminative sodium 

channel blockers; SCN10A transcripts have however been found in the heart, whilst 

the inhibition of Nav1.8 affects persistent sodium currents in ventricular myocytes, 

suggesting that Nav1.8-mediated currents may have a role in cardiac electrogenesis 

(Yang et al., 2012). The preferential expression of Nav1.8 in nociceptive neurons is 

increasingly debatable, with a growing body of evidence suggesting a pan-neuronal 

expression throughout sensory classes, possibly implicating this isoform in 

innocuous somatosensation (Ramachandra et al., 2013). Nav1.8 co-labels in > 80 % 

of C-type low threshold mechanoreceptors, a subset of neurons that mediate gentle 



 202 

touch sensation, and is also highly present in Ab-fibres associated Meissner 

corpuscles, and lanceolate ending, organs that mediate non-nociceptive 

mechanoception (Coward et al., 2000; Löken et al., 2009; Shields et al., 2012). 

Whether the complete block of Nav1.8 inward currents can effectively relieve pain 

states is also debatable. In both knockdown and knockout studies, targeting Nav1.8 

merely attenuates inflammatory and neuropathic pain states (Akopian et al., 1999; 

Porreca et al., 1999; Joshi et al., 2006). Moreover, despite a widespread expression 

profile in high-threshold neurons, a fraction of nociceptors do not express Nav1.8, 

which may account for the fact that no study so far has identified SCN10A variants 

linked to congenital insensitivity to pain (Djouhri et al., 2003a). Hence, whilst 

pharmacological blockade of Nav1.8-mediated currents reduces nociceptive 

transmission, targeting this sole isoform is unlikely to result in complete analgesia.  

Nav1.9: a combined TTX, A-803467 and Jingzhaotoxin-III investigation 

Despite the combined application of 1 µM TTX, 10 µM Jingzhaotoxin-III, 

and 1 µM A-803467, the propagation of action potentials persisted in an approximate 

60 % of neurons (Figure 5.17), concentrations that block almost entirely TTX-s 

currents, Nav1.5-mediated currents, and ~ 70 % of Nav1.8 currents respectively. 

Following the application of TTX, the conductile function likely relies on Nav1.8 

transmembrane conductance, and the remaining currents (~ 30 % of peak 

conductance) mediated by this isoform probably sustain spike conduction in this 

population. Currents mediated by Nav1.9 channels may also contribute to the 

conductile function, as Nav1.9 is the sole isoform not targeted in this set of 

experiments; the binding affinity of A-803467 to Nav1.9 channels has not been 

characterised, and one may surmise that Nav1.9 channels remain unaffected at this 

concentration (Jarvis et al., 2007). Due to its ultra-slow electrophysiological 

properties, Nav1.9 produces persistent currents thought to facilitate electrogenesis by 

lowering the threshold for action potential initiation, rather than contributing to the 

propagation of action potentials (Fjell et al., 2000; Baker et al., 2003). Hence Nav1.9-

mediated currents likely increase the propensity to fire action potentials, rather than 

underlie impulse propagation per se. This hypothesis is consistent with a pivotal role 

for Nav1.9 in spike discharges in cold-sensing neurons, where genetic ablation of 

SCN11a reduces dramatically the neuronal firing rate upon cooling ramps (Lolignier 
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et al., 2011). Little is known however about the contribution of this isoform to the 

conductile function; further characterisation of Nav1.9 has been hampered by the 

extreme difficulty in expresssing this isoform at sufficiently high levels in 

heterologous expression systems. The recent identification of gain-of-function 

mutations in SCN11A linked to congenital insensitivity to pain indicate that Nav1.9 

modulators may be a promising analgesic avenue, an interest catalysed by the 

structural divergence of its primary structure from other isoforms (Leipold et al., 

2013; Huang et al., 2014). The full determination of the role of Nav1.9 to the 

electrogenic and propagative properties remains therefore of considerable biological 

and clinical interest.  

Nav1.7: a ProTx-II investigation 

The venom peptide ProTx-II, extracted from the tarantula Thrixopelma 

prurient, interacts preferentially with the Nav1.7 isoform (Middleton et al., 2002; 

Smith et al., 2007). ProTx-II shifts the activation threshold of sodium channels to 

more positive potentials by trapping the voltage sensory of domain II in the resting 

state, thereby inhibiting sodium channel conductance; the peptide does not display a 

preferential binding affinity to any conformational state (Xiao et al., 2010). 

Schmalhofer et al. (2008) have characterised the dose response function of ProTx-II 

in HEK 293 cells heterologously expressing human VGSC isoforms, with a 

selectivity profile > 100 fold for Nav1.7. Ascending concentrations of ProTx-II were 

applied in the microfluidic system to assess the proportion of neurons that rely on 

Nav1.7-mediated currents for the propagation of action potentials. ProTx-II displays 

a slow onset of action, with a maximal blocking effect reached within 15 minutes 

with 10 nM, consistent with the inhibitory timeframe observed in heterologous 

expression systems where the compound acts within minutes (Figure 5.6; Smith et 

al., 2007; Schmalhofer et al., 2008). Assuming a similar binding affinity with rat 

channel orthologs, Table 5.4 summarises the estimated fractional inhibition with 

increasing concentrations of ProTx-II, with values derived from the Hill plot with 

parameter a = 1 (see Figure 5.20).  

The application of 10 nM Prox-II blocked ~ 15 % of neurons (Figure 5.7), a 

concentration that nearly abolishes Nav1.7-mediated currents with an estimated 97 % 
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of currents inhibited, leaving the currents mediated by other isoforms largely 

unaffected (≤ 25 %; Table 5.4). Increasing the concentration to 100 nM, an estimated 

300 times the IC50 for Nav1.7, only blocked an additional 10 % of neurons; ~ 99 % 

of Nav1.7-mediated currents are inhibited at this concentration, whilst 50 – 80 % of 

currents mediated by other isoforms become affected (Table 5.4). Neurons blocked 

with 100 nM ProTx-II therefore likely represent a heterogeneous population that rely 

on both Nav1.7 and other isoforms for spike conduction. This concentration appears 

to preferentially block C-type neurons (Figure 5.8); the application of 100 nM 

ProTx-II along ex vivo saphenous nerve fibres inhibits 2 – 3 % of the amplitude of 

compound action potentials in myelinated fibres, compared to an approximate 15 % 

in unmyelinated fibres, consistent with this finding (Schmalhofer et al., 2008).  

VGSC P10 nM P100 nM P1000 nM 

Nav1.2 20 % 70 % 95 % 

Nav1.3 10 % 50 % 90 % 

Nav1.4 20 % 70 % 95 % 

Nav1.5 10 % 50 % 90 % 

Nav1.6 25 % 80 % 97 % 

Nav1.7 97 % 99 % 99 % 

Nav1.8 20 % 70 % 95 % 

Table 5.4 - Estimation of the fractional inhibition of currents with ascending 
concentrations of ProTx-II; values are derived from the Hill equation plot with a = 
1. Individual IC50s are extracted from Schmalhofer et al. (2008), assuming a similar 
binding affinity with rat sodium channel orthologs.   

The block of a minority of neurons, despite the near-complete inhibition of 

Nav1.7-mediated currents was unexpected. Nav1.7 displays high levels of mRNA 

transcripts and protein levels in nearly all C-type fibres, and an estimated 70 % 

colocalisation in A-type neurons, suggestive of a preponderant role in electrogenesis 

and/or spike conduction throughout sensory classes (Sangameswaran et al., 1997; 

Toledo-Aral et al., 1997; Fukuoka et al., 2008; Fukuoka and Noguchi, 2011). The 

discovery that some individuals with congenital insensitivity to pain but without 

deficits in non-nociceptive somatosensory functions harbour a loss of function 
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mutation of SCN9A also indicates that Nav1.7-mediated currents underlie nociceptive 

transmission (Cox et al., 2006). The relatively minor effect observed upon the 

application of the tarantula toxin in these preparations may be due to either a very 

high safety factor of transmission, necessitating the complete block of Nav1.7 

transmembrane conductance to impede spike conduction, and/or the functional 

redundancy of this isoform to the conductile function.  

The necessity of Nav1.7 conductance to sensory conduction is increasingly 

questioned. Pharmacological blockade of over 99 % of Nav1.7-mediated currents 

with 30 nM ProTx-II fails to block compound action potentials in both A- and C-type 

fibres in the skin-nerve preparation (Schmalhofer et al., 2008). The selective 

silencing of Nav1.7 translation by adeno-associated virus mediated RNA interference 

in vagal afferents (Muroi et al., 2011) results on the other hand in the complete 

failure of spike conduction in ~ 40 % of neurons, which indicates that a minority of 

neurons relies on Nav1.7 conductance for the propagation of action potentials, 

consistent with the findings herein. 

 A growing body of evidence suggests that the Nav1.7 isoform plays an 

important role in electrogenesis and synaptic transmission. With a slow onset of 

inactivation Nav1.7 mediates prominent ramp currents thought to amplify 

subthreshold generator potentials, which bring the membrane potential closer to the 

depolarised activation threshold for Nav1.8; the accumulation of Nav1.7 in nerve 

endings is consistent with its electrophysiological properties (Cummins et al., 1998; 

Toledo-Aral et al., 1997). Conversely, the ablation of SCN9a in Nav1.8-expressing 

neurons under a Cre-recombinase-loxP system, results in the inability of ~ 40 % of 

mouse sensory neurons to generate action potentials upon the injection of 

depolarising currents, indicating that Nav1.7 is an essential constituent of the 

electrogenisome in nearly half the sensory population (Raouf et al., 2012). Nav1.7 

also appears critical in regulating nociceptive transmission onto second-order 

neurons, as spinal administration of 26 – 260 nM ProTx-II suppresses the mechanical 

allodynia and thermal hyperalgesia induced by intra-articular administration of 

monosodium ionoacetate in an osteoarthritic model (Rahman and Dickenson, 2015). 

In addition, the recent discovery that the genetic ablation of Nav1.7 channels results 

in the upregulation of the preproenkephalin Penk gene in sensory neurons indicates 
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that the complete inhibition of Nav1.7-mediated currents may trigger an endogenous 

release of opioids that reduces nociceptive transmission through both pre- and post-

synaptic inhibitory mechanisms (Minett et al., 2015).  

Nav1.7 & Nav1.8: a combined ProTx-II and A-803467 investigation 

The prolonged application of 100 nM ProTx-II blocked the propagation of 

action potentials in an approximate 40 % of neurons, whilst the combined incubation 

of 100 nM ProT-II and 1 µM A-803467 recruited an additional 20 % of neurons 

(Figure 5.16). The small extent of additional block upon the application of A-803467 

indicates that a fraction of neurons relies on both Nav1.7- and Nav1.8-mediated 

currents for impulse propagation; at this concentration A-803467 impedes spike 

conduction in an estimated 50 % of neurons (IC50 ~ 1.2 µM; Figure 5.13). This 

hypothesis is consistent with the mutual expression patterns of these isoforms, as 

Nav1.7 is found in over 85 % of nociceptive afferents, and Nav1.8 in over 90 % of 

nociceptors (Djouhri et al., 2003b; Shields et al., 2012). It is nonetheless surprising 

that spike conduction was not blocked in nearly all neurons considering the extent of 

Nav1.7 and Nav1.8 blockade at these concentrations. It is possible that, whilst 

seemingly redundant to the conductile function, inward membrane conductance 

carried by the Nav1.1, 2, 3 and/or Nav1.5 isoforms mediate sufficient current 

densities to safeguard the propagation action potentials in the absence of Nav1.7- and 

Nav1.8-mediated currents in this subpopulation. Alternatively, these neurons may 

display an exceedingly high safety factor of transmission for these isoforms, 

requiring a greater extent of fractional inhition of peak currents; the application of 

compounds with a further selectivity profile would allow to test these hypotheses.  

