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CHRONIC NEUROPATHIC PAIN 
 

Neuropathic pain represents a major health burden, affecting 6.9% to 10% 
of the global population [1, 2], and as a leading cause of disability, is often 
associated with severe emotional and psychological comorbidities [3].  
 

Neuropathic pain is a form of chronic pain characterized by a lesion or disease of the 
somatosensory system that persists beyond the expected healing point, or despite 
treatment targeting the cause of disease [1, 3]. Pain may arise from post-surgical nerve 
damage, vascular or autoimmune conditions, viral infections, such as HIV or 
postherpetic neuralgia, neurodegenerative disorders, metabolic diseases (eg. diabetic 
peripheral neuropathy, DPN), exposure to toxins or chemical irritants, as in 
chemotherapy-induced peripheral neuropathy (CIPN), genetic variants, or be of 
unknown etiology (ie. idiopathic neuropathies) [1, 4]. Despite a wide etiological 
spectrum, the clinical presentation of neuropathic pain is often synonymous with 
ongoing spontaneous pain, intermittent ectopic pain sensations, and exacerbated 
evoked pain responses from non-noxious (allodynia) and noxious stimuli 
(hyperalgesia).  
 
The mechanistic underpinnings of neuropathic pain are complex and their relationship 
to the underlying pathology remain poorly understood. Furthermore, the depiction and 
severity of pain symptoms widely varies between neurological conditions and across 
patients with the same underlying etiology [5], emphasizing the need for better 
understanding the translation of pathophysiological mechanisms into sensory inputs. 
Yet, hundreds of genes have reportedly been linked to human pain disorders, including, 
but not limited to, those encoding transient receptor potential (TRP) channels (ie. 
TRPV1, TRPA1, TRPM8), voltage-gated sodium channels (VGSCs), GTP 
cyclohydrolase, purinergic receptors, μ1 opiate receptors and catechol-O-methyl 
transferase (COMT) [6-11].  Clinical neurophysiological investigations have provided 
some mechanistic clues, with increasing activity in pain-conducting nerve fibers 
correlating with disease [1, 12, 13]. However, limited non-invasive procedures and 
accurate diagnostic tests have restricted pain studies in human subjects, with most of 
our knowledge pertaining to animal and preclinical studies.  

 
VOLTAGE-GATED SODIUM CHANNELS 
 

Voltage-gated sodium channels (VGSCs) are key contributors to neuronal excitability 
and are required for the generation, transduction, and propagation of action potentials 
along axons [14-16]. They are part of the P-loop family that includes potassium and 
calcium channels [17]. The pore-forming α-subunit of sodium channels folds into four 
homologous domains (DI-DIV), connected by intracellular peptide linkers (L1-L3). 
Each domain is composed of six transmembrane helices (S1-S6) [17-20], organized in 
the voltage-sensing region (S1-S4) and the ion-permeation pathway (S5-S6; Figure 1) 
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[10, 17]. VGSC gating and trafficking are regulated through interactions with channel 
partners, including sodium channel β subunits [21], fibroblast homologous factors 
[22], and via post-translational modification [23-25]. 
 
Nine genes encode the sodium channel α-subunit proteins (NaV1.1-NaV1.9) in humans 
[20, 27], with each manifesting diverse patterns of expression and biophysical 
properties [19, 20]. For instance, NaV1.1 and NaV1.2 have been found to be largely 
expressed in the brain [28], although increasing levels of NaV1.1 have been detected in 
lumbar, viscera-innervating dorsal root ganglion (DRG) neurons [29, 30]. Similarly, 
NaV1.3 is predominantly expressed in embryonic sensory neurons [31], but is 
upregulated following traumatic or metabolic injury in rodent DRGs [31, 32], although 
its pattern of expression in humans is less clear. On the other hand, NaV1.4 and NaV1.5 
are exclusively expressed in muscles, skeletal and myocardial, respectively [27]. NaV1.6 
is primarily expressed in the nodes of Ranvier and has been shown to be involved in 
both CNS and PNS neuronal excitability [33]. Preferential expression of NaV1.7, NaV1.8 
and NaV1.9 in DRG and trigeminal sensory neurons has brought attention to their 
function as primary drivers of nociception [15, 34]. NaV1.7 is also present in 
sympathetic ganglion cells and NaV1.9 in myenteric neurons [14, 24, 35, 36]. NaV1.7 and 
NaV1.8 have generated particular interest due to compiling evidence linking them to 
human pain disorders [15], with recent findings associating NaV1.6 [37] and NaV1.9 
[38-46] to several pathologies.  

FFIIGGUURREE  11  ––  OOvveerraallll  33DD  ffoollddeedd  ssttrruuccttuurree  ooff  hhuummaann  VVGGSSCCss.. View of the folded structure of the sodium 
channel α-subunit, in complex with β1 and β2, from the intracellular side of the membrane (left) and 
from its side (right), based on the recently published structure of the human NaV1.7 channel by Shen 
et al. [26]. The channel structure shows the central ion-conducting pore module, colored by repeats; 
the four peripheral VSDs (S1-S4) are shown in blue (VSDI), cyan (VSDII), lime green (VSDIII) and blood 
orange (VSDIV). The DIII-DIV linker (L3) carries the fast-inactivation motif and is shown in light orange. 
VSDs undergo conformational changes in response to membrane depolarization, which are then 
transmitted to the pore via S4-S5 linkers (indicated by white arrows through helix loops). 
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The involvement of VGSCs in pain has been demonstrated in lesioned and intact 
neighboring nociceptive fibers. Following peripheral nerve injury, higher VGSC levels 
of expression as well as reduced action potential threshold and ectopic activity have 
been reported [3, 47-49]. The transfection of human channels into heterologous cell 
systems has been another major step forward in ion channel research [50], allowing 
the identification of downstream pathways and the functional characterization of VGSC 
mutations [51-53]. Concomitantly with knock-out (KO) animal models, mutational 
analysis of sodium channel variants has shed a light on the pathobiological basis of 
nociceptor excitability, delineating a direct mechanistic link to chronic pain and the 
contribution of individual channels to the electrogenesis of sensory neurons (SNs) [19, 
54, 55]. Animal studies in support of NaV1.7 in pain pathology have described increased 
levels of expression in DRG neurons after inflammation [56] and in diabetic rats [57]. 
In contrast, NaV1.7 KO reduced inflammation-induced thermal hyperalgesia in mice 
[58] and diabetes-induced neuropathy in rats [57], while increasing the action potential 
threshold in several animal models of pain [59-62].  

SODIUM CHANNELOPATHIES 
 

 

The identification and functional follow-up of rare monoallelic mutants have been 
instrumental in defining the critical role played by DRG-expressed VGSCs (NaV1.7, 
NaV1.8, and NaV1.9) in the transmission of pain signals. Numerous genetic variants 
have been implicated in the pathogenicity of chronic pain. In particular, extensive 
literature has linked NaV1.7 to a plethora of human pain disorders; gain-of-function 
(GoF) missense mutations have been found in patients with inherited erythromelalgia 
(IEM) [52, 53, 63, 64], paroxysmal extreme pain disorder (PEPD) [65], and small fiber 
neuropathy (SFN) [66, 67]. Whereas, loss-of-function (LoF) mutations in NaV1.7 
induce congenital and complete inability to experience pain (CIP) [14, 15, 23, 68-70] 
and hereditary sensory and autonomic neuropathy (HSAN) [71]. Microneurography 
analysis in patients carrying the mutant channels validated their contribution to pain 
pathology, as demonstrated by ectopic increased excitability in afferent nociceptive 
fibers, without signs of nerve lesions [3, 72-74]. 
 
Voltage- and current-clamp assessment of disease-causing mutations parallel the 
clinical phenotype; sensory neurons showed cellular hyperexcitability, associated with 
impaired activation (IEM) and fast inactivation (PEPD) in heterologous systems [14, 
65, 75]. Recently, de novo GoF mutations in NaV1.8 have been linked to SFN in a small 
group of patients. Functional analysis of the mutations correlated with DRG neuron 
hyperexcitability [76, 77]. A spectrum of human pain conditions has been associated 
with dominant GoF mutations in NaV1.9 in both painful and painless channelopathies 
[35], including SFN [38, 78] and CIP [43, 45]. Extending beyond the α-subunit, 
mutations in the β2-subunit of sodium channels have been directly linked to the 
pathogenesis of SFN and DPN [79, 80]. Hence, VGSC inhibition represents a 
potentially beneficial approach to addressing chronic pain. 
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FFIIGGUURREE  22  ––  SSCCNN99AA  mmuuttaattiioonnss  rreessuulltt  iinn  aa  wwiiddee  rraannggee  ooff  hhuummaann  ppaaiinn  ccoonnddiittiioonnss.. The linear schematic 
view of full-length NaV1.7 sodium channel alpha subunit shows its composition of four homologous 
domains, each consisting of six transmembrane segments (S1-S6) and joined by three intracellular 
loops (L1-L3). Each domain can be subdivided into the voltage-sensing domain (VSD) formed by the 
S1-S4 helices, while the pore module (PM) is composed of S5 and S6. The graphic representation of 
the ‘unfolded’ channel points to the location of gain-of-function mutations that are linked to small fiber 
neuropathy (SFN; orange), inherited erythromelalgia (IEM; red) and paroxysmal extreme pain disorder 
(PEPD; green). Several mutations were described in multiple painful neuropathic conditions or in 
patients that demonstrated overlapping symptoms with another pain disorder. Variants found in both 
SFN and IEM (G856D, R1150W, W1538R) are shown in gray; R185H was discovered in both SFN and 
PEPD and is shown in purple; A1632E was reported in both IEM and PEPD and is shown in light pink; 
I228M was described in all three pathologies (ie. SFN, IEM and PEPD) and is shown in black. Topology 
of loss-of-function mutations associated with congenital insensitivity to pain (CIP) are shown in blue. 
Typical symptoms and clinical presentation of each disease are represented in red and show the 
painful areas. The position of the mutations on the linear model do not reflect their atomic proximity 
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in the 3D folded structure. The schematic view of the channel was modified and adapted from 
references [14, 81, 82]. 

 
Rare monoallelic dominant GoF mutations in SCN9A have been widely described in 
patients with IEM [53, 64] and PEPD [65]. These genetic diseases have served as 
ground for discovery of more common disorders, such as idiopathic SFN [66] (Figure 
2). 

Inherited Erythromelalgia 
 

Inherited Erythromelalgia (IEM) is characterized by excruciating burning pain attacks 
and redness in the distal extremities (hands and feet), triggered by heat and exercising, 
and relieved by cooling. Even mild temperatures can trigger painful episodes, and 
patients often cannot wear warm clothes or closed-toe shoes. Most patients are 
unresponsive to available pharmacotherapy, with cooling remaining the most effective 
strategy, which can result in severe tissue damage or gangrene [83]. Functional 
assessment of heterologous systems transfected with IEM disease-causing mutations 
with voltage- and current-clamp have shown cellular hyperexcitability in sensory 
neurons and hyperpolarized activation, paralleling the clinical phenotype [10, 14] 
 
Paroxysmal extreme pain disorder 
 

Paroxysmal extreme pain disorder (PEPD), or severe episodic perirectal pain, is 
triggered by bowel movement and rectal/perineal stimulation and is most common in 
infants [65, 75]. Cold- or irritant-triggered ocular and mandibular pain becomes more 
prominent in older patients. Functional analysis parallels the clinical phenotype and 
shows impaired fast inactivation in NaV1.7 channels, resulting in a higher number of 
channels available for activation and increased excitability [65, 84]. Contrary to IEM, 
PEPD patients respond well to carbamazepine (CBZ) medications [10, 65, 75].   
 
Small Fiber Neuropathy 
 

Small Fiber Neuropathy (SFN) often manifests with an excruciating burning pain 
sensation in the hands and feet and is generally associated with degeneration of the 
smaller fibers (ie. A-delta and C fibers) and inappropriate DRG neuronal firing. 
Interestingly, genetic variants in sodium channels have been described in 16.9% of SFN 
patients [67], with a higher frequency in SCN9A (NaV1.7) [5], highlighting their crucial 
contribution to the pathogenesis of SFN.  
 
Congenital and complete inability to experience pain (CIP) 
 

Biallelic LoF mutation in SCN9A (NaV1.7) results in complete loss of all pain sensations, 
without autonomic deficits, aside from anosmia [68, 70, 85], providing undisputable 
evidence for its role in pain biology. Fourteen mutations have been identified thus far. 
While most have yielded to premature truncation due to a stop codon, missense 
mutations have also been reported  [15]. 
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Taken together, Mendelian co-segregation between VGSC mutations in patients with 
strong pain phenotypes have provided additional evidence for causality and have 
validated sodium channels, in particular NaV1.7, as attractive therapeutic targets for 
next-generation treatment development [14]. 

TREATMENTS 
 
 

Pharmacological management of neuropathic pain focuses on the treatment of 
symptoms, while most drugs treating the etiological cause (eg. cancer or diabetes) have 
failed to provide pain relief. The therapeutic regimen for all neuropathic pain 
conditions, recommended by the Neuropathic Pain Special Interest group (NeuPSIG) 
of the International Association for the Study of Pain (IASP) [86, 87], includes tricyclic 
antidepressants (eg. amitriptyline) [4, 86, 88-90], selective serotonin-norepinephrine 
reuptake inhibitors (eg. venlafaxine and duloxetine), and CaV α2 δ antagonists (eg. 
gabapentinoids and pregabalin) as first-line strategies. Anti-epileptic drugs (AEDs; eg. 
carbamazepine (CBZ) and oxcarzepine) are recommended for trigeminal neuralgia 
(TN) [91]. Second-line treatments include light opioid analgesics (eg. tramadamol and 
tapentadol), mostly prescribed as second or third-line treatments due to their adverse 
side effects [90], and topical agents such as lidocaine and capsaicin. Third-line drug 
applications include stronger opioids, such as morphine and oxycodone, as well as the 
neurotoxin botulinum toxin-A [4, 86, 88-90, 92]. However, pain management remains 
a common medical concern. Current treatments are largely ineffective and induce 
severe side effects, preventing their extensive use at pain-relieving doses [93]. 
Furthermore, not only less than 50% of patients report symptomatic relief, but within 
the responders, the degree of pain improvement dramatically varies across this 
population [94].  
 
This unmet need for therapeutic response might result from heterogenous pain 
mechanisms and commonly associated emotional and psychological comorbidities. 
Patients often report coexisting anxiety and depression, with impaired sleep and 
quality of life, which need to be treated separately and may hinder analgesic efficacy 
[3]. Up to now, no clear predictors of treatment responsiveness have been identified in 
neuropathic pain patients. Additionally, the drug actions do not necessarily correlate 
with the underlying mechanisms, which are yet to be fully understood [3, 87]. 
Therefore, there is an urgent need to identify the pathological pathways interacting 
with drug functions to establish the treatments that provide the most pain relief with 
the fewest adverse effects. 

Non-selective sodium channel blockers 
 

Locally administered, non-selective VGSC blockers, including local anesthetics (LAs) 
and AEDs, have been used to treat neuropathic pain of various etiologies [34]. CBZ is 
particularly effective in treating TN [95], PEPD [75], and a small subset of IEM patients 
[51, 96, 97], despite producing mixed outcomes in VGSC mutant carriers [19, 23]. 
However, due to their lack of selectivity, VGSC blockers also act on central, cardiac, and 
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peripheral sodium channels, leading to adverse effects, including confusion, 
somnolence, ataxia, and cardiac arrythmia [34, 98]. Therefore, the development of 
selective agents targeting peripherally expressed sodium channels (ie. NaV1.7, NaV1.8 
and NaV1.9) is highly warranted.  
 
Local anesthetics (LAs) 
 

Local anesthetics, including lidocaine ad mexiletine, are commonly used for treating 
peripheral neuropathic pain. Classic sodium channel inhibitors have unequivocally 
been established to share a common binding motif, the ‘LA binding site’, composed of 
the phenylalanine and tyrosine residues F1764 and Y1771 [99, 100], located in the inner 
pore, below the selectivity filter in the S6 segment of domains I, II, and IV [99, 101-
105]. They exert their therapeutic effect via stabilization of the fast inactivated state 
[106-108] and by use-dependent blockade of sodium channels, thereby inhibiting 
ectopic discharges [109]. Both lidocaine and mexiletine have shown some efficacy in 
IEM patients [17, 110-113].  
 
Anti-epileptic drugs (AEDs; anticonvulsants) 
 

Originally developed for treating epilepsy and select psychiatric disorders, 
anticonvulsants like CBZ, lamotrigine, lacosamide, and oxcarbamazepine have been 
used to treat chronic painful conditions, including postherpetic neuralgia, 
fibromyalgia, and TN [86]. However, inconsistent results have been described in other 
neuropathic pain conditions [3, 5, 114]. Typical AEDs are thought to interact with the 
LA binding site and to selectively bind to the fast inactivated state of sodium channels 
in a voltage- and use-dependent manner [100, 104, 115, 116]. In recent years, 
lacosamide (R-2-acetamido-N-benzyl-3-methoxypropionamide) has received more 
attention for its unconventional mode of action. First FDA-approved for the treatment 
of epilepsy, lacosamide has emerged as a promising second-line treatment for DPN 
[117-119], migraine, postherpetic neuralgia [120], and refractory pain [121]. Although 
still often unsatisfactory [119], efficacy was recently described in a subgroup of patients 
with NaV1.7-related SFN [5]. However, the underlying cause for the heterogeneous 
response remains to be discovered [34]. Contrary to typical AEDs and LAs, lacosamide 
predominantly acts by enhancing the voltage-dependence of slow inactivation in 
VGSCs, while having no effect on steady-state fast inactivation [122-126], or by slowly 
binding to the fast inactivated state [127]. Because of its unique effect on channel 
biophysics, lacosamide is thought to induce VGSC blockade through a distinct binding 
site than AEDs and LAs, which is yet to be investigated. 

Precision medicine targeting selective sodium channels  
 

The functional validation of NaV1.7, NaV1.8 and NaV1.9 genetic variants as important 
contributors to human pain, together with problematic side effects of non-selective 
VGSC blockers, spurred the development of isoform-specific inhibitors. Selective 
pharmacotherapy is increasingly suggested as a potential solution to treating 
neuropathic pain without central or cardiac adverse effects [23, 128-130], while 
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avoiding interactions with the central reward circuitry responsible for opioid-related 
addiction [34, 131]. Because SCN9A LoF mutations result in pain insensitivity, selective 
blockade of the channel has been under the spotlight for the past decade [82]. Specific 
inhibitors are shown to increase the firing threshold in human and rat DRGs [132, 133], 
and to reduce neurotransmitter release from mouse central and peripheral primary 
afferents [10, 59, 133]. Nevertheless, randomized clinical trials have reported mixed 
outcomes [87, 134, 135]. 
 