Subtype-selective modulators: challenges and horizons 

Limitations of current VGSC modulators 

Current subtype-specific blockers present a number of limitations that require 

consideration. Whilst the ultimate goal in the development of Nav-selective agents 

consists in inhibiting human VGSC isoforms, hence the characterisation of the 

binding affinity of the blockers in host cells heterologously expressing human 
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sodium channels, these compounds are initially tested in rodent models and it is 

therefore surprising that the dose response profile for individual rat and mouse 

isoforms are seldom included. Despite a high level of conservation of sodium 

channel sequences between mammals, large differences in the binding affinity for 

orthologous Nav isoforms have been reported (Raymond et al., 2004); the ICA-

121431 compound for instance is about a 1,000 fold more potent for the rat Nav1.7 

relative to its mouse and human orthologs (McCormack et al., 2013). The selectivity 

profile of current subtype-selective blockers is also usually incomplete. Despite the 

preponderance of Nav1.6-mediated currents to saltatory conduction, the binding 

affinity of A-803467 to this isoform is unknown (Jarvis et al., 2007).  

Importantly the cell background determines the electrophysiological 

properties of sodium channels, likely to affect the binding affinity of the compounds, 

and so does the voltage protocol design. For instance the steady-state half 

inactivation for Nav1.8 channels expressed in HEK 293 cells (~ - 50 mV) is 

significantly hyperpolarised compared to those expressed in Xenopus laevis oocytes 

(~ - 30 mV; Akopian et al., 1996; Jarvis et al., 2007). This shift in the extent of 

inactivation may alter the dose response function of the compounds tested, due to the 

preferential binding affinity of certain pharmacological agents to channels in their 

inactivated state. To derive fractional inhibition, host cells are also commonly 

depolarised to test pulse potentials set to half-maximal activation of individual Nav 

isoforms. Hence Schmalhofer et al. held HEK 293 cells expressing hNav1.7 clones to 

– 8 mV to establish the dose response function of ProTx-II to this isoform (2008). 

This nonetheless underestimates the full extent of current densities mediated by the 

channels. The changes in voltages inherent to the action potential waveform exhibit 

intricate kinetics, with an overshoot peaking up to + 70 mV, which contrasts with the 

artifical step depolarisation to lower, pre-determined values (Renganathan et al., 

2001). The translational nature of experiments derived from the heterologous 

expression of sodium channels is also debatable. The density of sodium channel 

expression is unlikely to reflect that in a native neuronal background, where 

transcription, translation, and anchoring are highly regulated processes that allow the 

fine-tuning of cellular excitability and the propagative properties in specific neuronal 

regions. Sodium channels associate with protein complexes solely expressed in 

sensory neurons that dictate their electrophysiological behaviours; the shift in the 
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steady-state activation and inactivation dose-response functions of Nav1.1 co-

expressing b1 and b2 subunits exemplifies the importance of such interaction (Smith 

and Goldin, 1998). Finally, VGSCs also act in an interdependent manner. The Nav1.7 

and Nav1.8 isoforms for instance are thought to work in tandem, where the former 

amplifies subthreshold generator potentials due to its slow inactivation kinetics, 

recruiting the latter to mediate the majority of inward currents during the rise phase 

of the action potential, allowing the effective initiation and propagation of action 

potentials; the sole expression of either isoform cannot replicate this functional 

complementarity.  

Another important challenge in the interpretation of results, both from in vitro 

and in vivo experiments, relates to the extent of fractional inhibition required to 

suppress action potentials: it is possible that currents as low as 1 % of peak 

conductance may carry sufficient current densities to allow for the propagation of 

action potentials. This warrants in turn the development of subtype-specific blockers 

with a higher selectivity profile, to determine the selectivity window necessary to 

abolish currents mediated by a single isoform, and infer the full functional 

significance of VGSC subtypes to the conductile function. This has proved so far 

difficult due to the high degree of conservation in critical parts of a-subunits: the 

nine members of the VGSC family share more than 75 % identity in amino acid 

sequence, as evolved from a common phylogenetic origin (Catterall et al., 2005).  

Nav isoforms as analgesic targets 

Due to their nearly-exclusive patterns of expression in the peripheral nervous 

system, and their involvement in both inflammatory and neuropathic pain states, the 

Nav1.7, Nav1.8, and Nav1.9 isoforms have been the focus of intense interest in the 

search for novel potent analgesic compounds. I shall briefly discuss the relevance of 

targeting these isoforms, whether individually or in combination, with the main 

findings summarised in Table 5.5.  

The Nav1.7 isoform remains an incredibly attractive analgesic target. The 

bulk of the evidence is derived mainly from clinical data, where SCN9A gain- and 

loss-of-function variants in humans have been linked to extreme pain disorders and a 
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complete insensitivity to pain, respectively, and animal studies, where tissue-specific 

genetic ablation of Nav1.7 replicates the CIP phenotype (Cox et al., 2006; Fertleman 

et al., 2006; Minett et al., 2012). The systemic administration of SVmab1 in 

inflammatory and neuropathic pain models, a highly selective Nav1.7 antibody that 

readily crosses the brain blood barrier, has recently validated the therapeutic 

potential of targeting this isoform pharmacologically (Lee et al., 2014). How Nav1.7-

specific blockade affects nociceptive transmission remains unclear however; this 

isoform appears increasingly pivotal to both electrogenesis and synaptic 

transmission, rather than to the conductile function. The further characterisation of 

the effects of Nav1.7-specific block on the initiative properties is of critical 

importance, as pharmacological agents that do not cross the BBB may be developed 

and act as potent analgesics, without the possible CNS side effects associated with 

Nav1.7 blockade (Muroi et al., 2011). The discovery that the pan-DRG ablation of 

Nav1.7 channels upregulates PENK transcription now implicates the release of 

endogenous opioids to the CIP phenotype, and further confirms the analgesic 

potential of targeting this isoform (Minett et al., 2015). It remains to be seen whether 

a compound with a sufficient selectivity profile to virtually abolish Nav1.7-mediated 

currents may be developed however.  

The blockade of Nav1.8 channels is also emerging as a promising therapeutic 

target, which may not necessitate the same extent of inhibition to produce potent 

analgesia. The block of an estimated 70 % of Nav1.8-mediated currents with the 

application of 1 µM A-803467 impedes the propagation of action potentials in an 

approximate half of the neurons in microfluidic chambers, a concentration that 

attenuates nociceptive behaviour in a battery of inflammatory and neuropathic pain 

models: the median effective dose (ED50) is indeed comprised within 200 – 700 nM 

of free plasma concentration upon intraperitoneal injection of the compound (Jarvis 

et al., 2007). The optimal inhibitory locus for Nav1.8-selective blockade remains  

however uncertain. In a spinal nerve ligation model, administration of A-803467 in 

the hindpaw or the L4 dorsal root ganglion reverses mechanical allodynia, whilst 

intraspinal administration of the compound reduces spontaneous discharges 

additionally, indicating that the latter injection site might be most effective in 

suppressing nociceptive transmission (McGaraughty et al., 2008). This finding is 

however at odds with the ability of A-803467 to reduce mechanical and heat-evoked 
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responses, as well as post-synaptic input onto wide dynamic range neurons upon 

intraplantar injection of the compound in an osteoarthritic pain model, an effect not 

seen upon spinal administration of the same dose (Rahman and Dickenson, 2015). At 

concentrations that attenuate nociceptive behaviour, A-803467 affects an estimated 

10 – 15 % of Nav1.2-, Nav1.3-, and Nav1.5-mediated currents, and therefore present 

potential cardiac and CNS liabilities, which warrants the development of Nav1.8-

specific blockers with a higher selectivity profile. Importantly an increasing body of 

evidence suggests that Nav1.8 is expressed throughout all sensory classes, including 

subsets of neurons that subserve non-nociceptive function; the functional 

significance of this expression remains therefore to be determined (Fukuoka and 

Noguchi, 2011; Shields et al., 2012; Ramachandra et al., 2013).  

Microarray measurements of Nav transcripts derived from tissue-derived 

samples in the cynomolgus macaque monkey have validated the preferential 

expression pattern of Nav1.7 and Nav1.8 in the peripheral nervous system, yet 

indicate the presence of mRNA transcripts for both isoforms in a plethora of cortical 

structures (Raymond et al., 2004). In order to mitigate undesired side effects, an 

alternative therapeutic strategy may consist in blocking both Nav1.7 and Nav1.8, with 

agents that do not cross the brain-blood barrier. Both isoforms are present throughout 

the entire nociceptive population and act synergistically to initiate and propagate 

action potentials (Cummins and Waxman, 1997; Cummins et al., 1998; Renganathan 

et al., 2001). Combination therapy has proved revolutionary in the treatment of HIV, 

and may offer a novel approach in tackling chronic pain states, with an exquisitely 

low side effect profile (Jordan et al., 2002). 

The recent identification of SCN11A gain-of-function variants in individuals 

with both painful peripheral neuropathies and congenital insensitivity to pain also 

implicates the Nav1.9 isoform in nociceptive transmission (Leipold et al., 2013; 

Zhang et al., 2013; Huang et al., 2014). In this instance the modulation, rather than 

the block, of Nav1.9 channels may relieve pain. Electrophysiological characterisation 

of a de novo mutation linked to CIP indicates an hyperpolarising shift in the voltage-  
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Analgesic target Advantages Potential issues 

Nav1.7, Nav1.8 
block 

no BBB crossing 

• potent analgesia 
(sympathetic block) 

• no CNS side effects 

• complete analgesia? 
• possible block of innocuous 

somatosensation 

Nav1.7 block 
BBB crossing 

• complete analgesia • CNS side effects: cough 
reflex suppression 

• CIP phenotype recapitulation: 
use of opioid antagonists? 

• very high selectivity profile 
required 

Nav1.8 block 
BBB crossing 

• attenuation of 
nociceptive behaviour 

• potent analgesia? 
• possible block of innocuous 

somatosensation 

Nav1.9 
modulator 

• potential complete 
analgesia 

• high divergence in the 
primary sequence of 
Nav1.9 

• CNS side effects: Nav1.9 
expression in hypothalamic 
neurons 

• unexplained mechanistic link  

Table 5.5 – Summary of the advantages and disadvantages of targeting the Nav1.7, 
Nav1.8, and Nav1.9 isoforms in the search for novel analgesic compounds. BBB – 
brain blood barrier.   
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dependence of activation with the Nav1.9 mutant, resulting in a depolarised resting 

membrane potential to ~ - 30 mV (Leipold et al., 2013). It is however unclear how 

this  impairs   the   conductile   properties :  a   similar   depolarised   state   has 

also been characterised in painful gain-of-function SCN11A variants, whilst the 

direct injection of current in rat DRG neurons, mimicking such depolarisation, 

results in a hyperexcitable state (Harty et al., 2006; Huang et al., 2014). The effects 

of SCN11A variants on cellular excitability remain largely unknown, due to the 

extreme difficulty in expressing this isoform in heterologous expression systems at 

sufficiently high levels, and in isolating these channels from endogenously expressed 

ones in a native neuronal background. Of note, Nav1.9 currents have recently been 

identified in magnocellular hypothalamic neurons that secrete vasopressin and 

oxytocin, indicating potential CNS side effects in targeting this isoform (Black et al., 

2014). Whether the modulation of Nav1.9 channels may prove a viable analgesic 

target remains therefore to be seen.  

Concluding remarks 

Notwithstanding the exciting advances in our understanding of the 

involvement of the Nav1.7, Nav1.8, and Nav1.9 isoform to nociceptive transmission, 

the full characterisation of the functional significance of these isoforms in both the 

peripheral and central nervous system, is of primary importance in the validation of 

their therapeutic potential. The absence of deficits in cognitive, motor, and non-

nociceptive somatosensory functions in patients with SCN9A and SCN11A variants 

linked to congenital insensitivity to pain does not necessarily imply that the use of 

highly selective compounds will replicate this phenotype. Considerable 

developmental compensatory mechanisms are at stake, exemplified by the 

dysregulation of an estimated 194 genes with the sole deletion of Nav1.7 in sensory 

neurons (Minett et al., 2015). The emergence of subtype-specific blockers with a 

higher selectivity profile, catalysed by the advent of high throughput assays such as 

automated voltage clamp techniques, and fluorescence-based membrane potential 

assays, should allow to further elucidate the contribution of these isoform to both the 

electrogenic and conductile properties of sensory afferents in both physiological and 

pathophysiological states.  
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6.1 Introduction 

The expression and distribution of voltage-gated sodium channel isoforms is a 

highly regulated process that determines the electrogenic and conductile properties of 

individual neurons. Whilst immunocytochemical studies have partly unravelled the 

regional patterns of expression of VGSC isoforms, their functional contribution to 

impulse propagation along the axonal length remains uncertain. Compartmentalised 

chambers offer the unique opportunity to investigate both the density and repertoire 

of sodium channel isoforms expressed in microregions, as neuritic segments are 

located in fluidically-isolated compartments.  

6.2 Regional differences in the density of voltage-gated sodium channel 
expression 

The initiation and conduction of action potentials rely on a repertoire of 

sodium channel isoforms deployed in specific neuritic regions. To gauge the regional 

density of VGSC expression along the neuronal length, lidocaine was applied across 

the microfluidic compartments as illustrated in Figure 6.1. This agent crosses the 

membrane and binds sodium channels in a 1 : 1 stoichiometric fashion to occlude the 

flow of sodium ions through the pore; at high enough concentration lidocaine 

abolishes sodium conductance (Scholz et al., 1998; Cummins, 2007). 3 µM and 

above concentrations reduce peak sodium conductance in whole-cell voltage clamp 

recordings of rat DRG neurons; these concentrations were therefore applied to test 

the regional sensitivity to the compound (Gold et al., 1998). Each concentration was 

incubated for 5 minutes in neonatal cultures imaged after 8 DIV and the terminals 

repeatedly stimulated; lidocaine inhibits INa within seconds in primary cultures (Gold 

et al., 1998).  

The application of lidocaine in the microfluidic system revealed large 

differences in the regional sensitivity to the compound (see Figure 6.3). The 

intermediate axonal segment was most resilient to ascending concentrations of the 

blocker. The incubation of 0.003 to 0.1 mM had little effect on neuronal 

responsiveness in the axonal compartment, with a mere 10 – 20 % of neurons 

blocked at these concentrations (nneurons = 102, nexperiments = 5). This was followed by 

a large drop in responsiveness with 0.3 - 3 mM, from 72 ± 8 % of neurons 
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responding to 18 ± 11 %. The immersion of 10 mM lidocaine abolished spike 

conduction in all neurons. With a Hill coefficient estimated at a = 1.1 for both TTX-

s and TTX-r currents (Scholz et al., 1998; Lee et al., 2014), the Hill equation yielded 

an IC50 = 0.7 mM.  

 

 

Figure 6.1 – Schematic representation of the application of ascending 
concentrations of lidocaine in the (1) somal, (2) axonal, and (3) terminal 
compartments, with the terminals repeatedly stimulated. Calcium transients were 
recorded in the Fura-2 loaded somata with intermittent light excitation. 

The proximal axonal segment displayed a higher sensitivity to the compound. 

About half of the neurons were blocked with 0.003 mM, with a progressive block in 

responsiveness with 0.01 to 1 mM, from 45 ± 19 % of neurons responding to 7 ± 5 % 

(nneurons = 165, nexperiments = 5). The application of 10 mM lidocaine similarly 

abolished impulse propagation in all neurons. The IC50 in this region is estimated at 

0.003 mM, about 250 times smaller than that observed in the axonal compartment; 

the Hill equation could not be derived from this set of data as the majority of neurons 

were blocked with 0.003 mM lidocaine.  

Finally, the distal neuritic segment displayed the highest sensitivity across 

neuronal regions. The sole application of 0.003 mM blocked 90 ± 5 % of neurons 
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(nneurons = 96, nexperiments = 4). There was a progressive decrease in responsiveness 

with 0.01 to 10 mM, from 8 ± 5 % of neurons responding to 1 ± 1 %. The Hill 

equation could not be derived from this set of data as the conductile function was 

impeded in nearly all neurons with the lowest concentration incubated.  

A time-series regression was run to predict the percentage of neuronal response 

from the time of KCl stimulus, and the compartmental incubation of lidocaine, 

modelling an AR1 process using the Cochrane-Orcutt method. The time-series 

regression model statistically significantly predicted the percentage of neuronal 

response, F (2,93) = 5.71, ** p < 0.01, adj. R2 = 0.08. Both variables added 

statistically significantly to the prediction (* p < 0.05); the compartmental 

application of lidocaine is therefore a statistically useful predictor of neuronal 

responsiveness.  

Taken together, this set of experiments reveals substantial differences in the 

density of voltage-gated sodium channels along the axonal length, with a preferential 

expression along the intermediate segment, compared to the proximal and distal 

neuritic regions.  
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Figure 6.2 – Neuritic regions display a different sensitivity to lidocaine. On the outer 
left: diagram of a neuron with neurites extending through the two arrays of 
microgrooves. On the left: brigthfield pictures of neonatal cultures stimulated on the 
terminals with high K+ concentrations, and overlay of neurons blocked with the 
incubation of 0.003 mM lidocaine in the (A) terminal, (B) axonal, and (C) somal 
compartments (red neurons). Scale bar = 100 µm. On the right: representative 
calcium transients of the neurons marked with an arrowhead. (A) Neuron blocked 
with 0.003 mM lidocaine and above concentrations, (B) neuron blocked with 3 mM 
lidocaine, and (C) neuron blocked with 0.03 mM lidocaine.  
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Figure 6.3 – Lidocaine reveals a differential density of sodium channel expression 
along the neuritic length. (A) Lidocaine dose response functions with ascending 
concentrations applied in the somal (brown line), axonal (red line), and terminal 
(dark brown line) compartments; untreated neurons are shown in green. (B) 
Lidocaine dose-dependent inhibition curves with concentrations applied in the somal 
(brown line), axonal (red line), and terminal (dark brown line) compartments. The 
Hill equation and its corresponding IC50 was fitted wherever possible. (C) Table 
summarising the statistical significance between neuronal responsiveness upon 
ascending concentrations of lidocaine in the microfluidic compartments.  

IC50 

A 

B 

Dose response function 

Dose-dependent inhibition 

Untreated neurons 

Axonal lidocaine 

Somal lidocaine 

Terminal lidocaine 

Axonal lidocaine 

Somal lidocaine 

Terminal lidocaine 



 219 

6.3 TTX-resistant conductance is differentially regulated along the axon 

Sensory classes display a specific sensitivity to TTX due to the deployment of 

a specific set of VGSC isoforms along their neuritic length. Ab fibres for instance 

are entirely blocked with 1 µM TTX and are therefore considered to rely exclusively 

on TTX-sensitive channels for spike conduction (Quasthoff et al., 1995; Villière and 

McLachlan, 1996). The contribution of TTX-s and TTX-r currents in Ad and C 

fibres remains on the other hand very much controversial. The application of 30 nM 

TTX along the sciatic nerve abolishes spike conduction, which suggests that Ad 

fibres rely on TTX-r currents for the propagation of action potentials (Pinto et al., 

2008). However in studies using bullfrog (Kobayashi et al., 1993) and mouse nerve 

endings (Strassman and Raymond, 1999), despite an increase in peak latency and a 

decrease in compound action potential amplitudes, a fraction of A∂ fibres initiate and 

propagate action potentials at concentrations that block entirely TTX-s currents, with 

a similar controversy reported in C-type fibres (Yoshida and Matsuda, 1979; 

Quasthoff et al., 1995; Villière and McLachlan, 1996; Pinto et al., 2008). With this in 

mind, the compartmentalised microfluidic system was exploited to determine the 

extent of TTX-r conductance along the axonal length. Ascending concentrations of 

tetrodotoxin were therefore applied across the microfluidic compartments of neonatal 

cultures imaged after 8 DIV, with the terminals repeatedly stimulated with high K+ 

as illustrated in Figure 6.4. Regional TTX dose response functions were derived from 

two sets of experiments to minimise neuronal tachyphylaxis. In a first series of 

experiments, low concentrations of TTX were sequentially applied (0.01 – 1 µM), 

and in a second set of experiments, higher concentrations still were incubated (1 - 

100 µM). TTX was also washed off for 15 minutes with a buffering solution at the 

end of the first set of experiments to assess the extent of recovery from 1 µM TTX 

blockade (see Figure 6.5 and Figure 6.6).  

 The regional application of TTX revealed large differences in the sensitivity 

to the toxin across neuritic regions, with the lowest susceptibility observed in the 

middle compartment (Figure 6.7). The application of 0.01 to 100 µM along the 

intermediate axonal segment resulted in a gradual decrease in responsiveness, from 

93 ± 1 % of neurons responding to 27 ± 11 % (low TTX: nneurons = 109, nexperiments = 

4; high TTX: nneurons = 177, nexperiments = 4). Using 1 µM TTX to distinguish TTX-s 
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from TTX-r currents, the half-maximal inhibitory concentration for neurons that 

display TTX-s and TTX-r conductile properties was derived from the overall dose 

response function, as illustrated in Figure 6.7. The TTX-s IC50 corresponds to the 

concentration at which half of the neurons that rely on TTX-s currents for impulse 

propagation are blocked, defined as: 

!	 $ = 	
%	44LM	NOP23NM

2
	 

The application of 1 µM in the axonal compartment blocked 44 ± 5 % of neurons, 

∴ 	!	($) = 	
44	%

2
	= 	22	% 

The TTX-s IC50 therefore corresponds to the concentration at which 22 % of 

neurons are inhibited, estimated at 0.05 µM (see Figure 6.7 B). 

Conversely, the TTX-r IC50 corresponds to the concentration at which half of 

the neurons that rely on TTX-r currents for their conductile function are blocked: 

!	 $ = 	
%	44L2	NOP23NM

2
 

∴ !	($) 	= %	44LM	NOP23NM + 		
100	% −%	44LM	NOP23NM

2
		  

∴ !	($) = 44	% +	 	
100	% − 44	%

2
	 = 72	% 

The TTX-r IC50 therefore corresponds to the concentration at which 72 % of 

neurons are blocked, estimated at 90 µM. Of note, TTX was not completely washed 

off in this system: there was a partial recovery from 1 µM TTX block, with 6 % of 

neurons previously blocked by TTX responding after buffer wash (Figure 6.6 A). 

 In comparison, the proximal neuritic segment displayed a higher sensitivity to 

the toxin. The application of 0.01 – 0.03 µM resulted in a decrease in responsiveness 

from 86 ± 5 % to 53 ± 15 % (low TTX: nneurons = 162, nexperiments = 4). This plateaued 
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to ~ 40 % from 0.1 to 30 µM. Despite the incubation of 100 µM, 25 ± 12 % of 

neurons responded (high TTX: nneurons = 144, nexperiments = 4). The IC50 for TTX-s 

neurons was estimated at 0.02 µM (32 % of neurons blocked), and that for TTX-r 

neurons > 100 µM (82 % of neurons blocked).  

 Finally, the terminal segment showed the highest sensitivity to TTX. The 

mere application of 0.01 µM blocked 55 ± 11 % of neurons (low TTX: nneurons = 139, 

nexperiments = 4). Responsiveness plateaued at ~ 35 % from 0.1 to 3 µM , to decrease to 

~ 25 % from 10 to 30 µM TTX; at 100 µM TTX, 10 ± 2 % of neurons were still 

responding (high TTX: nneurons = 201, nexperiments = 4). The estimated IC50 for TTX-s 

neurons was < 0.01 µM (34 % of neurons blocked), and that for TTX-r neurons at 60 

µM (84 % of neurons blocked) in this compartment.  