Small molecule inhibitors 
 

A new class of aryl sulfonamide isoform-selective, state-dependent, channel blockers 
has recently been developed [136, 137]. Their mechanisms of action differ from most 
VGSC inhibitors as they induce use-dependent blockade via binding to the voltage-
sensing domain (VSD) of DIV [137], instead of the highly conserved pore residues (ie. 
‘LA binding site’), reducing undesirable side effects of pore-binding agents and 
increasing their subtype selectivity. The first orally available, peripherally restricted 
NaV1.7-selective blocker PF-05089771 [133] has shown some moderate efficacy in 
dental pain and DPN [138] and has provided some symptomatic relief in a small group 
of IEM patients in a phase II single-dose, double-blind, placebo-controlled, crossover 
study [139]. Nonetheless, high variability was detected in subjects carrying the same 
mutations, and even in the same patient between two sessions [19, 139]. The relatively 
poor efficacy of the compound may result from limited CNS penetrance, patient 
stratification and/or pharmacokinetic differences between in vivo and in vitro drug 
metabolism. Furthermore, VGSC blockers might be required to act centrally for 
effective analgesic effects [140], albeit the peripheral restriction of aryl sulfonamides 
may ultimately hinder drug effects. Another NaV1.7 blocker BIIB074, recently renamed 
vixotrigine, blocks the channel in an activity-dependent manner [141, 142]. The 
compound is well tolerated and has reduced the average pain daily scores and the 
number of painful paroxysms in clinical trials [134]. In parallel, the emerging success 
of NaV1.8 blockers in animal models [143, 144] have led to clinical testing and provided 
encouraging results for osteoarthritis and SFN [145]. 
 
Toxins 
 

Several neurotoxins derived from venomous invertebrates have been demonstrated to 
potently block selective VGSC isoforms [146, 147], also via VSD interactions [148, 149]. 
For example, the tarantula-derived neurotoxin ProTx-II induces a depolarizing shift in 
the voltage-dependence of activation of NaV1.7 [150-152] while blocking nociceptive C-
fiber activity [151]. Current drug development is emerging in clinical trials and may aid 
reversal of IEM drug-resistance via binding outside the pore, with minimal cross-
reactivity with other isoforms [17].  

Pharmacogenomics and personalized medicine 
 

The high degree of variation in pain perception and drug responsiveness might be the 
result of complex nociception processes and the multifactorial influence of genetic and 
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environmental components [153, 154].  Thus far, recommendations for the 
management of neuropathic pain have been appointed based on population studies, 
and clinical rather than genomic criteria, which largely follows a trial-and-error 
process, leading to years of ineffective pharmacology with debilitating side effects, only 
to find, if at all, mildly effective strategies. Initial prescription is based on the patient’s 
age and gender, pain description and clinical cause. Pain is a complex trait influenced 
by ethnicity [155], gender [156], socio-economical context and pain experience [153, 
157]. Dosage is adjusted based on the pain experience, which is by nature subjective, 
and with substantial placebo response, patient-specific precision medicine is 
desperately needed. Echoing pain research advancement from mutational analysis, the 
extrapolation of genomic- and genetic-guided strategies can further our knowledge of 
gene-treatment interactions and substantially impact the clinical field.  
 
Pharmacogenetics and pharmacogenomics aim to unravel how human individual 
genetic variants and whole genomes, respectively, affect treatment efficacy and toxicity. 
Genomic-guided approaches can help choose the most appropriate drug and dosage 
with the fewest unwanted side effects based on individual patients’ genetic background 
[10].  Modern improvements in genetics and genomics have enabled the identification 
of over 200 candidate pain genes and have revealed pathogenic gene variants that 
underlie, at least in part, inter-individual differences in analgesic drug response and 
adverse effects [153]. Thus, their application might predict effective medication 
choices. Notably, pharmacogenomic-guided treatment of patients carrying variants in 
the OPRM1 gene, encoding the μ1 opioid receptor, that directly affected their analgesic 
response and susceptibility to addiction, benefitted from this approach [153, 158]. 
 
Pharmacogenomics of AEDs in VGSC mutants  
 

The easily identifiable clinical phenotype and full penetrance of IEM has served as a 
platform for exploring pharmacogenomic-based treatment approaches to human pain 
[10, 51, 97, 159]. In contrast to PEPD, the resistance of IEM to CBZ (and most 
pharmacotherapy) has informed us on its mechanistic basis, whereby the drug is 
predicted to bind better to channels that are mutated to a persistently open state [10], 
explaining its success in PEPD and not IEM patients. CBZ is known to exert its 
analgesic effects via non-selective inhibition of VGSCs in a voltage- and use-dependent 
fashion [104, 115, 116]. However, recent studies have revealed a novel mode of action 
of CBZ as an activation modulator in a subset of IEM NaV1.7-mutant channels [96, 97, 
159]. Specifically, clinically-relevant concentrations of CBZ induced a depolarizing shift 
in activation of NaV1.7 mutant channels V400M, S241T and I234T, expressed in 
HEK293 cells, bringing them to a wild-type (WT) range [96, 97, 159]. Transfected DRG 
neurons with S241T and V400M showed selective reduction in cellular excitability, 
without affecting WT or CBZ-unresponsive F1449V mutant channels [23, 51, 97, 159]. 
Hereby, applied pharmacogenomics unraveled a unique pharmacological signature in 
selected mutants, suggesting CBZ may have mutant-specific effects based on their 
atomic proximity, irrespective of WT. Importantly, these findings were the foundation 
for open-label use of CBZ in IEM patients carrying V400M [96] and S241T [51] 
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variants, who reported a reduction in the frequency and duration of pain attacks [51, 
96] as well as in the number of sleep awakenings [51]. Functional brain imaging of 
S241T carriers correlated with the clinical phenotype, marked by a shift in the patterns 
of activity immediately after CBZ administration [51]. Interestingly, CBZ also corrected 
neuronal hyperexcitability and depolarized activation in the NaV1.8 equivalent of the 
NaV1.7-S241T mutant channels (NaV1.8-S242T), demonstrating CBZ inter-isoform 
potential as an activation modulator [160]. Thermodynamic mutant coupling analysis 
and atomic-level structural modeling of V400M with S241T and I234T demonstrated 
non-additive, energetic-coupling of the variants during activation as a single unit that 
predicted common CBZ responsiveness [10, 97]. Hence, atomic proximity of IEM 
mutations can be used to probe drug responsiveness in novel variants based on the 
response of already established ‘seed’ mutations [10].  
Pharmacogenetic-guided intervention has also been used to reduce the likelihood of 
severe adverse effects. Notably, a strong genetic association between the HLA-B*1502 
allele and CBZ-induced Stevens–Johnson syndrome and toxic epidermal necrolysis has 
emerged in a subgroup of pain patients from Asian populations [161-166]. In another 
study, a NaV1.7 mutation (N395K) has been found to attenuate lidocaine inhibitory 
effects [167]. Taken together, this collection of studies illustrates the power of 
pharmacogenomics and atomic modelling in identifying mutation-specific drug 
mechanisms while supporting a more personalized treatment approach based on the 
patient’s genomic profile [19, 23].  
 
Limitations of current pharmacogenomic models 
 

Despite growing body of knowledge and the rapid progression of technology, current 
approaches have largely relied on animal and cellular models to study clinical 
phenotypes and pharmaco-responsiveness. Transfection and functional 
characterization of human channels into heterologous systems [50-53] is still 
challenged by the inability to control for physiological levels of expression. 
Furthermore, transfected HEK293 cells are limited to the sole expression of the 
channel of interest, which, while advantageous when studying specific gating 
properties or mutation-induced drug effects, does reduce the model’s validity. Thereby, 
we can assess mutations detected in patients, but we lose the cellular context and 
influence of other variants.  
 
Ex vivo cellular nucleofection of mutant genes into rodent DRGs provides a more 
appropriate cell type and has markedly advanced the electrophysiological field. 
Nonetheless, recordings of human DRGs have underlined important discrepancies in 
their excitability and biophysical characteristics compared to rat DRGs [168, 169]. 
Additionally, different functional characteristics of VGSC subtypes in humans and 
rodents might lead to distinct pathophysiology and pharmacological response. 
Interspecies differences are a considerable factor for modeling and drug screening. 
Comparative proteomics have reported only 50-70% of DRG genes expressed in mice 
[170, 171] and 80% in rats to overlap with humans’ [172]. Importantly, differential 
levels of abundance of pain-regulating proteins, including TRPV1 and NaV1.7, have 
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been noted between species [172], suggesting a confounding effect on the translation of 
animal data into the clinical domain. Therefore, a human sensory neuronal model is 
critical to study human disease mechanisms and develop novel, more effective 
therapeutic, at both a cellular and molecular level. However, limited access to human 
native DRGs (especially from pain patients), along with transportation and time-
sensitivity concerns, as they rely on streamlined local organ procurement networks, has 
prevented their use at larger scales and addresses the need for a surrogate model that 
mimics human DRG properties [173]. 
 
PATIENT IPSC TOWARDS PRECISION MEDICINE 
 

Human induced-pluripotent stem cells (iPSC)-derived sensory neurons (iPSC-SNs) 
have the potential to become the model of choice for personalized, precision medicine. 
Recent studies have demonstrated that iPSC-SNs can predict the clinical efficacy of 
analgesics in the patient from which the cells were derived [139]. 
 
Human iPSC models 
 

The conversion of adult somatic cells to retrieve their pluripotency and be derived into 
any desired cell type has revolutionized the field of personalized medicine, providing a 
more ethical approach to human models than embryonic stem cells [174, 175]. The non-
invasive collection of somatic cells from patients has set a cornerstone for generating 
high numbers of well-characterized human cell lineages in a consistent manner, with a 
single biopsy or blood sample leading to trillions of stem cells. Furthermore, iPSCs 
derived from neuropathic pain patients provide animal-free, patient-specific research, 
enabling the study of rare genetic defects and personalized treatment strategies.  
Human iPSCs harbor and preserve the donor’s full genetic background and 
transcriptional machinery throughout differentiation [176], including disease 
susceptibility and related mutations [154, 177, 178], overcoming genome-editing 
method challenges, as no alteration is required. Additionally, being patient-specific, the 
cells already selectively express variants of interest at physiological levels and retain 
intact endogenous signaling cascades, including the association between accessory 
protein and auxiliary subunits needed for a more physiologically relevant cellular 
environment. Their amenability to genome engineering has made them particularly 
appealing for studying rare mutations that can be introduced or corrected [82, 179-
182]. Finally, differentiation from iPSCs to sensory neurons may provide insights into 
neurogenesis and disease progression, bringing us a step closer to the bed side. 
 
Current state of iPSCs in pain research 
 

The use of iPSC-nociceptors derived from chronic pain patients has been invaluable to 
the study of ion channels and human nociception, as well as to providing new avenues 
in personalized medicine and therapeutics development. Demonstrative of their ability 
to recapitulate the clinical phenotype, iPSCs-SNs have been generated from NaV1.7-
related IEM patients, who exhibit severe pain episodes exacerbated by heat. 
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Electrophysiological assessment showed aberrant ectopic activity, reduced action 
potential thresholds and hyperexcitability in response to increasing temperatures [139, 
154, 183]. Furthermore, the electrogenic profile of IEM iPSC-SNs directly correlated 
with different levels of pain severity observed in patients [139, 154, 178], where neurons 
derived from patients with higher pain scores showed heightened spontaneous activity 
and firing frequency compared to those who scored less [154], highlighting the ability 
of the model to parallel differential pain manifestations ‘in-the-dish’. Expanding to 
other pain pathologies, iPSC-SNs derived from a patient with idiopathic SFN depicted 
increased spontaneous activity corresponding to the donor’s C-fiber hyperexcitability 
[184]. Conversely, in an iPSC cellular model of NaV1.7-related CIP, reduced nociceptor 
excitability and responsiveness to depolarizing stimuli was reported. Their findings 
paralleled the microneurography evaluation in three CIP patients that lacked 
functional nociceptors [82], indicative of the potential for iPSCs to recapitulate 
important aspects of the clinical phenotype. 
 
Human iPSC-SNs have further enabled the discovery of genetic variants and peripheral 
pathways involved in pain pathology. For instance, analysis of nociceptors derived from 
patients with hereditary sensory neuropathy type 1 (HSN1) revealed underlying 
pathological events, whereby altered ganglioside biosynthesis leads to reduced axonal 
outgrowth and myelin stability [185]. Furthermore, this model allowed the 
identification of two novel pain resilience genes. Utilizing whole-exome sequencing and 
dynamic clamp technology, assessment of iPSC-SNs from two separate families of IEM 
patients, each carrying the same disease-causing NaV1.7 mutation, recapitulated the 
parent-child differences in pain phenotypes. Also, in vitro analysis of the cells 
pinpointed variants in potassium channels KCNQ2 [154] and KCNQ3 [178], that 
explained at least some of the families’ inter-individual differences in pain sensitivity 
[154, 178]. 
 
Moreover, as stem cell-derived nociceptors are assumed to be naïve and uninjured [177, 
186], they offer the possibility to study de novo injury-induced pain mechanisms and 
regeneration processes compared to naïve counterparts. In a model of CIPN, healthy 
iPSC-SNs exposed to chemotherapeutics replicated inter-individual differences in 
responsiveness to neurotoxic agents from the different healthy donors [187]. Taken 
together, these studies validate iPSCs as a valuable model to study important cellular 
mechanisms in patient-specific cells. 
 
iPSCs for individualized treatments 
 

Harvesting somatic cells from neuropathic pain patients with disease-causing 
mutations has also allowed the identification of personalized treatment strategies. With 
recent advances in pharmacogenomics focusing on NaV1.7-selective inhibitors, iPSC-
SNs provide an ideal humanized in vitro platform to assay drug interventions and their 
application in specific patients [139, 188].  For instance, the NaV1.7 blocker PF-
05089771 reduced IEM iPSC-SN hyperexcitability in vitro [139, 188]. Critically, this 
led to a cross-over, randomized, double-bind, placebo-controlled study where patients 
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reported a decrease in heat-evoked pain, which advanced to phase II trials for IEM and 
painful diabetic neuropathy [138, 139]. New evidence for effective drug-induced VGSC 
blockade has been documented in SFN [184]. Patient-specific iPSC-SNs exposed to the 
AED lacosamide recovered normal electrophysiological behaviors [184], which was 
successfully extrapolated to the clinic, reducing the patient’ pain scores [138, 139] and 
C-fiber hyperexcitability [184]. Overall, these results demonstrate that patient-specific 
iPSCs can guide effective therapeutic design, bringing us a step closer to personalized 
treatments.  
 
Genomic-guided VGSC blockers 
 

The amenability to genome engineering of iPSC-SNs has facilitated drug development 
and in generating isogenic lines, has provided insights in genetic defects and compound 
selectivity. Specifically, in a ‘proof-of-concept’ study, a CRISPR/Cas9-induced NaV1.7 
KO line, derived from healthy individuals, paralleled the electrophysiological 
properties of CIP iPSC-SNs. Interestingly, correcting one deleterious allele in patient-
derived CIP cells is sufficient to rescue the physiological phenotype. However, the cells 
remain less responsive to supra-threshold stimuli than healthy control, indicating the 
need for two functional copies of alleles to reach their full range of excitability [82]. KO 
lines also offer the opportunity to assay the selectivity of clinically relevant compounds 
in a humanized system. The Nav1.7 blocker PF-05089771, for example, was shown to 
reduce iPSC-SN cellular excitability in healthy controls but not in their isogenic KO 
lines. BIIB074, on the other hand, while efficacious in TN patients [134], was shown to 
be non-selective to NaV1.7 after reducing excitability in NaV1.7 KO iPSC-SNs [82], 
highlighting the use of iPSC KO lines to dissociate excitability from channel activity. 
These studies confirm our ability to genetically ‘correct’ mutations to revert to WT 
sequences, raising new prospects for using genetic engineering in drug discovery [82]. 
 
High-throughput screening of drugs and toxins 
 

Development of new treatments that show promising results in rodent models often do 
not successfully translate to the clinic. Human iPSC-SNs provide the opportunity to 
interrogate neurotoxicity and inter-species differences in a humanized system. The 
high scalability of iPSC-SNs enables high-throughput screening against large libraries 
of neurotoxic agents and chemotherapeutic drugs [187, 189, 190], which has led to the 
identification of novel disease-modulating therapeutics and target-based mechanisms 
against relevant phenotypes [191]. Drug-induced changes in iPSC excitability can 
further be used to predict the clinical outcome in future trials. 
 
Challenges of using iPSC pain models  
 

This novel, exciting iPSC-based pain model is unfortunately not without its own set of 
challenges. First and foremost, the culture and maintenance of iPSCs is costly, highly 
technical, time- and labor-intensive. Current protocols consist of multiple induction 
steps and necessitate weeks to months to reach their nociceptive state, forming 
random, unorganized clusters that failed to recapitulate DRG cellular diversity and 
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spatial architectures [192]. The most commonly used method [193], adapted with 
minor modifications [82, 154, 179, 194, 195], consists in exposing iPSCs to a cocktail of 
small inhibitory molecules that trigger signaling cascades responsible for achieving a 
sensory neuronal cell fate [193]. Stem cells are first converted into neural crest 
progenitor (NCP) cells, before forming a spinal identity and finally reaching their 
ultimate nociceptor-like state [193]. While very successful in producing neurons 
depicting the functional profile and markers of nociceptors, this method has also been 
criticized for its inability to yield heterogenous populations of mature sensory neurons.  
 
Cellular homogeneity 
 

Although homogenous cultures allow us to perform phenotypic and functional analyses 
of specific cell cohorts, the generation of diverse sensory neuron populations is 
important to effectively mimic DRG neuronal-neuronal and neuronal-glial interactions 
in the context of disease. Also, various cell types are involved in the etiology and 
mechanisms underlying chronic pain, which are lacking in the Chambers protocol; 
thus, we are as yet still unable to paint a complete picture of the pathology and its range 
of complexity [196].  
 
Model validity 
 

Most of our molecular and functional knowledge of sensory neuronal circuitry, 
diversity, development, and disease pertains to animal models, questioning their 
validity when applied to a humanized system [173]. Notably, differentiation of iPSC-
SNs is assessed through their expression of canonical markers identified in rodents. 
Importantly, inter-species differences in the distribution and co-expression of sensory 
neuron markers, including NF200, CGRP, P2X3R, TRPM8 and Piezo2 [193, 197-201] 
lead to a biased view of their functions. For instance, NF200 and CGRP are only 
expressed in subsets of mouse DRGs [201] while they are both widely detectable in 
most human sensory neurons [199]. Likewise, iPSC-SNs were found to co-express 
CGRP/P2X3R [193, 197, 198] and TRPM8/Piezo2 [200]. These proteins co-exist in 
humans but are non-overlapping in mouse [199], emphasizing the need to define 
markers in human cells first to then find alternatives to distinguish cell populations.  
 