 Regional applications of TTX in the microfluidic system revealed large 

differences in the sensitivity to the toxin along the neuritic length, with the proximal 

and distal segments most sensitive. The progressive decrease in responsiveness with 

axonal application of TTX compared to the drop in responsiveness with either somal 

or terminal applications of TTX, at concentrations solely affecting TTX-sensitive 

currents (TTX < 1 µM), suggests a preferential expression of TTX-s channels along 

the intermediate segment. In contrast, the steady decrease in responsiveness 

throughout all compartments at concentrations that affect TTX-r currents (TTX > 1 

µM) indicates that TTX-r channels may be more uniformly expressed across 

neuronal regions. Of particular interest, a substantial fraction of neurons throughout 

all microfluidic compartments were able to conduct action potentials at 

concentrations  deemed to block entirely TTX-s mediated currents, indicating the 

preponderance of TTX-r conductance along the axonal length.  
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Figure 6.4 - Schematic representation of the application of ascending concentration 
of TTX in the (1) somal, (2) axonal, and (3) terminal compartments, with the 
terminals repeatedly stimulated. Two sets of experiments were carried out to 
minimise neuronal tachyphylaxis; the first set consisted in applying low 
concentrations of TTX (0.01 to 1 µM), whilst the second set consisted in applying 
high concentrations (1 too 100 µM). Calcium transients were recorded in the Fura-2 
loaded somata with intermittent light excitation. 
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Figure 6.5 - Quantification of the somal responses to ascending concentrations of 
TTX in the axonal compartment upon repeated terminal depolarisations in neonatal 
cultures. (A) From left to right: Fura-2 loaded fields at baseline, upon the first KCl 
application, with 0.01 µM TTX, and 1 µM TTX incubation with the terminals 
depolarised by 100 mM KCl application. Scale bar = 100 µm. (B) Representative 
calcium transients recorded in the soma of a neuron that was blocked at 
concentrations of 0.01 µM TTX and above, yet partially recovered after TTX washout 
(neuron 1), and one that showed axonal TTX-r properties (neuron 2).  
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Figure 6.6 – The axonal TTX dose response function is derived from low and high 
TTX applications. (A) Percentage of neurons responding to successive terminal 
stimulations in the untreated group (green line), and the group treated with 
ascending concentrations of TTX, followed with a 15’ ECF washout in the axonal 
compartment (blue line). (B) Percentage of neurons responding to repeated terminal 
depolarisations in the untreated group (green line), and the group treated with high 
TTX in the axonal compartment. (C) TTX dose response fucntion, derived from 
graphs A and B above.  
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Figure 6.7 – The regional TTX dose response curves reveal the fine-tuning of TTX-s 
and TTX-r conductance along the axon. (A) TTX dose response functions to somal 
(turquoise line), axonal (blue line), and terminal (dark blue line) applications of the 
toxin. This data is derived from low and high TTX applications. (B) TTX dose-
dependent inhibition curves with TTX applied in the somal (turquoise line), axonal 
(blue line), and terminal (dark blue line) compartments. Half maximal inhibitory 
concentrations for TTX-s and TTX-r neurons wherever applicable.  
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6.4 The addition of GDNF sustains a subpopulation with high TTX-r 
conductile properties 

The development and survival of primary afferents relies on a range of growth 

factors, that act at critical timepoints to induce and maintain sensory subtypes 

(Letourneau, 1978; Paves and Saarma, 1997). Of particular interest, the glial-derived 

neurotrophic factor sustains an approximate half of the TrkA-expressing neurons, as 

these neurons switch their dependence from NGF to GDNF postnatally to develop 

into non-peptidergic nociceptors (Molliver et al., 1997; Molliver and Snider, 1997). 

GDNF also plays a pivotal role in the regulation of both SCN10A and SCN11A 

(Boucher et al., 2000; Cummins et al., 2000; Fjell et al., 1999). With this in mind, the 

addition of GDNF in neonatal cultures was expected to support the non-peptidergic 

population, and possibly upregulate TTX-r conductance.  

To test the effect of GDNF in neonatal neurons, a series of experiments was 

carried out in cultures supplemented with GDNF, and culture solely treated with 

NGF. In both experimental conditions, P0 neurons were imaged after 8 DIV. 50 

ng/mL GDNF was applied in the microfluidic compartments following the same 

chemoattractant protocol as that observed for NGF, with the factor initially incubated 

in all compartments, to be only added to the terminal compartment by the 3rd day in 

vitro as described in Table 2.3. In a first set of experiments, increasing 

concentrations of lidocaine (0.003 – 10 mM) were incubated in the axonal 

compartment with the terminals repeatedly stimulated to assess whether GDNF may 

affect the density of VGSC expression along the axolemma. In a second set of 

experiments, ascending concentrations of TTX (0.01 – 100 µM) were applied to the 

axonal compartment with the terminals intermittently depolarised with high K+, to 

establish the proportion of neurons that rely on TTX-r conductance in GDNF-treated 

cultures. The A-803467 compound was incubated in a separate set of experiments in 

combination with 1 µM TTX to assess whether GDNF may result in an upregulation 

of Nav1.8-mediated currents. Cultures were subsequently stained with the isolectin 

B4, FITC conjugate to determine the proportion of non-peptidergic neurons in control 

and GDNF-treated cultures. 

The lidocaine dose response curves in control (nneurons = 102, nexperiments = 5) 

and GDNF-treated cultures (nneurons = 143 , nexperiments = 4) were very much akin 
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(Figure 6.8). The incubation of 0.003 to 0.1 mM lidocaine had little effect on 

neuronal responsiveness in either group, with about 10 % of neurons blocked. Spike 

conduction dropped with the application of 0.1 to 3 mM lidocaine, from 80 % of 

neurons responding to about 20 % with both experimental conditions. 10 mM 

lidocaine abolished the propagation of action potentials in control cultures, whilst 1 ± 

1 % of GDNF-treated neurons responded. The Hill equation (a = 1.1; Lee et al., 

2014) yielded an IC50 of 0.6 mM in both groups. This set of experiments indicates 

that GDNF does not alter the density of VGSC expression along the intermediate 

neuritic segment. 

Interestingly, GDNF-treated cultures were more resilient to the application of 

tetrodotoxin than control ones (Figure 6.9). In cultures solely treated with NGF, the 

application of 0.01 to 100 µM TTX resulted in the progressive decrease in 

responsiveness from 93 ± 1 % to 27 ± 11 %, with 56 % of neurons displaying TTX-

resistant conductile properties (low TTX: nneurons = 109, nexperiments = 4; high TTX: 

nneurons = 177, nexperiments = 4). Following the same logic as that described in section 

6.3, the TTX-s IC50 was estimated at 0.05 µM and that for TTX-r neurons at 90 µM 

in this experimental group. Cultures supplemented with GDNF also displayed a 

progressive decrease in neuronal responsiveness from 0.01 to 100 µM TTX, though 

to a lesser extent: neuronal responsiveness decreased from 99 ± 1 % to 63 ± 10 % 

respectively, with 83 ± 4 % of neurons displaying TTX-resistant conductile 

properties (nneurons = 152 , nexperiments = 4). The TTX-s IC50 was also ~ 0.05 µM, 

whilst that for TTX-r neurons at > 100 µM; the concentration at which 59 % of 

neurons were inhibited could not be estimated from this graph. A multiple regression 

was run to predict the percentage of neuronal response from the treatment (± GDNF), 

and concentration of TTX. The multiple regression model statistically significantly 

predicted the percentage of neuronal response, F(2,37) = 17.551, *** p < 0.001, 

adj. R2 = 0.46. Both variables added statistically significantly to the prediction 

(*** p < .001); treatment with GDNF is therefore a statistically useful predictor of 

the extent of neuronal responsiveness. This set of experiments shows that GDNF 

results in an increase in the proportion of neurons that display TTX-resistant 

conductance in the middle compartment.  
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Control (nneurons = 138; nexperiments = 5) and GDNF-treated cultures (nneurons = 

127 , nexperiments = 4) displayed similar sensitivities to ascending concentrations of A-

803467 (see Figure 6.10). 1 µM TTX blocked about 20 % of neurons in both 

experimental conditions; there was a plateau in responsiveness at ~ 80 % with 0.001 

to 0.01 µM A-803467 application. The incubation of 0.1 to 1 µM A-803467 resulted 

in a drop in responsiveness from 70 – 80 % of neurons responding to ~ 10 % in both 

experimental groups. The Hill equation (a = 0.7) yielded similar IC50s, estimated at 

0.7 µM in the control group, and 2.0 µM in the GDNF-treated group. GDNF does 

not therefore appear to affect the functional expression of Nav1.8 along the 

intermediate axonal segment. 

The subsequent labelling of neonatal neurons with the IB4, FITC conjugate 

revealed a near-twofold increase in the proportion of non-peptidergic neurons in 

cultures supplemented with GDNF (Figure 6.11). In control cultures, 29 ± 4 % of 

neurons were labelled with the antibody (nneurons = 213 , nexperiments = 3), compared to 

48 ± 4 % in GDNF-treated cultures (nneurons = 201 , nexperiments = 3); the difference in 

the proportion of neurons labelled with the lectin was statistically significant (* < 

0.05; two-sample Student’s t-test). Interestingly almost all non-peptidergic neurons 

displayed TTX-resistant conductile properties (97 ± 2 % of neurons), compared to 78 

± 5 % in the IB4
- population (nneurons = 195 , nexperiments = 3; Figure 6.12). This 

indicates that during neonatal development GDNF sustains non-peptidergic neurons, 

the overwhelming majority of which display TTX-resistant propagative properties.  

Taken together, the addition of GDNF in neonatal cultures appears to increase 

the proportion of neurons with TTX-resistant properties of action potential 

propagation. The similar dose response functions with lidocaine and A-803467 in 

control and GDNF-treated cultures suggest that the neurotrophic factor does not 

affect the expression of voltage-gated sodium channels along the axon. Instead, the 

increase in TTX-resistant conductance is likely due to the maintenance and survival 

of non-peptidergic neurons, rather than reflecting a pan-neuronal upregulation of 

TTX-r channels by the factor.  
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Figure 6.8 – The addition of GDNF to the culture medium does not affect the 
sensitivity to lidocaine along the intermediate axonal segment. (A) Lidocaine dose 
response functions in cultures incubated with NGF as the sole growth factor (black 
line), and cultures incubated with both NGF and GDNF (brown line). (B) Lidocaine 
dose-dependent inhibition curves in NGF-treated cultures (black line), and GDNF-
supplemented cultures (brown line). The Hill equation was fitted to both 
experimental conditions and the corresponding IC50s drawn.  
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Figure 6.9 – The supplement of GDNF shifts the axonal TTX dose response curve in 
a rightwards manner. (A) TTX dose response function in NGF-treated cultures 
(black line) and cultures treated with both NGF and GDNF. (B) TTX dose-dependent 
inhibition curves in NGF-treated cultures (black line), and GDNF-supplemented 
cultures (brown line). The TTX-s and TTX-r IC50s were fitted to the curves wherever 
applicable.  
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Figure 6.10 – The addition of GDNF to neonatal cultures does not affect the 
sensitivity to A-803467 along the intermediate axonal segment. (A) Dose response 
function in NGF treated (brown line), and NGF + GDNF treated cultures (black 
line) with axolemmal application of A-803467. Neurons were pre-incubated with 1 
µM TTX to block TTX-s currents. (B) Dose-dependent inhibition curves to axonal 
application of A-803467 in NGF-treated (black line) and GDNF-supplemented 
cultures (brown line) – only TTX-resistant neurons were included. The Hill equation 
was fitted to both experimental conditions, and the corresponding IC50s drawn.   
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Figure 6.11 - GDNF increases the proportion of non-peptidergic neurons in 
neonatal cultures. (A) From left to right, top to bottom: brightfield picture of NGF-
treated, and NGF + GDNF treated cultures, N52 staining in both experimental 
conditions, and the merged pictures. Scale bar = 100 µm. (B) Percentage of IB4-
labelled neurons in the NGF (black bar), and GDNF supplemented cultures (brown 
bar; p < 0.05, two-sample Student’s t-test). 
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Figure 6.12 – Nearly all non-peptidergic neurons display TTX-r conductile 
properties. (A) From left to right, top to bottom: brightfield picture of a neonatal 
culture, overlay of the TTX-resistant neurons (pink neurons), IB4 staining of the 
culture, and the merged picture. Scale bar = 100 µm. (B) Percentage of TTX-
resistant neurons in the IB4-positively, and negatively stained populations (* p < 
0.05; two-sample Student’s t-test).  
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6.5 A prolonged incubation period does not alter the conductile properties in 
neonatal cultures 

Experimentations after 8 days in vitro allow for a dense axonal network in the 

microfluidic system, with the majority of terminals functionally excitable by this 

stage (see Chapter 3). It is possible, however, that a longer incubatory period may be 

required for the full maturation of the expression of sodium channels along the 

axolemma. To test this hypothesis, neurons harvested from P0 rats were incubated 

for either 8 or 12 DIV, reaching a projected developmental age of P8 and P12 

neurons respectively, as illustrated in Figure 6.13. The axolemmal density of sodium 

channels expression was first assessed by immersing the axonal compartment with 

ascending concentrations of lidocaine from 0.003 to 10 mM, and repeatedly 

depolarising the terminals with high K+ as shown in Figure 6.1. In a second set of 

experiments, ascending concentrations of TTX (from 0.01 to 100 µM) were applied 

to the axonal compartment with the terminals intermittently depolarised to test the 

extent of TTX-r conductance in both experimental groups. Finally increasing 

concentrations of A-803467 (from 0.01 to 10 µM) were incubated in this region with 

the terminals repeatedly stimulated to test the contribution of Nav1.8-mediated 

currents to the conductile function at a later developmental timepoint.  