Imperfect human surrogate 
 

Differential proteomic expression is not limited to rodent markers, along with diverse 
functional electrogenic profiles, differences between human DRGs and iPSC-SNs 
represent an ongoing challenge to overcome before their effective use as human cell 
surrogates. In-depth gene comparative analysis revealed large variations between 
human DRGs and iPSC-SNs in key pain regulating genes, including SCN9A, SCN10A, 
TRPV1, P2X3, underlying their lack of functional and transcriptional maturity [195]. 
For instance, NaV1.3 is expressed at relatively high levels in iPSC-SNs, in contrast to 
uninjured adult DRG neurons where it is undetectable [31, 32], inferring that iPSC-SNs 
either retain juvenile characteristics, or are ‘injured’ during RNA isolation [195]. 
Furthermore, as opposed to human DRG neurons that respond to TRPV1-agonist 
capsaicin, the majority of TRPV1-expressing iPSC-SNs that are derived from the 
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Chambers protocol are functionally unresponsive to capsaicin [177, 194, 202], 
indicating that mRNA transcripts do not necessarily correlate with functional protein 
expression. Concurrently, functional expression of NaV1.8 and NaV1.9 in iPSC-SNs has 
long been debated. Most studies supporting their expression are solely based on mRNA 
expression and the presence of TTX-R currents in iPSC-derived nociceptors [183]. 
However, Eberhardt et al. have demonstrated that most of iPSC-SN TTX-R current 
recorded in iPSC-SNs pertains to developmentally regulated NaV1.5, indicative of an 
immature differentiation state [194], which may also predict altered electro-
responsiveness and excitability [173]. The contribution of Nav1.8 and Nav1.9 to the cell 
resting membrane potential and current density is necessary to pain physiology and 
further limits the study of patient-specific mutations in the absence of these channels. 
The utility of the system is dependent on its ability to express the gene of interest. The 
lack of functional expression of essential pain-related proteins found in mature adult 
DRG neurons represent a major caveat. 
 
Experimental challenges 
 

Additional experimental challenges have arisen from currently used protocols, 
including poor replating efficiency and unpracticality for multi-well systems [189, 190]. 
Furthermore, iPSC-SNs are smaller (even after months in culture) [82, 169] and 
produce longer neurites compared to human or rodent DRGs, which impair space 
clamp and hinder current control, ultimately affecting the quality of the recordings 
[181, 183, 203]. Impaired patch-ability represents a major drawback to their use in pain 
research considering the necessity of electrophysiological assessment in nociceptors. 
 
Genetic and epigenetic challenges 
 

• Donor-induced variability 
 

Inter-individual variability in genetic, epigenetic, and environmental factors, although 
being the basis of personalized medicine, might account for reduced reproducibility in 
iPSC-SN models [204-206]. Furthermore, in older individuals, the likelihood of de 
novo somatic mitochondrial DNA mutations increases with the donor’s age, leading to 
metabolic loss functions [207].  
 

• Culture-induced variability 
 

Heterogeneity between different iPSC batches has been reported between and within 
cell lines [180, 204], arising from clonal selection and cell culture environment during 
reprogramming and differentiation [195, 204]. Small changes in cell media 
composition, atmospheric conditions, and/or cell density can have a large impact on 
cell reproducibility and gene expression [195]. Increased genetic and neuronal content 
variation have been reported in genes involved with neuronal development, as well as 
in SCN9A, upon the choice of medium [204]. Minor modifications of the same 
Chambers protocol yielded iPSC-SN gene expression profiles that resemble those of 
pruriceptors [208], proprioceptors [209] and C-low threshold mechanoreceptors [177, 
202].  
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• Differentiation-induced variability 
 

Differentiation-induced variability has been shown to affect the neuronal composition 
of cultures [195] and to contribute to stem cell genetic instability, whereby it increases 
the risk of de novo mutations [204]. Specifically, single cell RNA sequencing has shown 
that differentiation replicates within the same donor do not always cluster together, 
meaning that differentiation-induced cell variability is at least as important as those 
induced by the donor genetic background and iPSC reprogramming together. 
Furthermore, the composition of the neuronal populations was shown to significantly 
vary across differentiations [195]. 
 

• Epigenetics-induced variability 
 

Cell manipulation has been suggested to induce de novo epigenetic changes, which 
constitutes another important bias in pain studies [210]. Specifically, differentiation 
has been shown to reduce DNA methylation and increase hypomethylated CpG rich 
regions [211, 212]. While extensive literature suggests that most epigenetic changes 
occur during differentiation [212], evidence of retention of somatic epigenetic and 
transcriptomic memory have suggested otherwise [213]. Nevertheless, our current 
inability to distinguish between differentiation-induced epigenetic modifications and 
the donor’s epigenome still questions the validity of iPSC-derived models. 
 
Rare variants only 
 

Human iPSCs are highly advantageous to study rare genetic diseases; however, the 
study of common regulatory variants remains limited. In order to achieve significance 
in ‘recall-by-genotype’ studies, over 40 samples are required, from 20-80 different 
donors, which is hardly achievable [195], while culture- and differentiation-induced 
variability heavily affect their detection. Therefore, better reprogramming and 
differentiation methods are necessary for disease modelling.  
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Painful peripheral neuropathy represents a major health burden and a globally unmet 
clinical need. Current first-line therapeutic strategies for the management of chronic 
pain associated with painful neuropathy, including tricyclic antidepressants, 
pregabalin, gabapentin or serotonin-noradrenaline reuptake inhibitors, are in many 
cases reported as unsatisfactory, in part due to adverse effects [1, 2]. Furthermore, the 
degree of pain improvement dramatically varies across the population [3]. More 
effective pharmacological management of neuropathic pain represents a high priority. 
 
Genetic studies have provided compelling evidence regarding the contribution of 
altered voltage-gated sodium channel (VGSC) expression and function in neuropathic 
pain. The Nav1.7 sodium channel has drawn particular interest because it is 
preferentially expressed in peripheral sensory and sympathetic neurons and has 
directly been linked to multiple human pain conditions: gain-of-function (GoF) 
missense mutations in SCN9A (encoding the Nav1.7 protein) have been reported in 
patients with inherited erythromelalgia (IEM), paroxysmal extreme pain disorder, and 
some forms of small fiber neuropathy (SFN). Conversely, loss-of-function mutations in 
Nav1.7 have been identified in individuals with congenital complete insensitivity to pain 
[4-6].   
 
SFN is morphologically characterized by injury to the small intraepidermal nerve 
fibers, specifically the unmyelinated C and thinly myelinated Aδ-fibers, and 
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functionally by dorsal root ganglion (DRG) neuronal and axonal hyperexcitability. 
Prominent burning pain in the distal extremities, often accompanied with autonomic 
dysfunction, tend to dominate the clinical picture [3, 7, 8]. Sodium channel variants 
have been described in about 15% of SFN patients, with a higher frequency in missense 
mutants of SCN9A [9, 10]. Many of these variants have been functionally profiled and 
shown to confer GoF attributes on the channel and render DRG neurons hyperexcitable 
[4-6]. The GoF attributes of these variants increase confidence in their pathogenicity 
[11], suggesting that carriers of these variants might benefit from treatments using 
sodium channel blockers. 
Lacosamide (LCM), an FDA-approved anti-epileptic drug (AED), has been reported to 
preferentially enhance slow-inactivation of VGSC, including Nav1.7 [12-14]. However, 
a recent study has alternatively suggested that LCM binds to the fast-inactivated state 
of Nav1.7, but at a slower rate [15]. There is also evidence that lacosamide may alter the 
effect of CRMP2 (collapsin-response mediator protein-2) on Nav1.7 channel trafficking 
[16, 17]. Furthermore, lacosamide has been found to have a higher affinity for 
tetrodotoxin-sensitive sodium channels over other ion channels and central receptors 
[16, 18] that are targeted by traditional AEDs [12], conferring increased selectivity. A 
retrospective study of patients with seizures who had switched from other AED drugs 
to lacosamide, due to deleterious effects from their original AED treatment, has shown 
successful conversion in many of these patients [19], suggesting lacosamide to have 
improved tolerability. Lacosamide has also been tested in small clinical trials as a 
potential therapy for painful diabetic neuropathy where the majority of patients 
reported significant pain improvement with less than 10% reporting adverse effects 
[20-23]. However, until recently, the clinical effects of LCM on patients with Nav1.7-
related pain disorders had yet to be investigated.  
 
A recent randomized, placebo-controlled, double-blind, crossover trial (de Greef, et 
al.,2019) assessed the effect of lacosamide treatment in twenty-four SFN patients 
carrying multiple Nav1.7 variants. Fifteen different mutations were identified in this 
cohort, of which five were carried by several patients. Different subjects in this trial 
exhibited a spectrum of responses to treatment, with some patients reporting 
substantial pain relief while others did not show any improvement (Figure 1). In a 
different study, lacosamide has been shown to produce pain relief in one patient with 
SFN [24]. However, the factors responsible for variable LCM responsiveness in the de 
Greef, et al. (2019) study are not known. In the present study, we report the Nav1.7 
variants in these patients and assess the pharmacogenomic correlation between the 
Nav1.7 genetic variants and the response to lacosamide in this series of patients. Using 
voltage-clamp recordings of HEK293 (human embryonic kidney) cells expressing 
variants from both responsive and non-responsive patients, we characterized the effect 
of lacosamide on the biophysical properties of the Nav1.7 channel, at a clinically-
achievable concentration, and identified for the first time a hyperpolarizing effect on 
fast-inactivation, which reduces the fraction of the channels that are available to open, 
as a distinguishing property of variants that correlates with lacosamide responsiveness 
in patients with SFN. 
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PATIENTS 
Twenty-four participants (18-80 years old) were recruited at the Maastricht University 
Medical Center+ (UMC+) for the Lacosamide Efficacy-N’-Safety Study (LENSS) [25]. 
Subjects were selected based on diagnosis of pure SFN with no associated conditions 
(except for Diabetes Mellitus), with a mutation in the SCN9A gene (Nav1.7 channel) of 
class III, IV or V (variants of uncertain pathogenicity, likely to be or clearly pathogenic, 
respectively), using genetic classification criteria, as described [26]. 
 
The clinical study design and results were published previously [25, 27]. Briefly, the 
participants either received 200 mg of lacosamide or placebo twice daily for eight 
weeks, preceded by a titration period and followed by a tapering period, and a two-
week washout period before receiving the alternative compound. They were asked to 
rate their pain twice daily using the daily pain intensity numerical rating scale (PI-NRS) 
ranging from 0 to 10. The patients were considered responsive to treatment when at 
least a 1-point reduction was reported from the individual baseline pain scores.  
 
PLASMIDS AND HEK293 CELL TRANSFECTION 
 

The construct of the human Nav1.7 wild-type (WT) isoform was rendered tetrodotoxin-
resistant (TTX-R) and fused to an eGFP-2A linker, as previously described [28]. The 
construct produces a green fluorescent protein with the Nav1.7 channel as independent 
proteins from the same transcript, which enables the visual identification of transfected 
cells based on their fluorescence. Nav1.7-related SFN mutations identified in 
participants in this study (I739V, I228M, L1267V, W719C and W1538R) were 
introduced into the constructs using QuickChange XL site-directed mutagenesis 
(Stratagene, La Jolla, CA). HEK293 cells, grown under standard culture conditions (5% 
CO2, 37°C) in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine 
serum, were transiently transfected by electroporation with a Nav1.7 variant using 
Lipojet (SignaGen Laboratories, Rockville, MD). The transfected cells were 
resuspended and plated onto coverslips the next day and patch-clamp recordings were 
performed over the following 48 hours.  
 
ELECTROPHYSIOLOGY  
Whole-cell voltage-clamp recordings were obtained at room temperature on isolated 
HEK293 cells showing green fluorescence. Recordings were alternatively performed on 
coverslips of HEK293 cells expressing WT or a Nav1.7 variant, either treated with 
vehicle (extracellular solution) or lacosamide. Electrodes were pulled from 1.65 mm 
O.D. borosilicate glass micropipettes (WPI, Sarasota, FL) and had a resistance of 0.8-
2.0 MΩ when filled with intracellular pipette solution, which contained (in mM): 140 
CsF, 10 NaCl, 10 HEPES, 1 EGTA (pH 7.3 with CsOH, adjusted to 320 mOsm with 
dextrose). The extracellular solution contained (in mM): 140 NaCl, 3 KCl, 1 MgCl2, 1 
CaCl2, 10 HEPES (pH 7.3 with NaOH, adjusted to 320 mOsm with dextrose). Voltage-
clamp protocols for the biophysical characterization of VGSCs were initiated 5 min after 
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establishing whole-cell configuration on an EPC-10 USB amplifier (HEKA Electronics) 
and acquired using PatchMaster software (HEKA Electronics) at an acquisition rate of 
50 kHz with a lowpass Bessel filter setting of 2.9 kHz. Voltage errors were minimized 
with 60-90% series resistance compensation, and only cells with <4 mV voltage error 
after compensation were included for analysis. When appropriate, linear leak currents 
and capacitance artifacts were corrected by P/6 subtraction.  
 
To examine the current-voltage (I-V) relationship a series of step depolarizations from 
-80 mV to +50 mV in 5 mV increments were applied from a holding potential of -120 
mV at 5 second interpulse intervals. To evaluate the effect of lacosamide on steady-state 
fast-inactivation, the membrane potential was held at conditioning potentials that 
varied from -140 mV to 10 mV for 500 ms, and cells were then given a 20 ms test pulse 
to 0 mV to elicit current from remaining available channels.  
 
For the slow-inactivation protocol, the cell was held at conditioning potentials that 
varied from -130 mV to 10 mV for 30 sec; the membrane potential was then pulsed to -
120 mV for 100 ms to allow channels not in the slow-inactivated state to recover from 
fast-inactivation, and then given a 20 ms test pulse to 0 mV to elicit current from 
available channels.  
 
To measure the use-dependence of inhibition of lacosamide at 20 Hz stimulation, series 
of 20 ms pulses were applied at -10 mV. Peak inward currents were measured and 
normalized to the maximum current amplitude.

IN VITRO PHARMACOLOGY 
A bi-daily 200 mg lacosamide dose results in a maximum plasma concentration of 30 
μM [29]. The patients assessed in this study received lacosamide at this bi-daily dose 
during the trial [25]; thus 30 μM of lacosamide was used for the studies described here.  
 
Lacosamide (or Vimpat®, UCB, obtained from the West Haven VA Medical Center 
pharmacy), with a concentration of 10 mg/ml (39.9 mM) in aqueous saline (pH=4), 
was diluted in the extracellular bath solution (vehicle; described above) to achieve the 
final working concentration of 30 μM. Working solutions were prepared fresh daily. 
The extracellular bath solution was continuously perfused at a consistent flow rate of 1 
mL/min through a 250 μm perfusion pipette, using a pressure-regulated system 
(AutoMate Scientific). Complete bath exchange was enabled via aspiration from the 
opposite end of the cell chamber from the perfusion pipette. To control for time-
dependent changes in channel properties, independent cell cohorts were exposed to 
only one test concentration of lacosamide or vehicle at a consistent time after initiation 
of whole-cell recording. Specifically, the solution was exchanged for two minutes, 
corresponding to an absolute bath exchange of 2 mL, starting two minutes following 
breakage of the cell membrane. 
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STATISTICAL ANALYSIS 
Whole-cell voltage-clamp data were analysed using Fitmaster (HEKA Electronics), 
Excel (Microsoft) and Origin (OriginLab Corporation, Microcal Software, 
Northhampton, MA). Data are expressed as means ± standard error (SEM). Statistical 
significance was determined by unpaired Student’s t-test and was reached when p < 
0.05.  

 

Clinical characterization 
 

Whole-exome sequencing of the patients’ genomes identified fifteen different SCN9A 
mutations, including five recurrent variants (Supplementary Table 1). Patients 
carrying different Nav1.7 variants displayed a range of response to lacosamide. We 
selected variants that were most representative of the range of clinical responsiveness 
for biophysical analysis. Specifically, we selected two variants from responsive patients 
(≥ 1 point on the PI-NRS scale) and three variants from non-responsive patients (≤ 1 
point on the PI-NRS scale), based upon the pain scores plot in the clinical trial study 
[25], shown in Figure 1.  
 
We considered the W719C (2157G>C; p.Trp719Cys) and the I739V (c.2215A>G; 
p.Ile739Val) variants to be associated with responders. W719C showed the largest 
response to lacosamide compared to the other variants, with a 3.65 point decrease from 
the baseline average score. I739V, which has been functionally profiled in detail 
previously [30, 31], was found in five different patients. While four I739V carriers 
displayed decreases (1.1 to 2.8-points) in their pain scores, one carrier did not exhibit 
any significant improvement while treated with lacosamide (Figure 1D).  
By contrast, I228M (c.684C>G; p.Ile228Met), L1267V (c.3799C>G; p.Leu1267Val) and 
W1538R (c.4612T>C; p.Trp1538Arg) variants were associated with non-responders. 
L1267V was selected because it was carried by four patients. Three did not respond to 
lacosamide, while one carrier of this variant responded to both lacosamide and placebo; 
there was a 3.0 point reduction in the baseline pain score following the lacosamide 
phase compared to the placebo phase (Figure 1E). I228M is a well-studied variant with 
a clearly defined pathogenicity [32, 33] (Figure 1B), and W1538R, previously 
characterized as a GoF variant altering cellular excitability [34], was identified in two 
carriers with compound mutations in Nav1.7, both of whom were non-responders 
(Figure 1F). The two patients carrying the W1538R variation were both found to also 
carry a M932L/V991L (c.2794A>C and c.2971G>T ; p.Met932Leu/Val991Leu) double 
mutation, with one of them further carrying I739V, in addition to the M932L/V991L 
mutation. Notably, patients who only carry M932L/V991L or I739V variants alone have 
been responsive to lacosamide treatment (Supplementary Table 1). The pain scores are 
presented in Figure 1.  
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FFIIGGUURREE  11  ––  CClliinniiccaall  rreessppoonnssee  ooff  ppaattiieennttss  ccaarrrryyiinngg  ssppeecciiffiicc  NNaavv11..77  vvaarriiaannttss..  ((AA)) The changes in pain 
scores in response to either lacosamide or placebo are plotted for all subjects carrying Nav1.7 variants 
assessed in this study. Black and orange colors, adapted from de Greef, et al. 2019, represent results 
from mostly responsive patients, whereas green, red and blue represent the results of mostly 
unresponsive patients. ((BB--FF)) show the clinical responses for each variant. ((BB)) The responses from a non-
responder carrying variant I228M. ((CC)) The responses from a patient with a large clinical response 
carrying variant W719C. ((DD)) The responses from the patients carrying the I739V variant (five patients, 
four responders). ((EE)) The responses from patients carrying the L1267V variant (four patients, three non-
responders). ((FF)) The responses from patients carrying the W1538R variant (two patients, both non-
responders). 

 
The locations of the variants within the Nav1.7 backbone are shown in Figure 2. Both 
responder variants are located in the second domain (DII): I739V is located within the 
first transmembrane segment of the voltage-sensing domain (VSD; DII/S1) [8], while 
W719C is found twenty amino acids upstream, at the end of the first intracellular loop 
linking DI/S6 to DII/S1 (Linker 1). The non-responder variants are spread across the 
three other domains within the VSD (S1-S4) of the channel: I228M is located in DI/S4 
[8], L1267V in DIII/S3 [7] and W1538R in DIV/S2 [34, 35].  
 