 

Figure 6.13 – Table representing the projected developmental ages of postnatal day 
0 neurons incubated for either 8 or 12 DIV in microfluidic chambers.  

 The lidocaine dose response curves between neonatal cultures imaged after 8 

and 12 DIV were very much similar (see Figure 6.14). In both experimental 

conditions the application of 0.003 to 0.1 mM lidocaine had little effect on neuronal 

responsiveness, with barely 10 % of the neurons blocked (8 DIV: nneurons = 102, 

nexperiments = 5; 12 DIV: nneurons = 110, nexperiments = 4). The incubation of 0.1 to 3 mM 
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resulted in a drop in responsiveness from approximately 80 % of neurons responding 

to about 20 % in both experimental groups, whilst 10 mM lidocaine abolished spike 

conduction in all neurons. Fitting the Hill equation (a = 1.1; Lee et al., 2014) yielded 

similar IC50s of 0.7 mM in neurons imaged after 8 DIV, and 0.9 mM in neurons 

imaged after 12 DIV.  

 The TTX dose response curves between neurons imaged after 8 DIV and 12 

DIV were also similar, with the neuronal population incubated for 12 DIV displaying 

a slightly higher proportion of neurons with TTX-resistant conductile properties (see 

Figure 6.15). The application of 0.01 to 100 µM resulted in a progressive decrease in 

responsiveness from approximately 90 % of neurons responding, to 35 ± 9 % 

depolarised in neurons imaged after 12 DIV (nneurons = 99, nexperiments = 4), and 27 ± 

11 % depolarised in neurons imaged 8 DIV (low TTX: nneurons  = 109, nexperiments = 4; 

high TTX: nneurons = 177, nexperiments = 4). The TTX-s IC50 was estimated 0.05 µM in 

neurons imaged after 8 DIV, and twice as much in those imaged after 12 DIV, whilst 

the TTX-r IC50 for was estimated at 90 µM for both experimental conditions.  

 The A-803467 dose response curves of cultures imaged after 8 DIV was also 

very much comparable to those imaged after 12 DIV (Figure 6.16). The application 

of 0.001 to 0.1 µM resulted in a slight decrease in responsiveness from about 90 % to 

75 % in both experimental groups, with the bulk of the inhibition occuring with 0.1 

µM to 10 µM A-803467, where 12 ± 6 % in neurons imaged after 8 DIV responded 

(nneurons = 138; nexperiments = 5), compared to 4 ± 2 % in neurons imaged after 12 DIV 

(nneurons = 130, nexperiments = 3). The Hill equation (a = 0.7) yielded similar IC50s of 

0.7 µM for the neurons imaged after 8 DIV, and 0.8 µM for neurons imaged after 12 

DIV.  

 Taken together, the prolonged incubation of neonatal cultures from 8 to 12 

DIV does not seem to affect the conductile properties along the intermediate 

segment, with the VGSC density, TTX-r conductance, and Nav1.8 blockade very 

much similar between the two experimental conditions. This suggests that the 

axolemmal cytoarchitecture is mature within 8 days in vitro.  
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Figure 6.14 – A longer incubation period in neonatal neurons does not alter the 
axonal lidocaine sensitivity. (A) Lidocaine dose response functions in neonatal 
cultures imaged after 8 DIV (black line), and neonatal cultures imaged after 12 DIV 
(orange line). (B) The Hill equation and the corresponding IC50s were fitted to both 
lidocaine dose-dependent inhibition curves, in cultures imaged after 8 DIV (black 
line), and 12 DIV (orange line).   
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Figure 6.15 – A prolonged incubation period in P0 cultures does not affect the 
axonal TTX sensitivity. (A) TTX dose response functions in neonatal cultures imaged 
after 8 DIV (black line), and 12 DIV (orange line). (B) TTX dose-dependent 
inhibition curves for neonatal cultures imaged after 8 DIV (black line), and 12 DIV 
(orange line); the data is derived from the graph above. The half maximal inhibitory 
concentrations for neurons that rely on TTX-s and TTX-r currents for impulse 
propagation, were fitted for both experimental conditions (dotted lines).  
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Figure 6.16 – A further incubation period does not alter the axonal A-803467 
sensitivity. (A) A-803467 dose response functions in postnatal day 0 neurons imaged 
after 8 DIV (black line), and 12 DIV (orange line). (B) The Hill equation and the 
corresponding IC50s were fitted to both A-803467 dose-dependent inhibition curves 
in the TTX-resistant population, in neonatal cultures imaged after 8 DIV (black line), 
and 12 DIV (orange line).  
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6.6 Discussion 

A prime finding from this chapter relates to the microregional susceptibility 

to ascending concentrations of lidocaine, suggesting a differential density of sodium 

channel expression along the axonal membrane. A differential sensitivity to 

tetrodotoxin was also evidenced in microfluidic compartments, shedding further light 

on the regional contribution of TTX-s and TTX-r conductance to spike conduction. 

The addition of the glial cell line-derived neurotrophic factor to neonatal 

preparations sustained the non-peptidergic population, a subset of neurons that 

displays high TTX-r properties of action potential propagation. Finally, 

experimentations at a later incubatory timepoint confirmed that the functional 

expression of sodium channels is fully mature by 8 days in vitro.  

The fine-tuning of sodium channel expression along the axolemma 

The density of sodium channel expression along the neuronal membrane is a 

highly regulated process. Sodium channel transcripts and proteins are constantly 

synthesised in the somata and conveyed to distinct parts of the neuronal membrane to 

allow for electrogenesis and impulse propagation. Subcellular mapping of 

unmyelinated hippocampal basket cells has revealed the gradient-wise increase in 

sodium conductance from the somal to the distal axon, with a respective ~ 2.6 

channels/µm2 and 46.1 channels/µm2 in these regions, to ensure fast signalling in 

these  neurons (Hu and Jonas, 2014). In primary afferents, attempts have been made 

to elucidate the expression patterns of VGSCs along the axon, but with limited 

success; impalling sensory fibres with microelectrodes is technically demanding in 

thickly myelinated Ab fibres, whilst almost unfeasible in more thinly, or 

unmyelinated nociceptive fibres (Scholz et al., 1993). The development of the 

microfluidic technology now grants access to axolemmal regions in fluidically 

isolated compartments, and therefore provides the opportunity to explore the regional 

expression patterns of sodium channels across the entire neuritic length.  

The sodium channel blocker lidocaine was incubated in this system to unravel 

the relative density of VGSC expression along the neuritic length (Figure 6.3). 

Lidocaine binds to the cytoplasmic vestibule of the pore in a 1 : 1 stoichiometric 
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fashion, and impedes Nav conductance by occluding the flow of sodium ions through 

the pore, hence reducing the propensity of neurons to fire (Cummins, 2007). At high 

enough concentrations, the compound increases the latency of the compound action 

potentials, reduces the frequency of spike discharges, and depresses the amplitude of 

the action potentials, to eventually abolish spike conduction. For fibres whose 

current densities are just sufficient to sustain spike discharge, low concentrations of 

lidocaine impede spike conduction, whilst fibres operating well above their current 

threshold are silenced at higher concentrations, illustrating a differential safety factor 

of transmission between these neurons. Lidocaine displays a preferential binding 

affinity to channels in their inactivated state, and results in a cumulative block upon 

repeated stimulations; the prolonged recovery period between terminal 

depolarisations implies that tonic, rather than phasic block is assessed in this system 

however. The agent has a relatively fast onset of action as all responses are abolished 

following the incubation of lidocaine for 5 minutes in the middle compartment 

(Figure 4.3). The incubation of 14C-lidocaine onto an in vivo segment of a rat sciatic 

nerve results in little to undetectable levels of radioactivity beyond the margins of the 

superfused segment after 60 minutes of exposure, demonstrating that the compound 

does not diffuse longitudinally within this timeframe (Huang et al., 1997). 

 Though generally described as a non-selective sodium channel blocker, 

lidocaine displays some preferential affinity for TTX-s channels, over TTX-r ones. 

The half-maximal inhibitory concentration is indeed estimated at 42 µM for TTX-s 

currents, compared to 210 µM for TTX-r currents, showing a fivefold difference in 

the efficacy of the compound between the two types of currents with a resting 

voltage protocol (Scholz et al., 1998). Of note, there is no steady-state inactivation of 

TTX-r channels at resting membrane potential in neonatal cultures, whilst half of the 

TTX-s channels are inactivated (Wang et al., 1994; Sarria et al., 2012). As lidocaine 

displays a preferential affinity for channels in their inactivated state, this shifts 

further the potency of the compound for TTX-s currents, to lower values still. 

Whether lidocaine can reliably distinguish between TTX-r and TTX-r currents is 

questionable. Electrophysiological recordings in Xenopus laevis oocytes expressing 

either Nav1.7, or Nav1.8 indicate that the affinity of lidocaine to these isoforms does 

not necessarily abide by the preferential selectivity pattern discussed: the IC50 for 

Nav1.7 is ~ 450 µM, whilst that for Nav1.8 ~ 104 µM (Chevrier et al., 2004).  
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The application of lidocaine in the axonal compartment indicates two 

categories of neurons, with an approximate 15 % of neurons blocked with ≤ 0.03 

mM lidocaine, whilst the majority were blocked with 0.1 to 3 mM (Figure 6.3). The 

application of 0.03 mM lidocaine inhibits < 30 % of TTX-s and TTX-r mediated 

currents in whole-cell patch clamp recordings, demonstrating the relatively low 

safety factor of transmission in this subpopulation, where the slight reduction in Na+ 

channels inward conductance impedes impulse propagation (Roy and Narahashi, 

1992). The incubation of 0.1 mM lidocaine on the other hand blocks a majority of 

TTX-s currents, and a majority of TTX-r mediated ones are inhibited with 0.3 mM, 

indicating a high safety factor of transmission in the latter population.   

The application of 0.1 mM lidocaine on the somal compartment blocked over 

two thirds of neurons, suggesting the relatively low safety factor of transmission 

along the proximal segment for the majority of neurons. This high sensitivity may 

however partly reflect an impedance mismatch at the somal entry. For a propagated 

signal to depolarise the somal plasma membrane and trigger the entry of calcium 

ions, action potentials need to be conducted along the axolemma, enter the axon 

initial segment, and invade the cell bodies. Whilst Na+ channel densities along 

unmyelinated axons and the axon initial segment are comparable, with a mean 

density of ~ 200 channels/µm2 and ~ 160 channels/µm2 respectively, the somal 

plasmalemma displays a considerably lower density of sodium channel expression 

with ~ 1 channel/µm2 (Safronov et al., 1997, 1999). This differential density at the 

entry of the cell bodies results in an impedance mismatch, with an increase failure of 

spike conduction at the somal entry (Luscher et al., 1994). Moreover, contrary to the 

application of lidocaine in the middle and distal microfluidic compartments, where 

sodium channels rostral to the application site are likely recruited upon the arrival of 

action potentials, restoring the amplitude and current densities of propagated spikes, 

action potential waveforms remain minimal upon the somal incubation of the 

compound; the currents mediated may therefore not be sufficient to invade the entire 

surface of the cell bodies and charge the membrane’s capacitance for the effective 

depolarisation of the somal membrane. 