Lacosamide fails to alter the voltage-dependence of activation in responsive 
and non-responsive Nav1.7 variants 
 
 

Representative Nav1.7 sodium currents recorded after perfusion with 30 μM 
lacosamide or vehicle control are shown in Figure 3. Consistent with previous data [12, 
13], the voltage-dependence of activation, represented as the Boltzmann fit of  
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FFIIGGUURREE  22  ––  TTooppoollooggyy  ooff  tthhee  hhuummaann  NNaavv11..77  ssooddiiuumm  cchhaannnneell,,  wwiitthh  tthhee  llooccaattiioonn  ooff  II222288MM,,  WW771199CC,,  II773399VV,,  
LL11226677VV  aanndd  WW11553388RR. All but one mutation (W719C) are located in the voltage-sensing domains (VSD) 
of the channel. The two lacosamide-responsive mutations are shown in green. Both are located within 
the vicinity of domain II: W719C is located at the end of Linker 1 and I739V in VSD II). Non-responsive 
mutations are indicated in red. All three variants (I228M, L1267V and W1538R) map to the VSD in 
domain I, III and IV, respectively. 

normalized conductance, was unaffected by the clinically-achievable concentration of 
30 μM lacosamide in both the mutant and WT cells (Figure 3).  

Lacosamide evokes a hyperpolarizing shift in slow-inactivation in most of the 
Nav1.7 variants  
 

Lacosamide has previously been reported to have large effects on sodium channel slow-
inactivation [12-14]. To assess the potential impact of the variants on the lacosamide-
mediated shift in slow-inactivation, we compared the normalized slow-inactivation 
curves from each of the variants examined in the presence of 30 μM lacosamide or 
vehicle control, as shown in Figure 4. As expected, lacosamide shifted the voltage-
dependence of slow- inactivation of the WT channel to more hyperpolarized potentials 
(i.e. enhancing slow-inactivation, thus reducing the number of Nav1.7 channels that are 
available to open at physiological membrane potentials; Figure 4A). The half-
inactivation voltage (V1/2) of slow-inactivation Boltzmann fits from each variant are 
shown in Table 1. The variants from patients that were scored as responders showed 
substantially enhanced slow-inactivation in response to lacosamide: W719C 
demonstrated a - 20 mV hyperpolarized shift (Figure 4C, p = 0.02), while I739V 
channels showed a - 12.2 mV shift to more hyperpolarized potentials (Figure 4D, p < 
0.01). The shifts in voltage-dependence of slow-inactivation for the non-responsive 
variants (L1267V, W1538R, and I228M) were - 9.3 mV, + 1.4 mV, and - 12.1 mV,  
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FFIIGGUURREE  33  ––  LLaaccoossaammiiddee  eeffffeeccttss  oonn  vvoollttaaggee--ddeeppeennddeennccee  ooff  aaccttiivvaattiioonn  ffoorr  eeaacchh  NNaavv11..77  vvaarriiaanntt..  ((AA)) 
Sodium current traces elicited by the activation protocol from different cells exposed to either 
lacosamide or vehicle control. Sodium inward currents were elicited from a holding potential of -120 
mV to various depolarizing steps ranging from -80 to +40 mV in 5 mV increments. ((BB)) Normalized 
current-voltage relationship obtained by measuring the peak inward current elicited as a function of 
the stimulus voltage. ((CC)) Voltage-dependence of activation for cells treated with lacosamide or vehicle 
control. The peak inward currents were transformed to normalized conductance from current-voltage 
plot.  

 
respectively (Figure 4B, E, F). Except for W1538R, lacosamide induced a significant 
hyperpolarizing shift in voltage-dependence of slow inactivation in all variants. 

Lacosamide produces a variable effect on use-dependent block in non-
responders  
 

We also examined the development of use-dependent block at 20 Hz for each of the 
variants upon exposure to 30 μM lacosamide or vehicle control (Figure 6). lacosamide 
enhanced use-dependent inhibition in WT channels (Figure 6A) and in variants from 
patients who were scored as responders (Figure 6C, D). Interestingly, lacosamide did 
not increase use-dependent blockade in two of the variants identified in non-responsive 
patients (L1267V and W1538R; Figure 6E, F), while it did in the non-responsive I228M  
variant (Figure 6B, Table 1). The degree of use-dependent block from each Nav1.7 mutation 
is shown in Table 1.

 

Pharmacotherapy for the treatment of pain in SFN is limited, with many patients 
reporting inadequate pain relief from currently available medications, including 
sodium channel blockers.  
However, while mutations in peripheral sodium channels have been linked to 
pathological pain, there have only been a few studies documenting treatment outcomes 
in patients with specific Nav1.7 mutations. We have recently described 
pharmacogenomically-guided targeting of rare but drug-responsive Nav1.7 mutations 
with CBZ in patients with IEM [38-41]. However, thus far there has not been a 
pharmacogenomic study of patients with more common pain disorders who carry 
Nav1.7 channel mutations. In this study, we build on the findings of the LENSS trial 
[25] which investigated the efficacy of lacosamide for the treatment of patients with 
Nav1.7-related SFN, and provide biophysical data that may explicate why a subset of 
Nav1.7 variants differentially responded to lacosamide treatment. 
 
Lacosamide has been shown to operate via different mechanisms of action compared 
to classical sodium channel blockers. Using standard recording protocols, AEDs have 
been found to enhance both fast- and slow-inactivation, while lacosamide has been 
reported to selectively enhance voltage-dependence of slow-inactivation. According to 
this model, lacosamide has been proposed to either bind to a different site, or at  
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TTAABBLLEE  11  ––  HHaallff--iinnaaccttiivvaattiioonn  vvoollttaaggee  ((VV11//22))  aanndd  uussee--ddeeppeennddeennccee  ooff  iinnhhiibbiittiioonn  ffoorr  tthhee  NNaavv11..77  mmuuttaattiioonnss  
ttoo  llaaccoossaammiiddee  ((LLCCMM)).. Lacosamide significantly enhanced slow-inactivation in wild-type (WT) and all 
mutant channels, except for W1538R; while fast-inactivation was only affected by lacosamide in 
W719C and I739V channels. Use-dependence of inhibition at 20 Hz was changed in the two responder 
variants as well as in WT and I228M. Data are shown as means ± SEMs. Significant values are 
represented by the following symbol (*); *p<0.05, **p<0.01 

 
significantly slower binding rates than other anticonvulsants [13, 18]. However, using 
a different recording protocol and a concentration of 100 μM, lacosamide has been 
reported to effectively enhance steady-state fast-inactivation when exposed for long 
depolarizations, possibly due to binding to the fast-inactivated state but at a very slow 
rate [15]. In the present study, we observed that, at clinically-achievable concentration 
of 30 μM, lacosamide does not affect fast-inactivation in Nav1.7 WT channels when 
standard recording protocols were used (Figure 5A). Lacosamide failure to alter fast-
inactivation in WT channels in our study is likely due to the different lacosamide 
concentration and recording conditions, compared to those used by Jo and Bean [15]. 
 
Lacosamide binding activity is known to share several properties with well-established 
sodium channel inhibitors. For instance, lacosamide has been found to compete with 
CBZ and lidocaine for channel inhibition in vitro, suggesting that they likely bind at the 
same site, but with different pharmacodynamics [15]. Classical sodium channel 
blockers have been shown to share the same binding site located in the pore forming 
region of the channel, within S6 of DI, DIII and DIV [42-45]. Genetic alterations at 
these sites have been shown to fully abolish both voltage- and use-dependent block 
[46], highlighting the importance of maintaining the integrity of these regions for  

   2 2

Differential effect of lacosamide on NaV1.7 variants from responsive and non-responsive patients with small fibre neuropathy



56 

FFIIGGUURREE  44  ––  LLaaccoossaammiiddee  eeffffeeccttss  oonn  ssllooww--iinnaaccttiivvaattiioonn  ffoorr  eeaacchh  NNaavv11..77  vvaarriiaanntt..  The averaged voltage-
dependence of slow-inactivation curves in the presence (red) or absence (black) of lacosamide are 
shown for ((AA)) WT, ((BB)) I228M, ((CC)) W719C, ((DD)) I739V, ((EE)) L1267V and ((FF))  W1538R. The average V1/2s 
calculated from of the Boltzmann fits are listed in Table 1.  

potent inhibition. Topological mapping shows that none of the five variants described 
in this study map to the pore domain itself, but instead they map to the VSD (Figure 
2). Therefore, the variants might not directly interfere with the drug binding site in the 
ion conduction pathway.  
 
While lacosamide did not affect fast-inactivation in WT channels (Figure 5A) or any of 
the three non-responder variants (Figure 5B, E, F), it caused a significant and 
substantial hyperpolarizing shift in the two variants identified in responsive patients 
(W719C and I739V; Figure 5C, D). These differences in response to lacosamide may 
result from a novel emerging mechanism of action, conferred by these specific variants. 
This type of phenomenon has previously been reported in IEM, where multiple 
examples of Nav1.7 variants underlying IEM pathogenicity have been shown to be 
treatment responsive to CBZ in a disorder in which most patients are treatment-
resistant. Three IEM-causing variants mapping to Domain I (I234T, S241T and 
V400M) have been shown to respond to CBZ via a depolarizing (corrective) shift in 
activation [41, 47, 48]. Importantly, none of the mutations described above are located 
near the CBZ/local anesthetic binding site. These findings together with the present 
results indicate that mutations outside the pore domain 
can alter the response of the mutant channel to drugs traditionally considered to be 
pore-binding, and suggests that functional testing of these variants in vitro may predict 
treatment responsiveness.
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FFIIGGUURREE  55  ––  LLaaccoossaammiiddee  eeffffeeccttss  oonn  sstteeaaddyy--ssttaattee  ffaasstt--iinnaaccttiivvaattiioonn  ffoorr  eeaacchh  NNaavv11..77  vvaarriiaanntt.. The averaged 
fast-inactivation curves in the presence or absence of lacosamide are shown for ((AA)) WT, ((BB)) I228M, ((CC)) 
W719C, ((DD)) I739V, ((EE)) L1267V and ((FF))  W1538R. The average V1/2s calculated from of the Boltzmann 
fits are listed in Table 1. 

 
Whereas fast-inactivation seems to be the parameter that discriminates the responders 
from the non-responders, effects of lacosamide on slow-inactivation and use-
dependence might also be required for complete and sustained pain relief. In 
agreement with the known effects of lacosamide on slow-inactivation, the WT channel 
as well as all but one mutant channel (W1538R) underwent a significant 
hyperpolarizing shift in the voltage-dependence of slow-inactivation (Figure 4). 
Interestingly, the W1538R variant was also found to be the strongest non-responder, 
with one carrier reporting better pain improvement from placebo than from treatment 
itself (Figure 1). This variant specifically has been mapped to the VSD of DIV, and is 
part of the binding site of the new class of aryl sulfonamide Nav1.7 blockers, such as PF-
05089771, which targets both the fast- and slow-inactivated states of Nav1.7 with high 
selectivity [49-51]. This observation raises the possibility of a potential common 
mechanism of action between the two drugs and suggests that a disruption at this site 
might alter lacosamide function.  
 
Whole-exome sequencing (WES) of the two patients carrying the W1538R variant 
identified additional Nav1.7 mutations in both of these subjects. Both individuals 
carried the M932L/V991L variant, which has been associated with DRG neuron 
hyperexcitability [8], and one of these subjects also carried the I739V mutation (which 
also has been shown to produce DRG neuron hyperexcitability [8, 52]. WES analysis,  
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FFIIGGUURREE  66  ––  LLaaccoossaammiiddee  eeffffeeccttss  oonn  uussee--ddeeppeennddeenntt  bblloocckk  ffoorr  eeaacchh  NNaavv11..77  vvaarriiaanntt..  The averaged use-
dependent block to a train of twenty pulses at twenty hertz in the presence or absence of lacosamide 
are shown for ((AA))  WT, ((BB)) I228M, ((CC)) W719C, ((DD)) I739V, ((EE)) L1267V and ((FF))  W1538R. The averages of 
the normalized responses are shown in Table 1.   

as carried out in this study, does not allow the identification of the distribution of these 
mutations between the two Nav1.7 alleles, which requires analysis of DRG-specific RNA 
sequences from these patients. Such analysis is beyond the scope of this study because 
it requires access to sensory tissues from these patients or the development of induced 
pluripotent stem cells that can then be differentiated into nociceptors in vitro. 
Nonetheless, as other subjects in this cohort carrying either the I739V alone or the 
M932L/V991L compound variants responded to lacosamide (Table S1), and fast-
inactivation of I739V mutant channels was hyperpolarized by exposure to lacosamide 
(Figure 5), the W1538R mutation potentially acts as a dominant contributor to the poor 
efficacy of lacosamide in these subjects carrying the compound genotypes. Future 
clinical studies on patients carrying only the W1538R mutation will be needed to 
provide a more definitive conclusion that carriers of this mutation will not respond to 
treatment with lacosamide.   
 
Interestingly, one of the patients carrying solely the I739V variant was unresponsive to 
lacosamide, while the four other patients were previously reported to respond well to 
lacosamide (Figure 1) [25]. Furthermore, in the current study we demonstrated 
lacosamide to significantly shift all three gating parameters of I739V channels (Table 
1). Thus, the cause for the lack of response of one carrier with the I739V mutation is 
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not channel intrinsic, but is likely to be affected by additional genetic, epigenetic or 
environmental  
 
factors. Notably, the non-responder carrier had a relatively low level of pain severity, 
which may have limited the detection of lacosamide efficacy. Many factors can impact 
on an individual’s response to a drug. While focusing on the interaction between drug 
and target molecule, our data suggest that in vitro pharmacological and biophysical 
analysis of Nav1.7 mutations may predict the likelihood of specific carriers to be 
responsive to treatment, which could be important in the future as an approach to 
personalized treatment based on the patient’s genetic background. Building on the first 
clinical trial of lacosamide for treatment of patients with SFN and carriers of Nav1.7 
variants (LENSS) [25], the present results suggest that, at least for strong positive 
responders and non-responders, pharmacogenomic analysis in vitro may correlate 
with clinical responsiveness. The relatively small number of variants that were studied 
here, two responders and three non-responders, necessitates caution in generalizing 
this data to suggest that SFN patients who carry Nav1.7 variants that enhance fast-
inactivation upon exposure to lacosamide will necessarily be responsive to treatment. 
If supported by studies in larger numbers of patients tested with lacosamide and if 
extended to other potential medications, the pharmacogenomic approach described in 
this paper might contribute to the development of selective, individualized pain 
treatment strategies.  
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SSUUPPPPLLEEMMEENNTTAARRYY  TTAABBLLEE  11  ––  SSuummmmaarryy  ooff  SSCCNN99AA  vvaarriiaannttss  rreeppoorrtteedd  iinn  tthhee  ccoohhoorrtt  ffrroomm  tthhee  ddee  GGrreeeeff  eett  
aall..  ((22001199))  ssttuuddyy.. All participants were diagnosed with pure (or with Diabetes Mellitus) painful SFN, with 
an associated Nav1.7 variant. Variants were classified and reported according the Practice Guidelines 
of the Association for Clinical Genetic Science (ACGS), Wallis, et al. (2013). Whenever the variant has 
functionally been assessed, the classification is reported accordingly, with appropriate referencing. 
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The star sign (*) next to the patient number indicates that one or more patients carried at least one 
additional variant: One out of the six patients carrying the I739V variant also carries M932L/V991L 
and W1538R. 
Two out of the three patients carrying the M932L/V991L double mutation carry additional variants: 
one patient carries the W1538R, and the other patient, both W1538R and I739V (same as above). 
Both patients carrying the W1538R carry additional variants (as described above, the M932L/V991L 
variant, and the M932L/V991L + I739V variants) 
Abbreviations: GoF (Gain-of-function), UK (unknown).  
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Chronic pain affects 20-25% of the global population [1-3] and is commonly associated 
with impaired quality of life, opioid addiction, and psychiatric comorbidities [1, 4-8]. 
Existing treatments are often limited by inadequate pain relief and severe side 
effects [9, 10]. Pharmacotherapy targeting voltage-gated sodium channels (VGSCs) has 
been used with some success for the treatment of neuropathic pain [11-15]. The 
anticonvulsant lacosamide (R-2-acetamido-N-benzyl-3-methoxypropionamide), 
which is FDA-approved for the treatment of epilepsy, has been investigated as a 
potential treatment for diabetic neuropathic pain [16-18], refractory pain [19], and 
recently, NaV1.7-related painful small fiber neuropathy [20], among others [21]. The 
clinical effects of lacosamide are thought to be due to its function as a sodium channel 
blocker [22]. 
 
Unlike typical antiepileptic drugs (AEDs) such as carbamazepine, phenytoin, and 
lamotrigine, as well as local anesthetics (LAs), such as lidocaine and benzocaine, 
lacosamide enhances the voltage-dependence of slow inactivation but not steady-state 
fast inactivation, and increases use-dependent inhibition of sodium channels [23-27].  
This suggested that lacosamide exerts its effect on VGSCs by a different mechanism 
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than AEDs and LAs and Jo and Bean reported slow binding of lacosamide to the fast-
inactivated state [28]. Also, LAs and conventional AEDs are pore-blockers that share a 
common binding motif, the “LA binding site”, composed of residues in the S6 segment 
of domains DI, DII, and DIV [29-34], which include the critical residues phenylalanine 
(F1764, NaV1.7 numbering) and tyrosine (Y1771) [31, 35]. Previous studies have posited 
that lacosamide’s binding site is within the permeation pathway, overlapping with the 
binding site for batrachotoxins and LAs in the S6 helix [28, 36, 37]; however, radio-
ligands essays have failed to assign a specific residue to lacosamide binding against 
hundreds of known receptors and binding sites [22]. These data suggest a complex 
mechanism for lacosamide binding and inhibition of VGSC. 
 
The NaV1.7-W1538R mutation, located in the S2 helix of the voltage sensing domain of 
the channel’s domain IV (VSD4), causes a hyperpolarizing shift in the voltage-
dependence of activation of NaV1.7 channels and has been implicated in the pathology 
of both inherited erythromelalgia [38] and small fiber neuropathy [39]. Furthermore, 
the mutation has been shown to abolish the effect of lacosamide on slow-inactivation 
and use-dependent inhibition of the channel at clinically-achievable concentrations 
[40]. Interestingly, an arginine residue is a natural variant at the corresponding 
position to W1538 in NaV1.1 and NaV1.3 channels (R1560 in human NaV1.3), and NaV1.3 
has been shown to be less sensitive to lacosamide, compared to NaV1.7 [25]. 
Importantly, the W1538 residue is one of three residues required for selective blockade 
of NaV1.7 by aryl sulfonamide small molecules [41, 42]. Aryl sulfonamides are 
nanomolar potent sodium channel inhibitors, which exhibit up to 1000-fold selectivity 
for specific channel subtypes. Similar to lacosamide, they show a slow onset of block 
[43]. Moreover, these compounds exhibit binding to the extracellular surface of the 
VSD4, independently of an intact LA binding site in the pore [41, 42]. These data 
suggest that lacosamide inhibition of NaV1.7 may share mechanistic features with 
AEDs/LAs and aryl-sulfonamides.  
 