In the terminal segment, the application of 0.003 mM blocked > 90 % of 

neurons, a concentration that impedes less than 10 % of Nav conductance (Roy and 
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Narahashi, 1992). It is possible that this high lidocaine sensitivity may result from an 

inhibition of the initiative properties, rather than the block of impulse propagation 

distally. This is however inconsistent with the high co-localisation of sodium 

channels with electrogenic properties near / at the growth cones, likely to safeguard 

the initiation of action potentials. In neuroblastoma cells, voltage-dependent sodium 

channel currents have been recorded at the neuritic tips, in agreement with the high 

pan-neuronal immunofluorescence in the axonal endings of regenerating retinal 

ganglion neurons (Zhang et al., 1996; Feigenspan et al., 2010). Furthermore, 

depolarising current steps in neonatal sensory neurons trigger repetitive firing in > 65 

% growth cones, compared to a single action potential upon somal injection, 

demonstrating the hyperexcitability of this region (Wang et al., 1994). On a cellular 

level, the suppression of ectopic discharges with the application of low doses of 

lidocaine in the vicinity of neuromas of severed neurons is also consistent with a low 

expression of sodium channels distally (Devor et al., 1992).  

Spike conduction was abolished with concentrations of lidocaine over 4 

orders of magnitude throughout the microfluidic compartments, demonstrating the 

wide variation of interfibre susceptibility to the compound. This is in agreement with 

the differential sensitivity to lidocaine between sensory classes in in vivo recordings, 

where the IC50s for Ab and Ad fibres are estimated at 0.41 and 0.32 mM 

respectively, whilst that for C-type fibres almost twice as high, at ~ 0.8 mM (Huang 

et al., 1997). Large interfibre variations have also been reported within neurons of a 

similar conduction velocity, and by inferrence of the same functional class, with 

concentrations ranging from 0.3 to 1.4 mM in ranine myelinated nerve fibres to 

block impulse conduction (Raymond, 1992). Collectively, this likely reflects the 

heterogeneity of the relative expression of sodium channels both between and within 

sensory classes.  

The range of concentrations required to impede spike conduction in the 

microfluidic system is in good agreement with in vivo recordings carried out along 

the axonal length. In alive animals, the mean half-maximal inhibitory concentration 

to abolish single electrically stimulated impulses along sciatic nerve fibres ranges 

from 0.3 - 0.8 mM, consistent with the estimated IC50 (~ 0.7 mM) in the axonal 

compartment (Huang et al., 1997). On the other hand, the systemic injection of 4 
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mg/kg and 1 mg/kg of lidocaine hydrochloride in an experimental nerve injury model 

abolishes ectopic discharges near the site of neuroma and at the DRG, respectively, 

which, assuming a uniform distribution of the compound upon carotid injection, 

equates to a local 0.04 mM and 0.01 mM concentration (Devor et al., 1992). This 

estimate however fails to take into account the lidocaine plasma binding ratio (~ 70 

%; Routledge et al., 1980), the fractional penetrance of the compound through the 

perineurial fascium, and the exponential clearance rate; regional concentrations < 

0.01 mM therefore likely impede spike conduction in these regions, consistent with 

the low IC50s upon somal and terminal applications in these microfluidic regions. 

The differential lidocaine sensitivity observed across microfluidic regions may 

account for two seemingly paradoxical clinical observations. Neuropathic pain states 

are commonly treated with low systemic doses of local anaesthetics (LAs), 

concentrations that minimally affect motor and cardiovascular functions (Mao and 

Chen, 2000). These concentrations may therefore suppress the conductile function 

distally, with fibres retaining their ability to conduct action potentials along nerve 

fibres. This may also explain why neuralgic patients administered LAs report 

analgesic effects that long outlast the induction of conduction block and the half-life 

of the compound (Arnér et al., 1990).  

The literature also suggests a correlation between the extent of lidocaine-

mediated conduction block along the axonal length, and the emergence of 

behavioural deficits. The injection of 0.1 mL of 1 % lidocaine hydrochloride in the 

ischium results in a steady-state concentration along the sciatic nerve of 0.8 mM, a 

concentration where 100 % of Ab and Ad fibres, and 65 % of nociceptive C fibres 

are blocked (Popitz-Bergez et al., 1995; Huang et al., 1997), which results in the 

disappearance of proprioceptive and motor functions, and the attenuation of 

nociceptive behaviour to both noxious thermal and mechanical stimuli (Popitz-

Bergez et al., 1995). After 30 to 40 minutes, the local concentration decreases to an 

estimated 0.2 – 0.3 mM, at which stage 50 – 60 % of low-threshold mechanoceptive 

Ad fibres, and 10 – 15 % of C-type fibres are blocked; this leads to the recovery of 

some nociceptive behaviour, as deep pinching then evokes a paw withdrawal, whilst 

more superficial noxious stimuli fail to elicit a response (Thalhammer et al., 1995). 

Partial impulse blockade results therefore in a partial anaesthesia.  
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Axolemmal TTX-s and TTX-r conductance: implications for the regional 

expression of sodium channel isoforms 

The application of tetrodotoxin across the microfluidic compartments 

demonstrates the high prevalence of TTX-r conductance along the neuritic length 

(Figure 6.7). The relatively large fraction of neurons that display TTX-r conductance 

upon somal incubation of the toxin (> 40 %) is consistent with the presence of TTX-r 

currents in > 90 % of sensory somata in patch-clamp recordings, and the ability to 

repeatedly evoke action potentials in this region despite the application of 1 µM TTX 

in ex vivo preparations (Villiere and McLachlan, 1996; Akopian et al., 1999). Over 

two-thirds of neurons displayed TTX-r conductance along the intermediate axonal 

segment, in agreement with a growing body of evidence that implicates TTX-r 

currents to impulse propagation: C-fibre potentials are effectively conducted despite 

the application of 1 µM along the sural nerve upon peripheral stimulation (Steffens et 

al., 2001), whilst an estimated 93 % of piglet neurites are capable of propagating 

spike discharges in the presence of 500 nM TTX (Jonas et al., 2015). TTX-r 

conductance also appears to be a feature of the receptive segment: the application of 

1 µM TTX onto ciliary fibres fails to prevent antidromic invasion of the cornea upon 

electrical stimulation of the optic nerve (Brock et al., 1998). This same concentration 

blocks an estimated 50 % of smaller Ad fibres, and a mere 15 % of C-fibre potentials 

when applied to the intracranial dural membrane, the transductory site for trigeminal 

ganglion afferents (Strassman and Raymond, 1999).  

Bringing into perspective the results discussed so far, one may draw inferences 

with regards to the relative contribution of VGSC isoforms to impulse propagation 

along the axonal length, as illustrated in Figure 6.17. As far as TTX-s conductance is 

concerned, both Nav1.6 and Nav1.7 isoforms likely play a preponderant in 

electrogenesis and spike conduction. With a low activation threshold and 

characteristically fast activation and inactivation kinetics, Nav1.6 appears an 

indispensable component of the electrogenisome in A-type fibres, consistent with its 

high expression pattern in epidermal nerve endings (Black et al., 2002; Rush et al., 

2005a; Persson et al., 2010). This isoform co-localises in nearly all developing nodes 

of Ranvier during postnatal development and is thought to mediate saltatory 

conduction  (Caldwell et al., 2000; Luo et al., 2014).  Nav1.7  appears to  have a more  
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Figure 6.17 – Schematic representation of the relative expression of TTX-s and TTX-r channels, and the putative functional significance of VGSC 
isoforms along the axonal membrane. The number of sodium channels aims to depict the relative density of channels across the neuritic regions.  
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ubiquitous role, with a high expression pattern in both A- and C-type fibres (Fukuoka 

and Noguchi, 2011). A mere 15 % of neonatal neurons were blocked in these 

preparations with Nav1.7-selective blockade, which suggests the functional 

redundance of this isoform in impulse propagation in the majority of neurons (see 

Chapter 5). A plethora of evidence implicates however Nav1.7 as a critical 

constituent of the electrogenisome. In mice where Nav1.7 is genetically ablated in 

Nav1.8-expressing neurons under a Cre recombinase system, an estimated half of the 

neuronal population is unable to generate action potentials (Raouf et al., 2012). With 

a slow onset of inactivation, Nav1.7 produces large ramp currents thought to amplify 

subthreshold generator potentials and presents a preferential expression at / near the 

terminals nerve endings, consistent with an electrogenic role (Toledo-Aral et al., 

1997; Black et al., 2012). An interesting development to these sets of experiments 

would be to draw the dose response function of ProTx-II in the terminal 

compartment to further elucidate the role of Nav1.7 in the receptive field. With 

regards to the TTX-s Nav1.1, Nav1.2, and Nav1.3 isoforms, experiments with the 

ICA-121431 compound in the axonal compartment argue against a preponderant role 

for these channels in axolemmal conduction, a finding corroborated by studies using 

other classes of subtype-specific blockers (Wilson et al., 2011). Nav1.3 is nonetheless 

upregulated at the terminals in axotomised neurons and is thought to facilitate 

electrogenesis due to its rapid repriming kinetics (Cummins et al., 2001; Lampert et 

al., 2006). It is therefore conceivable that this isoform plays an important role in 

spike initiation; the application of ICA-121431 distally would also allow to test its 

functional significance on the receptive field.  

The differential sensitivity along the axonal length to concentrations that solely 

affect TTX-s currents (TTX ≤ 0.3 µM) also suggests the fine-tuning of TTX-s 

channels along the neuritic length. The application of 10 nM TTX for instance 

blocked a majority of neurons distally, with a plateau in responsiveness, indicating 

the relatively low density of TTX-s channel expression on the terminal segment. In 

stark contrast, the application of 0.01 - 0.3 µM TTX on the axonal compartment 

resulted in a progressive decline in neuronal responsiveness, suggesting a higher 

density of TTX-s channel expression on the middle axonal segment; the estimated 

IC50 (~ 50 µM) is 10 – 50 folds that for the Nav1.7 and Nav1.6 isoforms 
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respectively, demonstrating the high safety factor of TTX-s transmission in this 

region (Dietrich et al., 1998; Sangameswaran et al., 1997). 

The application of high concentrations of TTX across the microfluidic 

compartments (TTX ≥ 0.3 µM) aimed at revealing the regional patterns of expression 

of TTX-r channels along the axonal length. As discussed previously, TTX-r 

conductance likely reflects Nav1.8 transmembrane conductance, rather than that 

mediated by Nav1.5 or Nav1.9 (confer Chapter 4). The application of 0.3 – 3 µM 

TTX on the axonal compartment blocked impulse propagation in ~ 10 % of neurons 

(Figure 6.7); at these concentrations Nav1.8 currents decrease by an estimated 10 % 

(Akopian et al., 1996). It is possible that these neurons operate near, or at their 

current threshold in the absence of TTX-s conductance; a slight alteration in the 

fractional inhibition of Nav1.8-mediated currents may therefore impede spike 

conduction in this population. The application of 3 - 100 µM on the other hand 

resulted in a progressive decline in responsiveness throughout all compartments. The 

prevalence of TTX-r conductance along the entire neuritic length is not surprising. 

Nav1.8 co-localises in an approximate half of developing nodes of Ranvier following 

the first postnatal week, and is highly expressed in lipid rafts-associated clusters 

along unmyelinated fibres (Pristerà et al., 2012; Luo et al., 2014). The isoform also 

displays a preferential expression pattern in the terminal field, with a high 

immunoreactivity detected in the dermis and epidermis (Black et al., 2008; Persson 

et al., 2010). Electrophysiologically, Nav1.8 is thought to work in tandem with 

Nav1.7 distally, to mediate most of the inward currents underlying the depolarising 

phase of the action potential (Cummins et al., 1998; Renganathan et al., 2001). The 

propagation of action potentials in 10 – 30 % of neurons throughout the microfluidic 

compartments in the presence of 100 µM TTX is also consistent with the literature: 

this concentration fails to block a third of C-fibres in biopsied human sural nerve 

fibres (Quasthoff et al., 1995), whilst an estimated 8 % of the sciatic nerve C-fibre 

volley from naïve animals is resistant to this concentration (Gold et al., 2003). Of 

note, the IC50 for TTX-r conductance, estimated at 60 to over 100 µM TTX, is 

within 1 - 2 folds that for Nav1.8 (~ 60 µM; Akopian et al., 1996), which indicates 

that TTX-r conductance operates relatively near its current threshold along the entire 

neuritic length.  
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Properties of action potential propagation in non-peptidergic neurons  

GDNF plays a crucial role in the maintenance and phenotypic differentiation of 

the non-peptidergic population, a subset of neurons that represents an approximate 

half of nociceptors (Molliver et al., 1997). Mice deficient in GDNF by homologous 

recombination lack an approximate quarter of neonatal neurons (Moore et al., 1996), 

a finding corroborated by the deletion of Ret under a Ret-Nav1.8 conditional 

knockout system, with an approximate third of adult sensory neurons lacking 

(Golden et al., 2010). The developmental emergence of the non-peptidergic 

population is thought to occur in two waves, with an early Ret+ population arising 

from E12, whilst the majority extinguish the transcription of TrkA to express Ret 

from E16 onwards (Molliver et al., 1997; Kramer et al., 2006; Luo et al., 2007). The 

progressive switch in dependence from NGF to GDNF under the Runx1 transcription 

factor implies the presence of two subsets of Ret-expressing neurons in neonatal 

cultures (i.e. Ret+/TrkA+ and Ret+/TrkA- neurons) with the full differentiation and 

segregation into distinct Ret+ and TrkA+ populations complete within 2 – 3 weeks 

neonatally. The presence of nearly 30 % of IB4-binding neurons in GDNF-free 

control conditions likely reflects the Ret+/TrkA+ subset of neonatal neurons, whose 

trophic support relies on NGF, whilst the Ret+/TrkA- population may only be 

sustained by the addition of GDNF (Figure 6.11). A fraction of the non-peptidergic 

population may also persist regardless of the incubation of either factor as neonatal 

neurons become increasingly independent of trophic support during postnatal 

development (Valdés-Sánchez et al., 2010). 

Nearly all IB4-binding neurons displayed TTX-r conductile properties in 

neonatal cultures (Figure 6.12), in agreement with the transcription of SCN10a in an 

estimated 92 % of non-peptidergic neurons (Shields et al., 2012). The maintenance 

of this population, in the presence of the Ret ligand, likely accounts for the rightward 

shift in the TTX stimulus response function (Figure 6.9). The similar dose response 

curves with the application of lidocaine and A-803467 on the other hand indicate that 

GDNF does not lead to a pan-neuronal upregulation of TTX-r conductance; this is 

consistent with the absence of a synergistic effect on Nav1.8 hybridisation levels with 

the combined application of NGF and GDNF (Figure 6.8 and Figure 6.10; Fjell et al., 

1999). 
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The maturation of the functional properties of spike conduction in neonatal 

cultures 

Neurons possess the intrinsic capacity to regenerate neurites following 

axotomy, a property exploited to steer the elongation of growth cones through the 

arrays of microgrooves. Phase contrast microscopy revealed the extension of neuritic 

processes into the middle compartment within 1 to 2 days of plating, whilst axonal 

tips traversed the second array of microgrooves to reach the distal compartment 

within 3 – 4 days. It is possible that the full maturation of the functional expression 

of Nav isoforms along the axolemma necessitates a longer incubatory period than 8 

days in vitro; cultures were therefore nurtured for another 4 days and a battery of 

tests applied after 12 DIV. The lidocaine, TTX, and A-803467 inhibition response 

functions were very much similar between these two experimental conditions (Figure 

6.14, 6.15, and 6.16). Sodium channel turnover has an estimated half-life of 26 hours 

(Waechter et al., 1983); the onset and reversibility of nociceptive behaviour within 

48 hours of Nav1.8-specific antisense oligodeoxynucleotide treatment is consistent 

with this finding (Porreca et al., 1999; Joshi et al., 2006). Thus the additional 96 

hours incubatory period provided sufficient time to allow for the remodelling of 

axolemmal sodium channel expression. Assuming an uninterrupted course of 

development, P0 neurons cultured for 8 and 12 DIV reach a projected biological age 

of P8 and P12 neurons respectively. The similar sensitivity to the compounds likely 

reflects the functional expression patterns during this developmental period. In situ 

hybridisation studies indicate a slight upregulation of both Nav1.6 and Nav1.7 

transcripts between P2 and P15, whilst Nav1.8 mRNA expression plateaus from P7 

onwards (Felts et al., 1997; Benn et al., 2001). This therefore suggests that the 

expression of sodium channels reaches its functional significance after 8 days in 

vitro, and likely mirrors the course of VGSC isoform expression during this period.  
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The mammalian sensorium has evolved to detect a wide array of stimuli, 

reflected by the astounding diversity of transducers and conductors that endow 

primary afferents the ability to transmit sensory information. The molecular 

characterisation of voltage-gated sodium channels, which grant neurons their ability 

to initiate and conduct action potentials, has allowed the recent identification of 

isoform variants linked to congenital insensitivity to pain, and extreme pain 

disorders, igniting a considerable interest in further unravelling their contribution to 

electrogenesis and impulse propagation. The advent of microfluidic chambers 

provides the opportunity to separate the axon from the terminals and cell bodies in 

fluidically-isolated microenvironments, and thus explore the mechanisms of action 

potential propagation in sensory populations in a highly controlled manner. This 

thesis aimed at exploiting this technology to investigate the developmental 

emergence of sodium channel isoforms, their regional patterns of expression, and 

their relative contribution to impulse propagation.  

7.1 Establishing a system to probe the conductile properties of sensory 
neurons 

I first intended to reproducibly culture postnatal sensory neurons in 

microfluidic chambers. The application of a nerve growth gradient successfully 

attracted neuritic projections through the two arrays of microgrooves and acted as a 

powerful trophic factor. The sole application of the neurotrophin selects however for 

TrkA-expressing neurons, a subpopulation of neurons that largely displays 

nociceptive characteristics (Michael and Priestley, 1999). Evidence suggests that 

NGF can also act as an inflammatory mediator in sensory cultures, activating 

secondary messengers that lead to the phosphorylation of sodium channels, and their 

de novo transcription. The release of NGF during peripheral inflammation activates 

for instance p38 MAPK (Ji et al., 2002), a kinase that phosphorylates Nav1.6 and 

Nav1.8 residues, altering transmembrane inward currents mediated by these isoforms 

(Wittmack et al., 2005; Hudmon et al., 2008). Long term treatment with NGF on the 

other hand upregulates Nav1.7 protein levels, an effect suppressed by the Trk 

antagonist K252a and the protein kinase A inhibitor KT5720, implicating TrkA 

activation and PKA as signalling mediators (Brackenbury and Djamgoz, 2007). This 

pro-inflammatory role is not developmentally uniform however. Transcriptome 

analysis of adult and embryonic cultures treated with NGF have revealed the 
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presence of inflammatory and immune response elements transcripts in mature 

axons, whilst undetectable embryonically (Gumy et al., 2011), a developmental 

switch in the downstream pathways activated estimated to occur following the first 

postnatal week, as the neurotrophin increases currents evoked upon consecutive 

capsaicin applications in P8 cultures onwards (Zhu et al., 2004). Hence NGF appears 

to provide trophic support in embryonic and neonatal cultures, whilst inducing a pro-

inflammatory response at later developmental stages.  

A series of optimisation experiments demonstrated the robustness of the 

microfluidic system in repeatedly eliciting trains of action potentials. It remains 

however unclear why a fraction of neurons that initially display large calcium 

transients eventually fail to depolarise upon repeated stimulations, despite a 

prolonged recovery period. The propagation of action potentials is an energetically 

demanding process due to hydrolysis of ATP necessary to the operation of the 

Na+/K+ ATPase pump, the activity of which restores ionic concentration gradients 

following spike discharges. Interconnecting microgrooves provide tremendous 

fluidic resistance likely to limit the diffusion of oxygen in this region, which may in 

turn act as a limiting factor in mitochondrial oxidative phosphorylation, the main 

source of ATP stores (Sui et al., 2013). With an average mitochondrial speed 

estimated at 0.6 µm/s (Morris and Hollenbeck, 1995), anterogradely-transported 

mitochondria reach about a third of the microgrooves’ length within five minutes, 

which may not suffice to meet local energetic demands, an effect aggravated by the 

decrease in mitochondrial transport upon impulse activity (Ohno et al., 2011). To test 

this hypothesis, cell-permeant fluorescent dyes such as the lipophilic cation 

tetramethylrhodamine ester, may be incubated in this system to estimate the 

electrical potential across the inner mitochondrial membrane (DY) and thus measure 

the extent of mitochondrial recovery upon repeated depolarisations (Scaduto and 

Grotyohann, 1999); local ATP concentration may also be monitored with fluorescent 

dyes such as Perceval (Berg et al., 2009). Such experiments may provide the 

rationale to design microfluidic chambers with shorter microgrooves to further 

enhance the reliability of this system in repeatedly eliciting trains of action 

potentials.  
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7.2 Microfluidic chambers, a platform to investigate the functional regulation 
of ion-gated channels during development 

Evidence suggests that the emergence of voltage-gated sodium channel 

isoforms is a highly regulated process. Our understanding of the developmental cues 

that dictate their functional expression remains however virtually inexistant, a 

knowledge that may have important implications in the differentiation of pluripotent 

stem cells into the nociceptive lineage (Eberhardt et al., 2015). The seeding of 

dissociated dorsal root ganglion neurons in microfluidic chambers provides the 

unique opportunity to tease out the intrinsic and extrinsic factors that drive the 

induction and maintenance of sensory phenotypes, as neurons from distinct 

developmental stages may be harvested in this system.  

A series of experiments revealed the substantial upregulation of axolemmal 

TTX-r conductance during embryonic development. It would be interesting to assess 

the prevalence of TTX-r conductile properties at later developmental stages, in 

adolescent and adult animals. Northern blot analysis of DRG extracts indicate the 

stabilisation of Nav1.8 and Nav1.9 transcript levels from P7 onwards; TTX-r patterns 

of expression along the axolemma may reveal an entirely different picture however 

(Benn et al., 2001). NGF retains its chemotactic properties throughout development, 

potently attracting neuritic extensions in compartmentalised chambers in both 

neonatal and adult cultures (Kimpinski et al., 1997); the switch in the signal 

transduction cascades activated by TrkA binding following the first postnatal week 

implies that the incubation of NGF in mature neurons likely induces an inflammatory 

state however, likely to alter the conductile properties (Zhu et al., 2004; Gumy et al., 

2011).  

These sets of experiments also demonstrate the time-dependent involvement of 

retinoic acid in the upregulation of TTX-r conductance during late embryogenesis, 

thus illustrating the ability of this system in probing the factors that drive axolemmal 

functional properties. Identifying factors involved in the transcriptional and 

translational regulation of VGSC isoforms involved in nociceptive transmission may 

prove invaluable in the differentiation and characterisation of nociceptors derived 

from either embryonic stem cells, or induced pluripotent stem cells. Though mouse, 

rat, and human primary afferents share considerable similarities, there are key 
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differences in the transcriptomes activated between these species. Human 

nociceptors for instance are mostly devoid of the ATP-activated purinergic receptor 

P2X3, a receptor highly expressed in both mice and rat neurons (Cho and Chaban, 

2012; Serrano et al., 2012); human TRPA1 channels on the other hand are activated 

by acidic conditions, whilst rodent ones are insensitive to low pH, illustrating 

functional differences between orthologous transducers (Chen et al., 2008; Roche et 

al., 2013). The harvesting of human stem cells specified into the nociceptive lineage 

in compartmentalised microfluidic chambers would provide an ideal platform to 

assess the functional properties of action potential propagation in a more 

translational environment, with the possibility to study individual disease phenotype 

in patient-matched cultures, and may therefore greatly assist in screening novel 

therapeutic agents. Additionally, the selectivity profile of subtype-specific blockers 

is usually derived from the recombinant expression of human isoforms, rather than 

rodent sodium channels; such system would therefore increase the reliability of the 

findings (confer Table 1.5).  