In this study, we show using voltage-clamp analysis that lacosamide requires both an 
intact LA binding site in the pore and the W1538 residue in VSD4 for effective NaV1.7 
inhibition by a therapeutic concentration of lacosamide. Using molecular docking 
analysis of human NaV1.7 channels, we propose that W1538 is a putative high affinity 
site, which possibly guides lacosamide to the pore. In support of this view, high doses 
of lacosamide block NaV1.7-W1538R mutant channels. Additionally, we demonstrate 
that the W1538R mutation is sufficient to render NaV1.7 channels sensitive to the 
NaV1.3-selective aryl sulfonamide blocker ICA-121431. We also show that the reciprocal 
mutation (R1560W) in NaV1.3 was insufficient to render NaV1.3 channels sensitive to 
lacosamide at clinically-achievable concentrations, suggesting that the effect of the 
tryptophan residue in VSD4 on lacosamide block is isoform-dependent.  
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PLASMIDS AND CELL CULTURE 
 

The constructs for wild-type (WT) carrying the adult-long (AL) splicing isoforms of the 
human NaV1.7 and NaV1.3 channels were made tetrodotoxin-resistant (TTX-R) by 
Y362S and Y384S substitutions, respectively. A green fluorescent protein (GFP)-2A 
linker was then fused in-frame at the N-terminus of the channel, as previously 
described [44]. The GFP-2A-NaV construct allows the production of separate GFP and 
NaV proteins from the same transcript, thus enabling the visual identification of the 
channel-expressing cells by green fluorescence labeling. Mutations in these WT 
channels were introduced by site-directed mutagenesis using QuickChange XL 
(Stratagene, La Jolla, CA, USA), and identity of the inserts was confirmed by Sanger 
sequencing. The following mutations were introduced into the NaV1.7 and NaV1.3 WT 
channels: NaV1.7-F1737A/Y1744A mutant (established to prevent the binding of LAs 
and AEDs in the pore [31, 32, 41, 45], hNaV1.7 -W1538R; and hNaV1.3 2A-R1560W. 
Constructs were transfected into human embryonic kidney (HEK293) cells (1 μg/μL) 
using Lipojet (SignaGen Laboratories) for transient expression together with β1 and β2 
subunits: pCD8-IRES-hB1 (0.5 μg/μL) and pCDNA3-hB2 (0.5 μg/μL).  
HEK293 cells were grown in DMEM/F12 (Dulbecco’s modified Eagle’s medium), 
supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin, and 
incubated at 5% CO2 and 37οC. The cells were passaged 1-2 times per week and media 
was replaced one hour before transfection. Transfected cells were resuspended in 
TryplE Express (ThermoFischer) and either replated onto laminin/PDL-coated 
coverslips for manual voltage patch-clamp recordings or resuspended in Sophion 
extracellular bath solution for automated voltage-clamp recordings on the Qube 384 
(Sophion Bioscience, Inc)[46]. 

IN VITRO PHARMACOLOGY – Reagents 
 

The effect of lacosamide, obtained from either Adooq (Adooq Biosciences, A10510) or 
UCB (Vimpat®, West Haven VA Medical Center pharmacy), was assessed both at a 
clinically-achievable concentration (30 μM), based on the maximum plasma 
concentration of patients receiving a daily dose of 200 mg [20, 47], and at 300 μM. At 
a concentration of 10 mg/ml (39.9 mM) in saline (pH 4), Vimpat was diluted in 
extracellular bath solution to achieve a final concentration of either 30 μM or 300 μM. 
The formulation was used to evaluate the effect of therapeutic lacosamide 
concentration (30 μM) and 10-fold that dose (300 μM) on NaV1.7-W1538R and NaV1.3-
R1560W mutant channel properties.  
 
Lacosamide from Adooq Bioscience was used to test the drug on the NaV1.7-
F1737A/Y1744A channels. The compound was diluted in dimethyl sulfoxide (DMSO; 
Tocris Bioscience, Cat. No. 3176) at 100 mg/1.33 ml to give a 300 mM stock solution. 
Further dilutions were performed to a working solution of 30 μM in 0.1% DMSO in 
extracellular bath solution.  
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Lidocaine (lidocaine hydrochloride monohydrate, Sigma Aldrich, L5647) was diluted 
in Sophion extracellular bath solution, as described [46], to make a stock solution of 
80 mM, and then diluted 1000x to a working concentration of 80 μM in extracellular 
bath solution. 
The aryl sulfonamide NaV1.3-selective blocker ICA-121431 was obtained from Adooq 
Bioscience (A13773). ICA-121431 was first solubilized in DMSO to make a stock 
solution of 50 mM.  The stock was diluted with DMSO to a 0.1 mM concentration, 
before further dilution to a final concentration of 0.1 μM in 0.1% DMSO in Sophion 
working extracellular solution [46]. Dosage was selected based on prior publication 
[41] and preliminary dose-response assay using 0.01, 0.1, and 1 μM (data not shown).  
 
The stock solutions were kept in the freezer at – 20oC; working solutions were prepared 
fresh daily and kept at room temperature (RT). 

ELECTROPHYSIOLOGY 

Manual voltage-clamp recordings 
 

Biophysical responses of NaV1.7 sodium channels to different treatments were 
evaluated by whole-cell voltage-clamp analysis. The recordings were performed at RT 
on isolated GFP-positive HEK293 cells, alternating between cells expressing a mutant 
and its corresponding WT channel on the same day. Furthermore, each pair recorded 
was assessed with either vehicle or treatment on one given day. As such, the NaV1.7-WT 
and W1538R pair were recorded with either 30 μM or 300 μM lacosamide and vehicle 
(extracellular bath) on the same day, and the alternative concentration, on a separate 
day. For each coverslip, a single cell was recorded, either exposed to treatment or 
vehicle. 

Solutions 
The vehicle, or extracellular bath solution, contained (in mM): 140 NaCl, 3 KCl, 1 
MgCl2, 1 CaCl2, 10 HEPES.  The pH was adjusted to 7.3 with NaOH, and the solution 
was brought to 320-330 mOsm using dextrose. The intracellular solution contained (in 
mM): 140 CsF, 10 NaCl, 10 HEPES, 1 EGTA. The pH was adjusted to 7.3 with CsOH. 
The solution was brought to 310-320 mOsm with dextrose, before being used to fill 
borosilicate glass micropipettes (WPI; 1.65-mm outer diameter) containing the 
recording electrode. The pipettes were pulled to a 0.7-1.5 MΩ resistance to maintain a 
series resistance under 4 MΩ. 

Protocols 
Initiation of the voltage-clamp protocols was set at 5 min following breakage of the cell 
membrane. All recordings were obtained with whole-cell configuration using an EPC-
10 USB amplifier (HEKA Electronics), with the software PatchMaster (HEKA 
Electronics).  Data was acquired at a rate of 50 kHz, with a low-pass 2.9 kHz Bessel 
filter. To minimize voltage errors, the series resistance was compensated to 40%-90%, 
and only cells that could maintain a voltage error below 3.5 mV were analyzed. Linear 
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leak currents, along with capacitance artefacts were corrected, whenever appropriate, 
using a P/6 subtraction. 
The voltage-clamp protocols were systematically applied in the following order to 
reduce the risk for time-dependent variation in treatment effects:  
Activation was evaluated by applying a 5 mV series of depolarizing increments for 100 
ms, starting from -80 mV to + 50 mV, every 5 seconds, from a -120 mV holding 
potential.  
Steady-state fast-inactivation was measured by holding the membrane potential for 
500 ms at conditioning potentials, varying from -140 mV to 10 mV, with 10 mV 
depolarizing increments.  
Use-dependent block of NaV1.7 channels with lacosamide was measured at 20 Hz using 
a series of 20 ms pulses applied at -10 mV and following a -120 mV holding potential. 
The peak inward currents were normalized to their maximum current amplitude.  
Slow-inactivation was evaluated by holding the cell for 30 seconds at conditioning 
potentials ranging from -130 mV to 10 mV (with 10 mV increments), after which a -120 
mV pulse was applied to the membrane potential for 100 ms to enable any channel not 
in the slow-inactivated state to recover from fast-inactivation. After both (fast and slow) 
inactivation protocols, an additional 20 ms test pulse at 0 mV was used to elicit current 
from any remaining available channels.  

Perfusion 
Vehicle and lacosamide were perfused at a continuous flow rate of 1 ml/min, 2 min after 
establishing whole-cell configuration and for two uninterrupted minutes. Alternatively, 
cells recorded in larger chambers were perfused at a continuous flow rate of 0.3 
ml/min, 2 min after break-in and for 8-9 uninterrupted minutes or until the initiation 
of the slow-inactivation protocol. Complete bath exchange was ensured by using a 
pressure-regulated system which allowed consistent solution distribution on one end 
of the chamber (AutoMate Scientific), through a 250 μm perfusion pipette, and by 
slowly aspirating it from the opposite end, as previously described [40]. To control for 
time-dependent and perfusion-related pressure-dependent alterations in channel 
properties, each cell was exposed consistently to only one solution at a time and for 
each recording. 

Automated high-throughput Patch-clamping: Qube 384 
 

The Qube automated electrophysiology instrument from Sophion Bioscience was 
utilized to perform higher throughput assessment of the effects of lidocaine, lacosamide 
and ICA-121431. A detailed description of the capabilities and the setting up of modules 
to perform voltage-step protocols for the Qube instrument has previously been 
published [46]. In general, the pulse protocols were configured to match as closely as 
possible those used in the manual patch-clamp experiments. There were two notable 
differences when performing our experiments on the Qube compared to manual patch-
clamp. The first was that the Qube performs a solution exchange by utilizing a pipetting 
step which dispenses 7 μL per well.  The volume of the part of the well that contains the 
recorded cell is approximately 1 μL, so a solution change results in a seven-fold volume 
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exchange. The second difference was the implementation of leak subtraction and series 
resistance compensation. The Sophion instrument does not implement P/n pulses but 
instead performs an analysis of the transient response to small test pulses which are 
then scaled to match the applied pulses resulting in leak-subtracted trace data. For 
series resistance compensation, Sophion has implemented a method developed by 
Alembic [48], which is less prone to positive feedback oscillations and can reach 100% 
compensation. For the data presented here, the series resistance compensation level 
was set to 90%. 

Solutions 
The solutions used when performing experiments with the Qube are as recommended 
by Sophion [46]. Briefly, the standard extracellular solution contained (in mM): NaCl 
(145), KCl (4), CaCl2·(2H2O; 2), MgCl2·(6H2O; 1), HEPES (10) titrated to pH 7.4 with 
NaOH and osmolarity was adjusted to 305 mOsm with glucose.   
The standard intracellular solution contained (in mM): CsF (140), EGTA (1), HEPES 
(10), NaCl (10), titrated to pH 7.3 with CsOH and osmolarity was adjusted to 310 mOsm 
with glucose. Compounds or vehicle were diluted from stock solutions into Sophion 
standard extracellular solution and placed into compound plates of various formats, 
where we tested vehicle against up to two different compounds at different dilutions 
(or a minimum of one solution in 32 wells per genotype per plate), and with each cell 
exposed to a different compound. For lidocaine, however, we implemented a ‘before-
and-after recording’ system, where each cell was first exposed to vehicle (extracellular 
solution) and then to 80 μM lidocaine. 

Protocols 
The voltage-clamp pulse protocols were implemented on the Qube instrument so as to 
replicate the ones used for manual patch-clamp. Shortly after establishing the whole-
cell configuration, the cells were pulsed from a holding potential of -120 mV to a 0 mV 
stepping voltage for 50 msec, after which, the voltage was returned to the holding 
potential and the step was repeated with a 10 second interval. The whole protocol was 
repeated for one minute, after which, the pipetting solution exchange was initiated. 
Three complete solution exchanges were implemented at one min intervals during the 
recurring pulses. Following each well equilibration with its designated compound and 
concentration, the biophysical characterization was performed. Similar to manual 
patch-clamp experiments, protocols were applied in a specific order to prevent time-
dependent bias, as follows: 
Voltage-dependence of activation consisted of 100 ms duration pulses, from a holding 
potential of -120 mV, that were stepped from -80 mV, then returned to the original 
holding potential. Step depolarization was applied in 5 mV increments and looping at 
5 seconds intervals until the last pulse to 10 mV.   
Voltage-dependence of fast-inactivation was measured by holding the cell at -120 mV, 
after which conditioning pulses of 500 ms were applied from -120 mV to 20 mV in 10 
mV increments. Following the conditioning pulse, a test pulse to 0 mV was applied for 
50 ms to determine the fraction of sodium channels still available for opening. The 
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potential is then returned to the holding potential of -120 mV until the next loop 
occurring at 5 seconds intervals.   
Use-dependence of inhibition consisted of a train of 20 ms 20 Hz depolarizing pulses 
to 0 mV, starting from a holding potential of -120 mV.  
Voltage-dependence of slow-inactivation consisted of 20 seconds long pulses starting 
at -140 mV and stepping with 10 mV increments until the last loop at 20 mV. Each loop 
was spaced by 30 seconds. Following the conditioning pulse, a brief 100 ms pulse to -
120 mV was used to recover the remaining channels from the fast-inactivated state, 
which was then stimulated by a 100 ms pulse to 0 mV prior to returning to the initial 
holding potential of -120 mV. The peak inward currents were normalized to their 
maximum current amplitude. Cells that were selected for analysis were those that had 
a peak series resistance < 20 MΩ, average membrane resistance > 200 MΩ, a peak 
current > 1 nA, and a fit quality (as determined by the Sophion Boltzmann fit of the 
data) < 0.15 for activation and 0.05 for fast-inactivation and slow-inactivation, as well 
as minimal leak (< 10% of the peak sodium current). 
 
STRUCTURAL MODELING & MOLECULAR DOCKING  
 

The Protein Data Bank (PDB) structure of the NaV1.7 channel (PDB ID: 6J8I) from [49] 
was edited to remove all toxins and auxiliary subunits. Blind docking analysis utilizing 
the Achilles Blind Docking server was subsequently performed for lacosamide (ZINC 
structure ZINC7673) [50] on the NaV1.7 α-subunit. The channel was visualized using 
PyMol (Schrödinger, LLC).  

STATISTICAL ANALYSES 
 

Manual electrophysiology data were obtained with FitMaster (HEKA Electronics) and 
automated electrophysiology data were obtained with Sophion Analyzer v6.5.76 
(Sophion Instruments). 
All datasets were analyzed in Excel (Microsoft), OriginLab (OriginLab Corporation, 
Microcal Software, Northhampton, MA) and/or GraphPad Prism 8.4.3. 
 
Data are expressed as means ± standard error of the mean (SEM). Statistical 
significance was determined by *P < 0.05 and **P < 0.01 using either unpaired 
Student’s t-tests or One-way ANOVA. When ANOVA was used, Dunnett’s multiple 
comparison analysis was run for the means to assess significant differences between 
the treatment groups and control. 
 
Voltage-dependent activation was analyzed as the conductance (G), calculated using 
the following equation: G = I/(V-Vrev), where I is the peak current at each voltage (V) 
measured, and Vrev is the reversal voltage calculated by extrapolating peak currents 
with depolarizing potentials ranging from 10 to 40 mV. Conductance was normalized 
to the maximal sodium conductance (Gmax) for a given cell, and curves were fitted using 
the Boltzmann equation: G/Gmax = 1/(1+exp((V1/2-V)/k)), where V1/2 is half the 
maximal activation voltage, and k the slope factor. Steady-state fast and slow 
inactivation residual currents were also normalized to the maximal sodium current 
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(Imax), plotted against the voltage of incremental conditioning pulses. The inactivation 
curves were fitted with the Boltzmann equation, as follows: I/Imax = 1/(1+exp((V1/2-
V)/k)), when appropriate. Alternatively, when the curves had two distinct components, 
a double Boltzmann equation was applied: I/Imax=1/{F[1+exp(V-V11/2)/k1]}+{1-F 
[1+exp(V-V21/2)/k2]}, where F is the first component’s fraction and 1-F is the second 
component’s fraction. For use-dependence of inhibition, the peak current of each 
evoked pulse was normalized to the first pulse of the series and significance was 
evaluated by comparing the control’s last pulse mean to those of the drug groups.      

 

The W1538 region is predicted as the most energetically favorable binding 
site for lacosamide 
 

Neither the binding characteristics of lacosamide to NaV1.7 nor the underlying 
mechanisms of action by which it blocks the channel are well understood. To address 
this gap in knowledge and assess possible allosteric effect of lacosamide on the pore 
and determine potential structural mechanisms underpinning lacosamide’s mode of 
action, we performed unbiased docking analysis for lacosamide on the NaV1.7 α-
subunit (Figure 1). This method allows us to predict the preferred binding sites for the 
compound with no bias towards particular local structures of the channel. This analysis 
identified 1139 possible poses, which could be grouped into 62 distinct clusters with 
non-overlapping coordinates. The top 10 most energetically favorable clusters had 
binding energies more negative than -6.2 kcal/mol. The most energetically favorable 
cluster for lacosamide binding docked the compound near the W1538 residue, with the 
most energetically favorable pose in this cluster approximately 8.8 Å away, although it 
shared no discernible interactions directly with the W1538 residue (Figure 1C). The 
binding energy for lacosamide at this site was approximately -7.3 kcal/mol. 
Interestingly, the second, fourth, and eighth most energetically favorable clusters for 
lacosamide docking were found near the F1737 and Y1744 residues (Figure 1D). Thus, 
while the most energetically favorable site for lacosamide binding is near to W1538, 
lacosamide also readily binds in many positions around the LA binding site.  

Lacosamide fails to exert its inhibitory effects on the NaV1.7- 
F1737A/Y1744A mutant 
 

Having shown that lacosamide exhibits high affinity binding near both the W1538 
residue and the LA binding site, we next sought to investigate whether lacosamide does 
indeed require active binding to the pore to block VGSCs. We introduced the 
F1737A/Y1744A mutation into NaV1.7 channels using site-directed mutagenesis, 
abolishing the LA binding site [41, 45]. Mutated constructs were transfected into 
HEK293 cells for transient expression. Whereas lacosamide readily inhibits NaV1.7-WT 
channels at the therapeutic dose of 30 μM [23, 40], it did not cause a hyperpolarizing 
shift in the voltage-dependence of slow-inactivation in the F1737A/Y1744A mutant 
channels (Figure 2). Using unpaired Student’s t-tests, the voltage of half maximal slow  
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FFIIGGUURREE  11  ––  SSttrruuccttuurraall  mmooddeelliinngg  aanndd  uunnbbiiaasseedd  ddoocckkiinngg  ssiimmuullaattiioonnss  ssuuggggeesstt  bbiinnddiinngg  ssiitteess  ooff  llaaccoossaammiiddee  
oonn  NNaaVV11..77  cchhaannnneellss.. ((AA--BB)) Structural analysis of sodium channels allows the visualization of the W1538 
residue in the VSD of DIV, as shown in yellow. The local anesthetic (LA) site F1737 and Y1744 residues 
locate in the pore of the channel and are both shown in cyan. Structure of the NaV1.7 voltage-gated 
sodium channel is based on Shen et al [49] and is represented ((AA)) from the side  and ((BB)) from the top. 
((CC--DD)) In silico docking identifies the LA site (F1737/Y1744) and the W1538 as putative binding sites 
of lacosamide on NaV1.7 sodium channels. ((CC)) Lacosamide (green) docked in its most favorable 
position is predicted by blind docking. The W1538 side chain is shown in yellow. ((DD)) Lacosamide (green) 
docked in its second, fourth, and eighth most favorable positions, predicted by blind docking, near the 
LA binding site. 

inactivation (V1/2; Figure 2B) of the mutant channel after treatment with lacosamide 
was statistically comparable to channels treated with vehicle (0.1% DMSO; Table 1). 
Furthermore, lacosamide’s known enhancement of use-dependent block of the NaV1.7-WT 
channel [40], measured by a series of twenty 20 Hz pulses, was lost in NaV1.7-
F1737A/Y1744A mutant channels (Figure 2C, Table 1), indicating that, at clinically- 
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FFIIGGUURREE  22  ––  TThhee  llooccaall  aanneesstthheettiicc  bbiinnddiinngg  ssiittee  ((FF11773377//YY11774444))  iinn  tthhee  cchhaannnneell  ppoorree  iiss  nneecceessssaarryy  ffoorr  
iinnhhiibbiittiioonn  ooff  NNaaVV11..77  bbyy  llaaccoossaammiiddee.. The clinically-achievable concentration (30 μM) of lacosamide does 
not block NaV1.7 channels with a disabled LA binding site (F1737A/Y1744A). ((AA)) No difference in the 
voltage-dependence of steady-state fast-inactivation was observed with the application of 30 μM 
lacosamide in mutant NaV1.7 channels lacking a functional LA binding site. ((BB)) Similarly, the voltage-
dependence of slow-inactivation was unchanged. ((CC)) Abolishing the LA binding site resulted in no 
appreciable effects of lacosamide on NaV1.7 use-dependent inhibition at 20 Hz.  

 
achievable concentrations, lacosamide requires a functional LA binding site to affect 
NaV1.7 function. Finally, lacosamide did not alter the V1/2 of steady-state fast-
inactivation in F1737A/Y1744A-expressing cells (-92.5 ± 1.5 mV, n=12, Figure 2A), 
compared to vehicle (-91.3 ± 1.3 mV, n=13, p=0.51). 

The W1538 residue is not critical for lidocaine binding to NaV1.7 channels 
 
 

The W1538R mutation, which maps to the VSD4, has been shown to completely abolish 
the effect of lacosamide on NaV1.7 gating mechanisms at therapeutic concentrations 
[40]. Whether this mutation exerts an allosteric effect on the LA site in the pore to 
reduce the effect of lacosamide remains unclear. To test whether W1538R impairs the 
LA binding site in NaV1.7, we assessed the blocking effect of lidocaine on NaV1.7-
W1538R channels (Figure 3) using the Qube automated electrophysiology platform 
and analyzed the data with unpaired Student’s t-tests. In response to 80 μM lidocaine, 
and in line with previous studies [51], lidocaine did not evoke a shift in the voltage-
dependence of activation of NaV1.7-WT channels (Figure 3A). Likewise, W1538R 
channel activation was unaffected by the presence of the drug (Figure 3B). As expected 
from past reports [51-53], lidocaine significantly hyperpolarized the WT channel 
voltage-dependence of both fast-inactivation (Figure 3C) and slow inactivation (Figure 
3E). Similar results were observed in the mutant channels where lidocaine significantly 
hyperpolarized the V1/2 of fast-inactivation (Figure 3D) and slow-inactivation of 
W1538R channels (Figure 3F). Lidocaine induced a two-component slow inactivation 
shift in both variants, and was fitted to a double Boltzmann. Finally, lidocaine 
significantly enhanced the use-dependence of inhibition in both WT (Figure 3G) and 
W1538R channels (Figure 3H), indicating that the effect of lidocaine was not affected 
by the presence of the W1538R mutation. The activation and inactivation V1/2s as well 
as the degree of block of both variants are listed in Table 2. 
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TTAABBLLEE  11  ––  EEffffeeccttss  ooff  llaaccoossaammiiddee  aatt  tthhee  cclliinniiccaallllyy--aacchhiieevvaabbllee  ccoonncceennttrraattiioonn  ooff  3300μμMM  aanndd  aatt  330000μμMM  oonn  
NNaaVV11..77  aanndd  NNaaVV11..33  wwiilldd--ttyyppee  aanndd  mmuuttaanntt  cchhaannnneellss.. Lacosamide (LCM) significantly enhanced slow 
inactivation and use-dependence of inhibition in NaV1.7-WT channels at both 30 μM and 300 μM 
compared to vehicle, Vh.1 for 30 μM and Vh.2 for 300 μM (Vehicle; extracellular solution), as per 
different recording days for manual patch clamp analysis. Clinically-achievable concentrations (30 μM) 
of lacosamide had no effect on any of the mutant channels (ie. NaV1.7-W1538R, NaV1.7-
F1737A/Y1744A and NaV1.3-R1560W) or NaV1.3-WT channels. However, at the higher dose of 300 
μM, lacosamide evoked a significant hyperpolarizing shift in slow inactivation of NaV1.3-WT, NaV1.3-
R1560W and NaV1.7-W1538R mutant channels. In both NaV1.7-WT and W1538R channels, 300 μM 
lacosamide-induced slow inactivation hyperpolarizing shift was best fitted by a double Boltzmann, 
therefore yielding two half-inactivation (V1/2) voltages. Here, we only report the V1/2 of the first 
component occurring during the first drug response phase and corresponding to the V1/2 of most 
inactivated channels. NaV1.3-WT and R1560W channels were fitted with a single Boltzmann. A 10-fold 
increase in the lacosamide therapeutic dose also significantly enhanced use-dependent block in 
NaV1.7-W1538R mutant channels, but not in any of the NaV1.3 variants. The effect of 300μM 
lacosamide was not tested in NaV1.7- F1737A/Y1744A channels. The Qube allowed the same vehicle 
group to be tested against NaV1.3 variants, where data from vehicle 1 = vehicle 2. Data are presented 
as Means ± SEM 
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At 10-fold the clinical dose, lacosamide recovers its inhibitory properties of 
W1538R mutant channels  
 

Lacosamide’s poor efficacy in blocking W1538R mutant channels, whether in 
heterologous cell models [40] or in human carriers [20], has thus far exclusively been 
studied at the clinically-achievable dose of 30 μM. To further evaluate the affinity 
profile of the W1538 residue as a binding site for lacosamide, we investigated whether 
a 10-fold increase in lacosamide (300 μM) restores the drug-induced block of NaV1.7-
W1538R channels. As expected, lacosamide had no effect on the voltage-dependence of 
activation or steady-state fast-inactivation in either NaV1.7-WT or W1538R channels at 
either 30 or 300 μM (Data not shown), using unpaired Student’s t-tests. In an attempt 
to directly compare our past results using 30 μM lacosamide [40] to the gating 
outcomes from a 10-fold increase in lacosamide concentration, we first reproduced the 
significant hyperpolarizing shift observed in the V1/2 of slow-inactivation of NaV1.7-WT 
channels exposed to 30 μM lacosamide (Figure 4A) as well as the enhanced use-
dependence of inhibition at 20 Hz (Figure 4E). In WT channels, 300 μM lacosamide 
induced a two-component slow inactivation shift and increased use-dependent block 
(Figure 4C,G). We also reproduced the lack of effect of 30 μM lacosamide on W1538R 
channel’s V1/2 of slow-inactivation (Figure 4B) and use-dependence of inhibition 
(Figure 4F). However, a 10-fold increase in the concentration of lacosamide 
significantly blocked W1538R channels by hyperpolarizing the V1/2 of the first phase of 
two-component slow-inactivation (Figure 4D) and increased the use-dependence of 
inhibition of the mutant channel (Figure 4H), indicating that higher concentrations 
rescue the inhibitory action of lacosamide on the NaV1.7-W1538R mutant channels. 
Furthermore, the two-phase slow inactivation shift is suggested to be evoked by higher 
concentrations of lacosamide (Figure 4E,F) and lidocaine (Figure 3E,F), where the 
effect of the compounds are primarily on the more hyperpolarized component. We 
speculate that while a fraction of channels does not change in the presence of the 
compound, the majority does. Therefore, the resulting shift in slow inactivation 
whether fitted to a single or double-Boltzmann remains significant compared to 
vehicle. Also, the large hyperpolarization of slow-inactivation of WT and W1538R 
subjected to 300 μM lacosamide, initiated at voltages as low as -130 mV, and in the 
absence of a preceding plateau phase, might suggest that the magnitude of the shift 
may be even larger than calculated in Figure 4C,D. The datasets are summarized in 
Table 1. 
 
The mutant W1538R arginine residue confers NaV1.7 channels 
responsiveness to ICA-121431   
 

The arginine (R1538) residue in the mutant NaV1.7-W1538R channel has been shown 
to contribute to NaV1.7 aryl sulfonamide inhibitor selectivity and is the naturally 
occurring residue present in NaV1.3 (R1560) channels [41], which may contribute to the 
resistance of NaV1.3 to lacosamide inhibition, compared to NaV1.7 channels [25]. Here, 
we first tested whether the W1538R mutation alone is sufficient to confer NaV1.7 
channels responsiveness to ICA-121431, using the Qube and unpaired Student’s t-test  
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FFIIGGUURREE  33  ––  LLiiddooccaaiinnee  iinnhhiibbiittss  NNaaVV11..77--WW11553388RR  mmuuttaanntt  cchhaannnneellss.. The effect of 80 μM lidocaine on the 
voltage-dependence of activation, shown with single (vehicle) and double (lidocaine) Boltzmann fits of 
normalized conductance transformed from the current-voltage plot peak inward currents, of ((AA))  NaV1.7-
WT was indiscernible from ((BB)) NaV1.7-W1538R channels. ((CC,,  DD)) Relative to vehicle (extracellular bath 
solution, black), lidocaine (orange) hyperpolarizes the voltage-dependence of fast-inactivation of both 
NaV1.7-WT and NaV1.7-W1538R. ((EE,,  FF)) Lidocaine additionally hyperpolarizes the voltage-dependence 
of slow-inactivation of both NaV1.7-WT and NaV1.7-W1538R. ((GG,,  HH)) Lidocaine also enhances the use-
dependent inhibition of NaV1.7-WT and NaV1.7-W1538R.  

analysis. The selectivity of 0.1 μM ICA-121431 was confirmed by the absence of effect 
on NaV1.7-WT channels for any of the studied parameters (Figure 5A,C,E,G,I). The 
compound had also no effect on the voltage-dependence of activation, measured as the 
conductance V1/2, of W1538R channels (Figure 5D) in comparison to vehicle (0.1% 
DMSO). However, it did significantly shift W1538R fast-inactivation (Figure 5F) as well 
as hyperpolarized the slow-inactivation V1/2 by nearly 10 mV (Figure 5H), compared to 
vehicle. Furthermore, ICA-121431 significantly enhanced the W1538R channel use-
dependence of inhibition (Figure 5J), indicating that the arginine residue found in the 
W1538R mutant confers sensitivity to ICA-121431 blocker on NaV1.7 channels. The 
respective V1/2s and degree of block of each NaV1.3 variant in response to ICA-121431 
are reported in Table 2. 

The NaV1.3-R1560W mutation does not confer lacosamide sensitivity to the 
channel  
 

Since the W1538R mutation abolishes the effect of 30 μM lacosamide on NaV1.7, we 
investigated whether the naturally occurring NaV1.7-W1538 tryptophan residue 
contributes to differences in lacosamide’s subtype selectivity. Using automated patch-
clamping on the Qube and One-Way ANOVA with Dunnett’s multiple comparison 
analysis, we tested the effect of 30 μM and 300 μM lacosamide on mutant NaV1.3 
channels in which the arginine residue (R1560) is substituted with a tryptophan, 
R1560W, to determine whether the presence of a tryptophan residue in NaV1.3 can 
confer sensitivity to lacosamide.  
At 30 μM, lacosamide failed to shift the voltage-dependence of slow-inactivation in 
both NaV1.3-WT (Figure 6C) and NaV1.3-R1560W channels (Figure 6F) compared to 
vehicle. Likewise, use-dependence of inhibition at 20 Hz was unaltered by the presence 
of 30 μM lacosamide in either variant (Figure 6D,G), demonstrating that a single 
amino acid substitution in NaV1.3 channels cannot bestow pharmacological 
responsiveness to this therapeutic concentration of lacosamide. However, at a 10-fold 
increase in lacosamide concentration, the voltage-dependence of slow-inactivation of 
NaV1.3-WT channels was hyperpolarized by 11.5 mV (Figure 6C), in the same range as 
NaV1.7-WT at 30 μM (Figure 4A), and by 6.2 mV in the R1560W channels (Figure 6F) 
compared to vehicle.  However, use-dependence of inhibition was not increased at 300 
μM for either NaV1.3-WT (Figure 6E) or R1560W (Figure 6H) channels from control, 
which is in contrast to our finding that 300 μM lacosamide significantly increased  
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FFIIGGUURREE  44  ––  NNaaVV11..77--WW11553388RR  cchhaannnneellss  aarree  iinnhhiibbiitteedd  aafftteerr  aa  1100--ffoolldd  iinnccrreeaassee  iinn  tthhee  llaaccoossaammiiddee  
tthheerraappeeuuttiicc  ccoonncceennttrraattiioonn..  The effect of lacosamide on NaV1.7 voltage-gating properties were 
evaluated for ((AA--DD)) Voltage-dependence of slow inactivation and ((EE--HH))  use-dependence of inhibition at 
20 Hz. The slow inactivation curves were fitted to a single Boltzmann for vehicle and 30 μM lacosamide, 
and to a double Boltzmann equation for 300 μM lacosamide. Cells expressing NaV1.7-WT or NaV1.7-
W1538R were either treated with lacosamide at the clinically-achievable dose of 30 μM (shown in red, 
A, B, E, G), its 10-fold increase of 300 μM (shown in dark red, C, D, F, H), or vehicle (black; extracellular 
bath solution). 

Nav1.7-W1538R use-dependence of inhibition (Figure 4H). These results suggest that 
the R1560 residue in NaV1.3 may contribute to the sodium channel isoform sensitivity 
to lacosamide, but that it is not sufficient to explain the subtype differences in 
lacosamide responsiveness. The slow inactivation and use-dependence values are 
reported in Table 1.

 

The mechanisms by which lacosamide inhibits sodium channels at clinically-achievable 
concentrations in an isoform-dependent manner, compared to other inhibitors in the 
pharmacopoeia, have long been debated and are not well understood. Existing data 
suggest that residues outside the pore can affect channel sensitivity to lacosamide and 
raise the possibility that lacosamide’s effect may also be dependent on interactions with 
both the VSD4 and the LA binding  
 
site in the pore-forming region of VGSCs. In the present study, we describe a new 
pathway for lacosamide’s mechanism of action, where lacosamide requires the W1538 
residue in VSD4 and an intact LA binding site to block NaV1.7 at the clinically-
achievable concentration of 30 μM. The presence of an arginine residue in NaV1.7-
W1538R channels does not abolish LA pore access and confers sensitivity to aryl-
sulfonamide blocker ICA-121431. Conversely, the W1538 tryptophan residue does not 
explain lacosamide’s resistance in other isoforms, specifically in NaV1.3 channels. 
Taken together, our results highlight the importance of the W1538 residue combined 
with pore accessibility in allowing 30 μM lacosamide’s inhibitory effects, and suggest 
the contribution of W1538 for VGSC isoform-specificity.  

In silico docking analysis in human NaV1.7 channels predicted a pocket that includes 
W1538 as the most energetically-favorable binding site to lacosamide, closely followed 
by the LA site in the pore (Figure 1), suggesting a novel mechanism for the drug to 
access the pore. Previous molecular docking studies that have described lacosamide as 
a pore-binding ligand only studied the compound in the homotetramer bacterial VGSCs 
[54]. Here, we provide a new hypothesis in which both W1538 and F1737/Y1744 are 
necessary for lacosamide’s inhibitory effect of the mammalian NaV1.7 channel, 
consistent with the prediction that lacosamide efficiently binds at both sites (Figure 1C-
D). Furthermore, the structural distance between the two regions indicate that W1538R  

   3 3

Lacosamide inhibition of NaV1.7 channels depends on its interaction with the voltage sensor domain and the channel pore



84 

μ

μ

μ

μ

μ

μ

μ

μ

  

TTAABBLLEE  22  ––  IInnhhiibbiittoorryy  eeffffeeccttss  ooff  ssooddiiuumm  cchhaannnneell  bblloocckkeerrss  LLiiddooccaaiinnee  aanndd  IICCAA--112211443311  oonn  NNaaVV11..77--WWTT  aanndd  
WW11553388RR  mmuuttaanntt  cchhaannnneellss. Lidocaine (LDC) blocked both NaV1.7 WT and W1538R channels, by 
hyperpolarizing fast and slow inactivation as well as increasing use-dependence inhibition. NaV1.3-
selective blocker ICA-121431 (ICA) potently inhibited NaV1.7-W1538R mutant channels while having 
no effect on NaV1.7-WT channels. Treatment with ICA-121431 caused a hyperpolarizing shift in both 
fast and slow inactivation and increased use-dependent block of W1538R mutant channels. Like for 
300 μM lacosamide, 80 μM lidocaine-induced shift in slow inactivation of both NaV1.7-WT and 
W1538R channels was best fitted by a double Boltzmann, hence the first V1/2 of the fit is reported in 
the table below, while vehicle was best fitted to a single Boltzmann. Data are presented as Means ± 
SEM. 
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is unlikely to mechanically interfere with pore binding (Figure 1A-B), but might impact 
the ability of lacosamide to utilize the nearby fenestration to reach the pore. While this 
in silico docking method neither allows the application of atomic forces nor considers 
interactions with β subunits, the model points to W1538 as a strong putative binding 
site for lacosamide and, combined with our previous findings [40], indicates that the 
W1538 residue is necessary to enable lacosamide’s inhibition of NaV1.7 channels. 
Consistent with previous studies [28, 36], we demonstrate that lacosamide interacts 
with the LA site, or at least requires the F1737 and Y1744 residues to exert its inhibitory 
effect on NaV1.7 channels (Figure 2). These results suggest that lacosamide’s 
mechanism of action aligns with the hypothesis that binding to the LA site may 
correlate with preferential binding to the fast-inactivated state but with very slow 
kinetics [28]. However, while an intact LA site in the pore is necessary for lacosamide’s 
effect, it is not sufficient to explain the striking differences in gating induced by 
lacosamide compared to other pore-binding agents that modulate fast inactivation, nor 
the lack of drug sensitivity observed in Nav1.7-W1538R channels [40].The requirement 
for an interaction of lacosamide with W1538 in VSD4 before reaching the pore might 
underlie the slow kinetics of binding to the fast-inactivated state of NaV1.7 channels 
that have been previously reported [28]. 
 