7.3 Elucidating the contribution of Nav isoforms to spike conduction 

A wealth of data has emerged, from both animal and clinical studies, for the 

involvement of the Nav1.3, Nav1.7, Nav1.8 and Nav1.9 isoforms to inflammatory and 

neuropathic pathophysiological states. Whether the targeting of a single or several of 

these isoforms may result in potent analgesia remains largely speculative, as our 

understanding of their role is essentially limited to somal investigations. The 

microfluidic platform allows to pharmacologically probe their respective 

contribution to the conductile function in a native neuronal background, an 

opportunity unparalleled so far.  

 The block of Nav1.1-, Nav1.2-, Nav1.3-, and Nav1.5-mediated currents along 

the axolemma failed to impede spike conduction in neonatal cultures. The activation 

and opening of Nav1.7 channels on the other hand was an essential and non-

redundant requirement for the propagation of action potentials in ~ 15 % of neurons, 

whilst a majority of neurons appeared to rely on Nav1.8-mediated currents. The 

functional redundancy of Nav1.7 in ~ 85 % of neurons in these preparations was 

unexpected, given the bulk of genetic evidence implicating this isoform to pain 
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signalling (Cox et al., 2006; Minett et al., 2012). Subtype-specific colocalisation 

studies and tissue-specific ablation of Nav1.7 in DRG neurons indicate that Nav1.7 

likely plays a predominant role in electrogenesis (Toledo-Aral et al., 1997; Raouf et 

al., 2012), an hypothesis that may be tested by incubating ProTx-II onto the terminal 

arbor, and stimulating the nerve endings. Another development to these sets of 

experiments would be to assess the significance of Nav1.8-mediated currents in the 

mechano-, and proprio-ceptive populations. The recent co-localisation of Nav1.8 

transcripts in both Meissner corpuscles and lanceolate endings, organs thought to 

detect flutter vibrations and hair movement, implicates this isoform in innocuous 

mechanosensation (Shields et al., 2012). Mechano- and proprio-ceptive neurons may 

be sustained with the addition of TrkB and TrkC ligands (such as NT3, BDNF, and 

NT4), and immunolabelled with antibodies against parvalbumin and the stage-

specific embryonic antigen-4 (SSEA-4) (Celio, 1990; Dodd et al., 1984), whilst the 

significance of Nav1.8-mediated currents probed with the application of A-803467.  

The microfluidic system may also be adapted to assess the functional 

significance of sodium channel isoforms concentrated at nodes of Ranvier. Nav1.6 

and Nav1.8 channels for instance are highly co-localised in these structures, yet their 

respective contribution to saltatory conduction remains largely conjectural (Caldwell 

et al., 2000; Luo et al., 2014). The myelination process may be recapitulated with the 

seeding of Schwann cells in the middle compartment, to induce the clustering 

process in A-type axonal neuritic extensions in DRG/Schwann cell co-cultures 

(Ching et al., 1999; Spiegel and Peles, 2009; Liu et al., 2013), whilst the recent 

identification of a potent Nav1.6-selective blocker, 4,9-anhydro-TTX, now allows to 

pharmacologically target this isoform (Rosker et al., 2007). Furthermore, 

microfluidic chambers may be used to model both inflammatory and neuropathic 

pain states, and assess functional alterations in the expression of sodium channel 

isoforms. Though the axotomy of both central and peripheral processes, inherent to 

the dissociation of DRG neurons, activates a number of immediate early genes likely 

to induce a neuropathic state (Kenney and Kocsis, 1998), this does not preclude the 

incubation of pro-inflammatory mediators, such as bradykinin, prostaglandins, and 

ATP, to trigger an inflammatory response (Ji et al., 2014), whilst vacuum aspiration 

of neuritic extensions successfully reiterates axonal injury and regeneration (Taylor 

et al., 2005).  
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The combination of the microfluidic technology and calcium imaging 

recording using the ratiometric Fura-2 indicator provides a robust method to test the 

ability of subtype-specific blockers to block the propagation of action potentials. 

Whilst there is a large extent of correlation between the degree of conduction block 

in sensory populations and behavioural deficits (Thalhammer et al., 1995; Popitz-

Bergez et al., 1995; Huang et al., 1997), the ability of pharmacological agents to 

abolish action potentials is not a necessary condition to analgesia however. 

Isoflurane, for instance, does not suppress spike conduction; rather, the anaesthetic 

attenuates the amplitude of the pre-synaptic waveform, hence reducing the post-

synaptic excitatory output (Sabatini and Regehr, 1997; Wu et al., 2004). Hence the 

calcium imaging technique does not allow to fully characterise the effects of 

subtype-specific blockers on impulse propagation, as alterations in the amplitude of 

the propagated signal, or discharge frequency, may not be tested. The perforation of 

the polydimethylsiloxane to impale cell bodies for whole-cell recordings may 

circumvent this issue (Tsantoulas et al., 2013); patch-clamp recordings are however 

technically demanding, with a slow acquisition of data. Fluorescent protein-based 

sensors offer a more elegant alternative to directly monitor membrane potential and 

visualise the conduction of individual spikes in entire neuronal populations, with a 

temporal resolution up to 200 Hz (St-Pierre et al., 2014). The Accelerated Sensor of 

Action Potentials 1 (ASAP1), a voltage-sensing protein with a circulated permuted 

green fluorescent protein inserted in the extracellular loop of voltage-sensing 

domains, displays robust transfection rates and photostability when transfected in 

hippocampal cultures, is highly compatible with standard optical equipment, and 

may therefore allow to further characterise the effects of subtype-specific blockers in 

microfluidic sensory cultures in a high-throughput manner (St-Pierre et al., 2014).  

The expression of individual sodium channel isoforms may also be altered 

genetically, to further investigate the role of VGSC subtypes to the propagation of 

action potentials, and endorse the selectivity profile of recently-developed VGSC 

blockers. Harvesting neurons from global SCN10a-/- mice strains for instance would 

allow to validate the necessity of Nav1.8-mediated currents to nociceptive 

transmission, whilst the seeding of neonatal SCN9A-/- neurons in microfluidic 

chambers may confirm the ability of ProTx-II to selectively inhibit Nav1.7-mediated 

currents in a native neuronal background (Akopian et al., 1996; Renganathan et al., 
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2001; Nassar et al., 2004). In order to avoid systemic compensatory mechanisms 

inherent to the use of global knockout strains, gene transcription may also be 

silenced by RNA interference, or antisense oligodeoxynucleotides (Porreca et al., 

1999; Dong et al., 2007). A fortiori clustered regularly interspaced palindromic 

repeats (CRISPR) / CRISPR-associated protein 9 (CRISPR/Cas9 system), originally 

discovered in bacteria as an acquired defence mechanism against pathogens, can 

silence entirely transcriptional activity (Mojica et al., 2005): a guide RNA (gRNA) 

recognises and cuts specific nucleotide sequences in the presence of the 

endonuclease Cas9, whilst the recent identification of SCN1A-SCN11A gRNAs now 

allows to genetically ablate one or multiple sodium channel genes in sensory cultures 

(Straub et al., 2014; GenScript, 2016). 

Whether subtype-selective blockers may provide effective analgesia in 

chronic pain states is not clear. Their long-term use may trigger compensatory 

upregulation mechanisms, generating a hyperexcitable state along the pain pathway. 

The prolonged incubation of 0.3 µM TTX in cortical neurons for instance suppresses 

neuronal activity, yet increases tritiated saxitoxin binding, a measure of 

plasmalemmal sodium channel expression (Dargent and Couraud, 1990), a finding 

corroborated by the administration of the non-selective sodium channel blocker 

phenytoin in murine synaptosomes, causing a reversible, concentration-dependent 

increase in Na+ channel density (Sashihara et al., 1994). Targeting individual sodium 

channel isoforms remains, however, a promising therapeutic avenue; the recent 

injection of an adeno-associated virus carrying an anti-Nav1.7 short hairpin RNA in 

visceral afferents resulted in the robust attenuation, for months, of visceromotor 

responses upon noxious colorectal distension (Spencer et al., 2014; Spencer, 2015). 

This suggests that pharmacological blockers may be used for short-term pain 

management therapy (e.g. post-operative pain), whilst transcriptional and/or 

translational inhibitors may allow to treat more long-term conditions.  

7.4 Investigating the regional expression of sodium channel isoforms 

The microregional application of pharmacological agents aimed at 

investigating the patterns of expression of sodium channel isoforms along the entire 

neuritic length, adding to the ongoing debate regarding the differential density of Na+ 
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channels along the membrane, and the respective role of TTX-s and TTX-r currents 

to the conductile function. The ability of three-compartment microfluidic chambers 

to reveal the fine-tuning of sodium channels along the axon presents however several 

limitations. The high sensitivity to pharmacological blockers in the terminal 

compartment may potentially reflect the inhibition of the initiative site, rather than 

the propagative segment, as the precise location of spike initiation remains unknown, 

whilst the high susceptibility upon somal application may be due to an inability of 

the propagated signal to invade the plasmalemma, rather than revealing a lower 

density of Na+ channel expression along the proximal segment. This may be 

addressed by designing a microfluidic system with five, rather than three 

compartments, to assess the regional patterns of VGSC expression independently 

from the depolarising and recording sites. In perinatal rat cultures the axonal 

diameter is estimated at ≤ 1 µm, the critical length for propagation failure therefore 

equates to 160 µm (confer section 4.11). In order to achieve a similar neuritic 

extension of ≥ 2 mm throughout the chambers, the width of the channels may 

therefore measure 200 µm, with each array of microgrooves extending for 350 µm. 

The perforation of the polydimethylsiloxane piece may also allow the insertion of a 

micropipette to record from excised outside-out patches or isolated axonal blebs, 

hence derive the regional sodium channel density, a technique successfully 

performed on cortical pyramidal neurons and GABAergic hippocampal neurons to 

gauge the density of sodium channel expression on a microscale (Hu et al., 2009; Hu 

and Jonas, 2014).  

7.5 Concluding statement 

The findings discussed herewith shed further light on the developmental 

emergence of Nav isoforms involved in nociceptive conduction, the functional 

significance of VGSC subtypes to the conductile function, and the exquisite fine-

tuning of sodium channel expression across neuronal regions (see Figure 7.1 and 

Table 7.1). These experiments also illustrate the robustness of the microfluidic 

platform in the investigation of somatosensory transmission, as an in vitro model of 

spike conduction. Whilst a single method cannot answer all questions, the 

remarkable versatility of this technique should prove invaluable in the further 

characterisation of the contribution of sodium channel isoforms to the electrogenic 
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and propagative properties of sensory neurons, and thus assist in the search for next-

generation analgesics.   
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Figure 7.1 – Schematic representation of conductile properties discussed in this project. TrkA-expressing neurons are sustained by the 
retrograde transport of NGF, and display a differential density of sodium channel expression across neuronal regions. All neurons depend on the 
activation and opening of voltage-gated sodium channels for impulse propagation, whilst a minority appear to rely on voltage-gated calcium 
channels. The question marks indicate the likely preferential expression of electrogenic Nav channels at the terminal tips. This diagram 
complements Table 7.1.  
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Distal Intermediate Proximal 

Developmental TTX-r conductance: embryonic - neonatal 

 • Upregulation of TTX-r conductance 
• NGF & GDNF maintain TTX-r conductance 
• Time-dependent upregulation of TTX-r    
   conductance with retinoic acid 

• Functional upregulation, and maintenance  
   of somal TRPV1 expression  
 

Role of VGICs to the conductile function 

 • Nav1.1, Nav1.2, Nav1.3, and Nav1.5 redundant to  
   impulse propagation 
• A minority of neurons (~ 15 %) rely on Nav1.7  
• Nav1.8 underlies spike conduction in the majority  
   of neurons 
• Minority of neurons (~ 20 %) appear to rely on 
VGCCs 

 

Regional patterns of expression 

• Low density of VGSC expression 
• ~ 40 % of neurons display TTX-r  
   conductance 

• High density of VGSC expression 
• Majority display TTX-r conductance 
 

 • Medium density of VGSC expression 
 • ~ 40 % of neurons display TTX-r  
   conductance 

Table 7.1 – Summary of the main findings discussed in this thesis. The terms distal, intermediate, and proximal refer to axonal regions, relative 
to the somata.  
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