The W1538R mutation might block pore access to lacosamide or cause an allosteric 
effect that prevents conformational changes exposing the LA binding site in the pore 
where the drug needs to bind to cause its inhibitory effect. During activation, the DIV 
S6 segment undergoes a spatial re-arrangement from a closed to an open configuration 
that exposes the previously hidden F1737 residue of the LA site via asynchronous 
voltage sensor movements [55, 56]. However, the W1538R mutation did not prevent 
pore binding of lidocaine and inhibition of NaV1.7 channels (80 μM, Figure 3). This 
finding aligns with a previous report showing that W1538R, together with NaV1.7-
Y1537S and NaV1.7-D1586E, had no effect on the LA tetracaine-induced NaV1.7 channel 
inhibition [41]. Therefore, W1538R is unlikely to prevent a conformational shift in the 
pore that is needed for lacosamide’s inhibitory effect on VGSCs. Nonetheless, since 30 
μM lacosamide does not inhibit Nav1.7-W1538R channels [40] (Figure 4A-B, E-F), this 
residue might selectively regulate the access of lacosamide but not LAs to the pore.   

We further explored the role of W1538 in lacosamide inhibition of NaV1.7 channels and 
tested the effect of a 10-fold increase in lacosamide concentration (Figure 4). We show 
that, at 300 μM, the W1538R-induced lacosamide block can be overcome, suggesting 
that the likelihood of lacosamide access to the pore is increased and is sufficient to 
rescue the inhibitory effect on the channel. This phenomenon may be explained by an 
allosteric W1538R-induced change in binding affinity at the pore, whereby higher 
concentrations of lacosamide can circumvent the need for W1538 facilitation and bind 
to the pore. Otherwise, the W1538 residue (alone or together with other sites) might be 
viewed as an initial binding site of lacosamide which may impose the slow phase of the 
drug’s interaction with the channel, allowing an increase in the local effective 
concentration of the drug in the vicinity of the pore. The next phase may correspond to  
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FFIIGGUURREE  55  ––  AArryyll--ssuullffoonnaammiiddee  NNaaVV11..33--sseelleeccttiivvee  iinnhhiibbiittoorr  IICCAA--112211443311  bblloocckkss  NNaaVV11..77--WW11553388RR  mmuuttaanntt  
cchhaannnneellss..  The sodium current traces were produced using the activation protocol from NaV1.7  ((AA)) WT 
and ((BB)) W1538R-expressing cells. The half-inactivation voltage (V1/2) of ((CC--DD)) Activation, ((EE--FF)) Fast-
inactivation and ((GG--HH)) Slow-inactivation was calculated from the Boltzmann fits and averaged for each 
genotype in response to 0.1 μM ICA-121431 (pink) or vehicle (0.1% DMSO in extracellular bath 
solution; blue). Data are shown as scatter plots and boxes at the 25 and 75th percentile of the data 
with medians ± min/max. P* < 0.05, P** < 0.01  The use-dependence of inhibition of  ((II)) WT and the 
((JJ)) W1538R channels in response to treatment with 0.1 μM ICA-121431 or vehicle was normalized to 
the first pulse and averaged across a series of twenty 20 Hz pulses. Data are shown means ± SEM. P* 
< 0.05, P** < 0.01 
 
lacosamide’s fast binding phase, which has been suggested to correlate with binding to 
partially open channels, with rapid access to the non-obstructed inner pore [28]. These 
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data support a role for W1538 in the slow phase at a clinically-achievable concentration. 
However, at 10x higher concentrations, alternative pathways may be used, where 
lacosamide no longer requires the integrity of W1538 to reach the pore and exert its 
functions. 
  
Lacosamide’s inhibition shares features of AED/LA pore-blocking drugs and the novel 
aryl sulfonamide blockers. The high state-dependence, the ultra-slow on-rate binding 
and the role of the W1538 residue in this process are features in common between VSD4 
blockers (ie. ICA-121431, PF-05089771) and lacosamide, and the dependence of 
lacosamide’s inhibition on the LA site in the pore is common with AEDs and LAs [15]. 
VSD4-blockers have been suggested to undergo reorientation steps and to use 
transitional sites, including pockets that are proximal to the S6 segment, en-route to 
their final position on VSD4 where they interact with the gating charges in the S4 to 
effect their inhibitory action, which presumably contribute to their slow rate of channel 
inhibition [57]. Our results suggest a working model in which lacosamide may first bind 
with high affinity to the W1538 residue in a pre-open state, before transiting to the LA 
binding site upon channel opening where it blocks the pore. Alternatively, the W1538 
motif might act as an allosteric site modulating the binding affinity of lacosamide at the 
LA/AED pore sites F1737 and Y1444 (Figure 7). It is not clear whether lacosamide’s 
first interaction with the W1538 residue or its transit to the pore causes the slow on-
rate of the drug. Irrespective of this, it appears that lacosamide’s effect on NaV1.7 
channels follows a hybrid model of interaction with VSD4 and the pore which makes it 
distinct from both VSD4-binders and pore-blocker inhibitors of VGSCs. Of note, NaV1.7 
blockers have recently been suggested to have a higher analgesic potential when acting 
centrally (MacDonald, et al., 2021), a proposal that contradicts efforts to develop 
selective compounds, such aryl sulfonamides, that are relatively CNS-impermeant.  
Nevertheless, while lacosamide shares features with VSD4 blockers, it is not a 
peripherally-restricted drug.   
 
To further understand the similarity between lacosamide and VSD4 blockers, we 
assessed the role of W1538 in the response of NaV1.7 channels to these blockers. We 
demonstrate that the W1538R mutation is sufficient to render NaV1.7 channels 
responsive to selective NaV1.1/NaV1.3 blocker ICA-121431 (Figure 5). Our results align 
with previous studies showing that the W1538 residue is critical in determining VGSC 
sensitivity to aryl sulfonamide-based blockers [41] and show that this substitution 
alone leads to a significant ICA-121431-induced block. However, we did not observe 
that the corresponding substitution in NaV1.3 (R1650W) renders these channels 
sensitive to lacosamide at therapeutic concentrations (Figure 6).  These data suggest 
that the role of this tryptophan residue in lacosamide-induced inhibition at low 
concentrations appears to be isoform-dependent.  
 
Importantly, W1538, as a moderately conserved residue, is unlikely to be the sole 
contributor to lacosamide’s VGSC isoform selectivity. NaV1.1, NaV1.3, NaV1.5 and 
NaV1.8 channels might be expected to be less sensitive to lacosamide because they carry 
different residues at this position [57]. Evidence of lacosamide’s weak inhibition of  
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FFIIGGUURREE  66  ––  TThhee  NNaaVV11..33--RR11556600WW  mmuuttaattiioonn  iiss  nnoott  ssuuffffiicciieenntt  ttoo  ccoonnffeerr  llaaccoossaammiiddee  sseennssiittiivviittyy  ttoo  NNaaVV11..33  
cchhaannnneellss..  The R1560 residue in NaV1.3, which corresponds to the W1538R mutation in NaV1.7, was 
mutated from an arginine (R) to a tryptophan (W) to match the sequence of NaV1.7 WT at this site, and 
the responsiveness of the NaV1.3-R1560W to lacosamide was determined. ((AA--BB)) Representative 
sodium current traces were generated from the activation protocol and show NaV1.3-WT ((AA)) and 
NaV1.3-R1560W ((BB)) currents in response to vehicle (black), 30 μM (red) and 300 μM (dark red) 
lacosamide. Dose-dependent effects of 30 μM and 300 μM lacosamide were measured for ((CC,,FF)) slow-
inactivation and ((DD--EE,,GG--HH)) use-dependence of inhibition at 20 Hz for human NaV1.3-WT and NaV1.3-
R1560W channels using an automated electrophysiology platform (Qube 384, Sophion Bioscience). 
((CC,,FF)) Data are shown as individual scattered points and boxes at the 25 and 75th percentile of the data 
with medians ± min/max. Significance was evaluated with One-way ANOVA. P* < 0.05, P** < 0.01. 
((CC--FF))  Data are shown as the averaged current normalized to the first pulse.  
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FFIIGGUURREE  77  ––  WWoorrkkiinngg  hhyyppootthheesseess  ooff  llaaccoossaammiiddee  bbiinnddiinngg  mmeecchhaanniissmmss.. Schematic representation of the 
NaV1.7 channel showing lacosamide (LCM; green) binding residues W1538 (shown in gold) and LA 
binding pore residues F1737 and Y1444 (shown in cyan). The left panel shows the NaV1.7 channel 
visualized from the top, where, in order to reach the pore, lacosamide may first bind to the W1538 
region in VSD4 (shaded in pink), before accessing the pore through the side fenestration where it exerts 
its inhibitory effects (not visible from the top, visualizable with dotted lines). This process would differ 
from typical AEDs (magenta) and LAs (red) that can reach the pore without an interaction with the 
W1538 residue. Alternatively, the W1538 residue might represent an allosteric site modulating 
lacosamide binding affinity to F1737 and Y1444 in the pore. After coming into contact with the VSD4, 
in the W1538 vicinity, lacosamide is able to access the pore and tightly bind to LA-binding residues. 
The right panel represents the NaV1.7 channel from the side, top down, and shows the suggested path 
lacosamide may take through the pore’s side fenestration via the W1538 residue or directly to the 
pore after some molecules become W1538-bound.  

 
NaV1.3 and NaV1.5 is well-documented [25, 36]. Interestingly, the fact that NaV1.3-
R1650W channels are not inhibited by 30 μM lacosamide, and the ability to rescue 
lacosamide inhibition of resistant channels at 300 μM of NaV1.7-W1538R (Figure 4), 
and both NaV1.3 (Figure 6) and NaV1.5 channels [25, 36], suggests a different pathway 
for lacosamide to access the pore in the more resistant channel isoforms. 

 
In conclusion, this study presents the W1538 residue as necessary for the initial binding 
of lacosamide to the NaV1.7 channel, facilitating its access to the channel’s pore at 
therapeutic concentrations. The mechanistic differences between lacosamide, LAs, and 
conventional AEDs may be explained by the W1538 residue’s participation in 
lacosamide’s slow binding. Furthermore, our results suggest that while the W1538 
residue is necessary to confer lacosamide sensitivity on NaV1.7 channels, it is not 
sufficient to explain the molecular basis for lacosamide-resistant isoforms, suggesting 
the presence of additional molecular determinants for the drug sensitivity. A better 
understanding of the hybrid mechanism of inhibition of NaV1.7 by therapeutically-
achievable concentrations of lacosamide might lead to more selective and effective 
VGSC blockers.  
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Painful neuropathy affects a large part of the world population and is often associated 
with unclear etiology and limited symptomatic relief to currently available treatments 
[1-3]. Furthermore, important inter-individual variation in pain perception and drug 
response makes the search for a cure cumbersome [4, 5]. The pathological mechanisms 
are commonly associated with dysfunctional dorsal root ganglia (DRG)-expressing 
voltage-gated sodium channels (VGSC) and cellular hyperexcitability [6-8]. However, 
current in vitro and in vivo models have failed to accurately portray the full phenotype, 
which hinders analgesic development, underscoring the need for better tools to solve 
clinical pain. In general, creating models for mendelian genetic diseases has been a 
particularly tedious task, due for instance to off-target effects, even using state-of-the-

Chapter 4



99 

art gene editing technologies, or to unmatched cellular or tissue phenotypes from those 
observed in patients. Hence, there is still an unmet need for developing cellular systems 
mimicking those in physiological conditions.  

Ex vivo cellular nucleofection of mutant sodium channels into heterologous expression 
systems including Human Embryonic Kidney (HEK293) cells and DRG neurons has 
helped establish the pathogenic potential of these mutations and suggested a genotype-
phenotype correlation for VGSC variants  [9-14]. However, transfected cells are limited 
to the sole expression of the channel and genetic variant of interest, of which 
physiological levels of expression cannot be controlled. Furthermore, recordings of 
human DRGs have demonstrated significant differences in their excitability and 
biophysical characteristics compared to rat DRGs [15, 16], which prevents the 
extrapolation of data from animal cells to humans and thus, their translation to the 
clinic.  

The development of a cell-based system that overcomes these limitations can markedly 
advance the field. Human induced-pluripotent stem cells (iPSCs) have the capacity to 
preserve the donor’s genetic background and transcriptional machinery throughout 
differentiation [17]. Additionally, being patient-specific, the cells already selectively 
express the genetic variant of interest, at physiological levels. Recently, utilizing whole-
exome sequencing and dynamic clamp technology, in vitro analysis of iPSC-derived 
sensory neurons (iPSC-SNs) from two families with inherited erythromelalgia (IEM), 
carrying the same disease-causing NaV1.7 mutation, but with different pain profiles, not 
only recapitulated the parent-child differences in pain phenotypes, but also pinpointed 
variants in potassium channels that explained at least some of the families’ inter-
individual differences in pain sensitivity [5, 18]. These findings have highlighted the 
ability to model pain resiliency “in-a-dish” using patient-specific iPSC-SNs and to 
recapitulate important aspects of the clinical phenotypes.  
 
Nonetheless, several challenges for using iPSC-SNs in vitro remain to be overcome. 
Current in vitro differentiation protocols induce neurons that lack expression of the 
full complement of VGSCs that are found in mature adult DRG [19-21]. As a result, the 
overall electro-responsiveness and excitability are predicted to be altered when other 
ion channels are missing [22]. Furthermore, differentiated cells lack essential proteins 
required for sensory neurogenesis [23]. This incomplete differentiation might result 
from the lack of ligands in the media to activate appropriate signaling cascades and the 
absence of cell-to-cell interaction with normal constituents of the native DRG tissue 
[24], which can only be provided by the organ’s microniche [25, 26]. Indeed, 
nociception requires neurons to act in concert with various cell types for physiological 
pain functions. As such, providing the endogenous spatiotemporal context, including 
critical nutrients and cellular  
interactions, lacking from in vitro cultures, may provide signaling cues necessary for 
sensory neurons to reach their final mature state and express the full protein range. 
Interactions within the microenvironment have been demonstrated to have substantial 
effects on transplanted iPSCs’ maturation [25]. For instance, in vivo differentiated 
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iPSC-derived cardiac cells, grafted in rodents, have been shown to acquire expression 
of additional proteins specific to adult cardiomyocytes, compared to in vitro-
differentiated iPSCs and at similar levels to native cells [26]. Therefore, organ-directed 
injection of human iPSCs could resolve a major limitation of in vitro models that lack 
expression of crucial proteins and allow the formation of neurons delineating a 
complete phenotype.   

Targeting the DRG has provided promising therapeutic avenues in degenerative 
diseases such as Friedreich’s Ataxia (FRDA) [27] and has been highly informative on 
the cells’ capacity to expand, survive and differentiate in vivo. Viventi et al. and Xiao et 
al. are amongst the first to ever attempt DRG injection of human GFP-labelled iPSC-
SNs in rodents [27, 28]. In both studies, ex vivo [28] and in vivo [27] transplanted cells 
showed high survival and yielded heterogenous neuron populations. Nonetheless, 
functional electrogenic profile and heterogeneity within-nociceptive subtypes was not 
reported. Furthermore, expression of missing VGSC and other critical proteins were 
not retrieved in these studies, as cells may require interactions from an earlier 
developmental stage. Injection of undifferentiated iPSCs have been highlighted to 
promote neuronal differentiation in the mouse brain in region-specific patterns [25]. 
Hence, targeted DRG graft of undifferentiated cells may bridge the gap towards mature 
neurons by providing the necessary nutrients and cellular interactions, prior to cell fate 
determination.  

In this study, we investigated the behavior of transplanted human iPSCs in the rat DRG 
in vivo and ex vivo and assessed the potential of undifferentiated and pre-differentiated 
neural precursors cells (NPCs) to survive, differentiate and recover full protein 
expression. Using GFP-expressing iPSCs, we showed the ability of the cells to 
proliferate in vivo at different stages post-graft. Furthermore, undifferentiated iPSCs 
maintained their pluripotency in vivo and likely induced teratogenesis. However, the 
cells did not differentiate into sensory cells of either neuronal or glial lineage. 
Nevertheless, evoked differentiation into NPCs prevented tumor formation and 
promoted neuronal morphology in vivo and ex vivo.  

MATERIALS 
 

GFP-iPSC line 
 

A green fluorescent protein (GFP)-tagged iPSC cell line, WTC-mEGFP-AAVS1-cl6 
(monoallelic tag), from the Allen Institute for Cell Science (Coriell, AICS-0036-006) 
was used to evaluate iPSC in vivo differentiation into functional sensory neurons. The 
line was derived from the WTC parental line AICS-0 at passage 33 (Coriell, GM25256), 
obtained from fibroblasts and reprogrammed using episomal vectors (OCT3/4, shp53, 
SOX2, KLF4, LMYC, and LIN28), as described [29]. To minimize the risk of GFP 
silencing, the cell line was selected to incorporate GFP expression within the adeno-
associated virus integration site 1 (AAVS1) safe-harbor locus, demonstrated to have 
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robust and stable expression for at least 7 weeks in vivo and in vitro [30]. Briefly, a 
fluorescent reporter cassette was inserted into AAVS1, within the PPP1R12C intron, 
using transcription activator-like effector nucleases (TALENs). The TALENs generated 
a double-stranded DNA break, allowing initiation of homologous repair machinery. 
The GFP vector, comporting a splicing-acceptor, 2A self-cleaving peptide restricted 
puromycin gene expression to the targeted-integration site, while a chicken β-actin 
globin (CAG) promoter in targeted cells drove fluorescence expression (Figure S1A). 
Puromycin-resistant iPSC showing persistent transgene expression were selected [30].  
 
Cyclosporine A 
 

To prevent graft rejection following human cell xenotransplantation, animals received 
15mg/kg/day of cyclosporin A, USP (50 mg/mL; Perrigo) diluted in saline solution 
(0.9% NaCl), starting 24h before surgery until the day they were euthanized for tissue 
collection [31, 32]. Compound delivery was either carried out via daily subcutaneous 
injection or consistently perfused through an osmotic pump (2ML4, Alzet®), inserted 
under the skin, below the neck, and performed at the same time as DRG injections to 
minimize stress. The pumps were weighted before insertion and after euthanasia to 
ensure functioning of the pump. The pumps were pre-filled 24h prior surgery and 
placed at 37oC overnight to initiate drug release, as per manufacturer’s instructions. 
 
Antibodies 
 

The antibodies used for immunohistochemistry and immunocytochemistry were as 
follows, primary antibodies: mouse monoclonal anti-human nuclear antigen (hNu) 
antibody [235-1] (Abcam, ab191181), mouse monoclonal anti-NeuN (Abcam, 
ab104224), chicken polyclonal anti-peripherin (PER7857983, Aves Labs), mouse 
monoclonal anti-S100 (Invitrogen, MA5-12969), and rabbit monoclonal anti-glial 
fibrillary acidic protein (GFAP) [SP78] (ThermoFisher, MA5-16367); the fluorescent 
labeled-secondary antibodies used were: donkey anti-chicken 594-conjugated 
(Jackson ImmunoResearch, lot 86803), donkey anti-rabbit Alexa Fluor 594 (Life 
Technologies, A21207) and donkey anti-mouse Alexa Fluor 647 (Jackson 
ImmunoResearch, 715-606-150).  
 
HUMAN INDUCED - PLURIPOTENT STEM CELLS (iPSCs) 
 

Cell maintenance 
 

Human iPS cells (Allen Institute for Cell Science, Coriell, AICS-0036-006) were 
screened for pluripotent markers and human nucleus (Figure S1B). Karyotyping was 
performed by the manufacturer. iPSCs were passaged once a week and mTesR Plus 
medium (05827, StemCell Technologies, Canada) was replaced every other day, as 
described [5, 18]. The cells were cultured for at least 5 generations prior to being 
injected in rat DRGs. 

iPSC differentiation 
 

Differentiation into neural precursor cells (iPSC-NPCs) was initiated as previously 
described [5, 18]. Using a modified Chambers protocol [33-35], cells were exposed to 
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LSB and 3i inhibitors for 9-12 days, by which time neural cell fate is established [36], 
and maintained in KnockOut Serum Replacement (KSR) and Neurobasal Medium 
(NB), supplemented with N2/B27 GlutaMAX (Thermo Fisher Scientific). iPSC-NPCs 
that carried on to fully differentiated neurons were maintained in N2 media with four 
growth factors (N2+4GF) [recombinant human β nerve growth factor (NGF), brain-
derived neurotrophic factor (BDNF), glial cell line-derived neurotrophic factor 
(GDNF), and neurotrophin-3 (NT-3; 25 μg/ml; PeproTech)] for up to 8 weeks. 

ANIMALS 
 

Animals were group-housed at an Association for Assessment and Accreditation of 
Laboratory Animal Committee–accredited facility, at the Veterans Administration 
Connecticut Healthcare System (New Haven, USA) in solid bottom polycarbonate 
cages with corn-cob bedding, which was removed and replenished at least once a week. 
Animals were maintained on a 12:12 hour light:dark cycle, at humidity 50 ± 20 % and 
temperature 21 ± 3C, and had access to an enriched environment with pelleted food 
(Teklad 2018; Envigo, Madison, WI) and water ad libitum. Cyclosporin A-induced 
immunodeficiency was initiated one day prior to surgery and adult rats were placed in 
sterile housing (2-3/cage), whereby cages, water bottles, food and bedding were 
autoclaved at 134°C. All animal procedures were approved by the Institutional Animal 
Care and Use Committee (IACUC) of the Veterans Administration Connecticut 
Healthcare System. Animal groups were identified by using a permanent marker, 
applied daily. Sham animals were kept separately from iPSC animals. Male and female 
Juvenile Sprague-Dawley (SD) rats (5 to 7 weeks old, 144-257g), obtained from Envigo, 
were used for undifferentiated and pre-differentiated iPSC in vivo differentiation. 
Neonatal SD rats (1-5 days post-partum) of both sexes were used for iPSC-NPC ex vivo 
differentiation in DRG explants. 

DRG INJECTION 
 

In accordance with compiled in vivo stem cell research [25, 37-41], approximately 3-
5μL of 1,000-30,000 cells/μL, or an average of ~100,000 undifferentiated iPSCs and 
~20,000 iPSC-NPCs were injected into the L4 DRG of juvenile SD rats (Supplementary 
methods). iPSCs were diluted in DMEM/F12 or mTeSR Plus at RT, and iPSC-NPCs in 
N2 + 4GF, filtered through a 70 μM nylon mesh strainer (Becton Dickinson), 
centrifuged at 500 RPM and resuspended 5 min prior to each injection. The cells were 
kept on ice before administration. Non-injected cells were immediately counted and 
replated in Matrigel-coated plates to assess survival. 

Pre-operative care 
 

Complete aseptic conditions were used throughout the surgery. All surgical 
instruments, gloves, and cotton buds were autoclaved at 134°C; the operation table and 
microscope were cleaned with 70% ethanol, prior to each surgical intervention. 
Animals were deeply anesthetized with 0.1ml/100g (80/5 mg/kg, 
i.p.) ketamine/xylazine, supplemented with 3% isoflurane, 0.5-1.5% oxygen and 300 
air flow, as needed, to complete the surgery. Concentration was adjusted based on the 

Chapter 4



103 

animal breathing pattern to avoid over- or under-dosing. Animals were placed on top 
of a heating pad at 37 °C to prevent hypothermia, and ophthalmologic ointment was 
applied to both eyes to avoid corneal drying. Pre-operative weight was registered, and 
the back shaved. The shaved area was disinfected with Betadine (Povidone-iodine) and 
70% ethanol. 

Surgery and injection 
 

Partial laminectomy to expose the right L4 DRG was performed as described [42]. 
Before incising the skin, T12 was located by feeling the spinous processes over the skin, 
corresponding to the end of the thoracic cavity. From there, the L4 DRG locates 
between L4 and L5, five vertebrae prominences down from T12. A skin incision was 
made between L2 and S1 with a n. 10 scalpel blade. A similar sized incision was 
performed on the superficial layer of muscle, along the white midline. An additional cut 
was made immediately left to the vertebrae on the deeper, second layer of muscle. 
Using bent forceps (curettes), the muscle was gently removed from the bone of the 
vertebrae until the vertebrae ailerons were fully exposed. A hemi-laminectomy was 
performed on the L4-S1 vertebrae using a pair of rongeurs. Once the L4 DRG was 
appropriately exposed, the iPSC solution was added to a syringe fitted with a 33-gauge 
blunt needle. The needle was left in for one minute after perforation of the DRG, before 
slowly injecting the solution. The needle was withdrawn after an additional 60 seconds. 
The deeper and artificial layers of muscle were loosely closed by interrupted sutures 
using absorbable 6.0 suture material (polypropylene), starting with the deep layer, and 
followed by the more artificial layer. The skin was sutured with absorbable 4-0 suture 
material. In case of hemorrhage, bleeding was stopped using sterilized cotton buds, and 
subcutaneously injected with an additional 1-2 mL of saline to compensate the loss of 
fluid. 

Post-operative care 
 

Animals were placed on a heating pad, in a clean autoclaved cage with soft cotton 
bedding, food and water ad libitum, and were regularly monitored for at least 1h post-
surgery before returning to the animal facility. To promote recovery, the animals were 
placed at maximal capacity of two per cage for at least a week following surgery. Animal 
health state was monitored daily and checked for abnormal growth formation and/or 
pain behaviors (i.e. hunched back, grimacing, reduced grooming). Animals showing 
signs of infection, severe discomfort, distress, aberrant weight loss or visible tumors 
were subsequently euthanized. Due to the current study targeting chronic pain 
research, no post-operative analgesics were administrated. Signs of post-operative 
pain-related symptoms persisting for longer than one week also resulted in euthanasia. 
Animals that died or were euthanized prematurely without tissue collection are not 
described in this study. 

EUTHANASIA & TISSUE COLLECTION 
 

Transplanted animals were anesthetized with (80/5 mg/kg, i.p.) ketamine/xylazine 
and euthanized by cardiac perfusion using 0.01M phosphate-buffered saline (PBS) 
followed by ice-cold 4% paraformaldehyde (PFA) in 0.1M phosphate buffer (ddH2O, 
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1L; sodium phosphate, 2.96g; anhydrous disodium phosphate, 11.5g; pH 7.4), as 
described [43]. Spinal cord, ipsilateral and contralateral L3, L4, L5 and L6 DRGs were 
collected at 24h, 72h, two-, four- and six-weeks post-transplant. After removal, tissues 
were immersed in 4% PFA for 20 min and cryo-preserved in 30% sucrose in PBS at 4°C 
overnight. DRGs were examined under the (two-photon) fluorescent microscope to 
evaluate changes in DRG size, presence of cancerous lesions, and GFP expression. They 
were then molted into OCT (ThermoFisher Scientific, Pittsburg, PA), snap-frozen in 
70% ethanol in melting dry ice and stored at -80°C for at least 24h prior to cryostat 
sectioning.  Embedded tissue blocks were cut at 10 μm, mounted on slides (Fisher 
Scientific, Pittsburgh, PA), and either immediately processed for 
immunohistochemistry or stored at -20°C. For simple euthanasia without tissue 
harvest, animals were euthanized with carbon dioxide narcosis and decapitated using 
a rat-sized guillotine. For DRG explant collection, neonatal rats (P1-P5) were injected 
with ketamine/xylazine i.p. and decapitated.  

DRG EXPLANT CULTURE 
 

DRG injection explants 
 

Quickly after euthanasia, an incision was made along the animal’s back and vertebrae. 
A laminectomy was performed and exposed lumbar L3-L6 DRGs from both sides of the 
vertebrae were each injected with 1 μL of ~1,000-10,000 iPSC-NPCs in N2 + 4GFs 
medium. Immediately, injected lumbar DRGs were carefully dissected out and placed 
in cold DMEM/F12 and cleaned of meninges, blood, and roots. 

Explant culture 
 

The DRGs from the same animal were individually (max 3 per dish) planted on 35-mm 
glass bottom dishes (MatTek), pre-coated 2h prior with either Matrigel (in serum-free 
Dulbecco’s modified Eagle’s medium (DMEM)/F12 (1:1), GibcoTM), rat-tail collagen 
COL IV in DMEM/F12 on poly-D-lysine/laminin (PDL/LAM) pre-coated coverslips 
(BD Biosciences), or PDL/LAM coverslips only, and maintained at 37oC. Explants were 
immersed in a 30-50 μL drop of media for 24h to prevent detachment, before slowly 
adding the complement 2 mL media. The medium used for explant growth were either 
DRG media (DMEM/F12 with penicillin (100 U/ml), streptomycin (0.1 mg/ml; Gibco), 
2 mM L-glutamine (Gibco), and 10% fetal bovine serum (SH30088, Hyclone, Logan, 
UT), supplemented with NGF/GDNF 1:1000); Neurobasal-A (NB) media 
supplemented with 2% B27, 0.37% L-glutamate/ 0.25% L-glutamine, with or without 
NGF and/or GDNF; and serum-free DMEM/F12 media. The different culture 
conditions are listed in Table 1. The media was replaced every 48-72h for up to 4 weeks. 

IMMUNOHISTOCHEMISTRY 
 

Cryostat 10 μm tissue sections were mounted on glass microscope slides (Fisher 
Scientific, Pittsburgh, PA), air dried for 2h and either immediately processed for 
antigen detection or stored at 4°C overnight. Alternatively, sections were stored at -
20°C for later use. The sectioned tissues were rehydrated using 0.01M PBS for 10 min, 
then incubated in blocking solution (4% normal donkey serum, 2% BSA, 0.1% Triton 
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X-100 in 0.01M PBS) for 1h at RT. The sections were subsequently incubated with the 
primary antibodies of interest in blocking solution, as follows: mouse anti-hNu (1:200), 
mouse anti-NeuN (1:200), chicken anti-hGFAP (1:250), mouse anti-S100 (1:100), and 
chicken anti-peripherin (1:1000) overnight at 4°C or 2h at RT. Sections were rinsed 3 
times for 5 min with 0.01 M PBS, before incubation with the appropriate secondary 
antibodies (1:1000) in blocking solution for 1h at RT. The sections were further washed 
3 x 5min in 0.01M PBS, stained with 4', 6-diamidino-2-phenylindole (DAPI, 
ThermoFisher (1:1000) in PBS) for 10 min, rinsed 3 x 5 min in PBS, then mounted on 
glass coverslips with mounting medium and left to dry at RT for 2h, then ON at 4°C.  

IMAGING 
 

Inverted optical microscope 
 

Injected neonatal whole-DRG explants in culture were assessed bi-weekly under optical 
microscopy. 
 

Two-photon confocal 
 

Images from in vivo transplanted iPSCs and iPSC-NPCs in juvenile animals were 
acquired using a two-photon Nikon C1 confocal microscope.  Tissue sections were 
imaged with a 20x air objective or a 40x water immersive objective, using the confocal 
acquisition settings. Collected whole DRG explant from transplanted adult rats with 
undifferentiated iPSCs were immersed in an optically transparent gel (GENTEAL®, 
lubricant eye gel) to immobilize them without altering the tissue and placed between 
two glue-bound coverslips. An A1RMP+ (Nikon) equipped with gallium arsenide 
phosphide detectors and a Chameleon Vision II (Coherent) two-photon laser, tuned to 
excite GFP, was used to acquire z-stack image slices in 0.5-μm steps of the whole 
explant, through a 25x/1.1 water immersion objective (Nikon). Stacked images with 
detected GFP fluorescence were pre-selected and compiled into a single plane with 
maximum intensity. Injected DRGs were compared to contralateral, non-injected 
DRGs, after adjusting threshold and subtracting background, as described [44, 45]. 

Spinning disk 
 
 

Images of DRG explants from adult rats transplanted with iPSC-NPCs were acquired 
using an Andor Dragonfly spinning disk confocal microscope built on a Nikon Eclipse 
Ti fluorescence microscope, as described [46, 47].  Whole explants were mechanically 
detached by gently scraping grown extensions 3-4 weeks post-graft. DRGs (n=12) were 
then either enzymatically dissociated for culture (Supplementary material) or prepared 
for microscopy (n=7). Tissues were fixed in 4% PFA for 20 min and cryopreserved in 
30% sucrose at 4oC. After at least 45 min in sucrose, the explants were placed on 
PDL/LAM-coated glass-bottom 35 mm dish in a clear gel (GENTEAL®, lubricant eye 
gel), mounted to a coverslip for imaging. Images were collected with an Andor iXon 
Ultra 888 EMCCD camera through a Plan Apo Lambda 60× (NA1.4) oil objective.  
 
STATISTICAL ANALYSIS 
All the acquired images were processed using FIJI (ImageJ) 
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Undifferentiated iPSCs in adult rat DRGs survived and proliferated in vivo   

Current in vitro iPSC differentiation protocols are limited to homogenous, immature 
cultures. Recently, targeted DRG injection of iPSC-SNs for in vivo development has 
provided promising avenues, yet this methodology has failed to show a mature 
electrogenic profile [27]. In an effort to recapitulate in vivo developmental conditions 
from an early stage, we introduced undifferentiated iPSCs into the lumbar L4 DRG of 
immunosuppressed juvenile rats (n=13; Figure 1). Building on past findings that iPSCs 
in the adult mouse brain require at least four weeks to reach their fully differentiated, 
mature phenotype [25], we assessed the progress of transplanted cells until one-month 
post-graft. Human iPSCs were provided by the Allen Institute, where they were 
transduced to express GFP in the safe harbor locus AAVS1 of the PPP1R12C gene, 
allowing iPSCs to be distinguished from naive rat cells. Endogenous GFP expression 
was achieved in over 99% of cells and maintained throughout differentiation in vitro 
(Figure S1, S2), indicative of robust fluorescence without silencing. In vitro 
differentiated iPSC-SNs depicted normal biophysical properties and cellular 
electrophysiology (Figure S2). 
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FFIIGGUURREE  11  ––  TTaarrggeetteedd  iinn  vviivvoo  aanndd  eexx  vviivvoo  ddiiffffeerreennttiiaattiioonn  ooff  hhuummaann  iiPPSSCCss  iinn  rraatt  ddoorrssaall  rroooott  ggaanngglliioonnss  
((DDRRGG)).. ((AA)) WTC-mEGFP-AAVS1-cl6 iPSCs were maintained as described (Methods). Undifferentiated 
cells were either directly prepared for DRG transplant or differentiated into NPCs. Prior to DRG 
injection, iPSCs were enzymatically detached with Dispase (iPSC) or TryplE (iPSC-NPC) and further 
mechanically dissociated into DMEM/F12 (iPSC) or N2 + 4GF (iPSC-NPCs). The cells were filtered 
through a 70 μM nylon mesh strainer and centrifuged. The pellet was resuspended into 1mL of the 
appropriate medium, counted and placed on ice until injection. ((BB)) The cells were transplanted into 
juvenile rats, made immune-deficient by daily dosing of 15mg/kg of cyclosporine A, either 
subcutaneously (s.c.) injected, or perfused through an osmotic pump, inserted immediately post-
transplant. A partial laminectomy was performed under sterile conditions to expose the L4 DRG, and 
5μL of cells were injected. The animals were sutured, and the pump was inserted, when appropriate. 
iPSC and iPSC-NPC were left to differentiate for up to 6 weeks.  ((CC))  Neonatal rats were euthanized, and 
the L3 through L6 DRGs from both sides of the vertebrae were exposed. 1μL of iPSC-NPC were injected 
in each of the six DRGs. The explants were dissected out, cleaned in DMEM/F12 and plated onto pre-
coated 35mm glass bottom dishes with either Matrigel, poly-D-lysine/laminin (PDL), and fed with 
neurobasal A or DRG medium for up to 4 weeks.  Whole DRG explants were regularly monitored under 
an optical microscope to observe changes in morphology and neurite development. 

Transplanted DRGs were examined under two-photon confocal microscopy to evaluate 
changes in DRG size, presence of cancerous lesions, as well observe endogenous GFP 
patterns of expression underlying iPSC survival and differentiation. Fluorescent cells 
were shown to cluster within the injection site after one week (Figure 2A), and to 
expand over time, forming a large GFP-positive growth within two weeks post-graft 
between the ganglia and its dorsal root (Figure 2C, D). After one month, GFP-
expressing iPSCs segregated and proliferated within the bulb-shaped mass, which had 
at least doubled in size (Figure 2E) since the two-week end point (Figure 2D). 
Additionally, iPSCs developed a more cell-like shape with elongations, forming a  
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FFIIGGUURREE  22  ––  TTwwoo--pphhoottoonn  iimmaaggiinngg  ooff  jjuuvveenniillee  SSDD  rraatt  DDRRGGss  ffoolllloowwiinngg  iinnjjeeccttiioonn  ooff  uunnddiiffffeerreennttiiaatteedd  iiPPSSCCss.. 
Xeno-transplanted DRGs were collected ((AA--BB)) one-, ((DD)) two-, and ((EE)) four-weeks after surgery. Images 
were obtained by compiling Z optical sections, selected for the maximal intensity at 510 nm 
wavelength to excite endogenous GFP fluorescence [48]. ((AA)) After one week, imaging of the injected 
L4 DRG (z-section 20 to 32) shows the syringe needle tract (encircled with white dots), where GFP-
expressing cells were found to cluster; ((BB)) while in the contralateral, un-injected L4 DRG, no 
fluorescence was observed. ((CC--EE)) After two-four weeks, a GFP-positive mass was visible at the dorsal 
root of the injected DRGs, which enlarged over time. ((CC)) Cartoon representation of the size and 
morphology of the mass after is shown one-month post-graft. ((DD)) Two-photon analysis of the mass 
revealed elevated fluorescence of cellular bodies, indicating the presence of iPSCs. Selected stacked 
z frames 18/64, 29/64, 36/64 (top to bottom) show diverse cell shapes developing in deep layers of 
the mass (z-section 1 to 20). ((EE)) One-month post-transplant, the mass almost doubled in size and 
depicted a complex cellular network with increased fluorescence and higher cell numbers. The cells 
segregated in an organized fashion and formed elongated cellular extensions. Scale bars 50 μM.  

complex cellular network (Figure 2E, 3C). To verify the exclusive expression of GFP in 
human iPSC-derived cells and not in rat endogenous cells, DRGs sections were stained 
against the human nuclear antigen (hNu). Immunostaining of endogenously 
expressing GFP (eGFP+) cells demonstrated selective hNu expression in iPSCs, which 
co-localized outside the ganglia (Figure 3). GFP+/hNu+ DRG sections showed elevated 
iPSC proliferation surrounding the dorsal root and part of the DRG, as early as two 
weeks post-graft (Figure 3B, D). However, iPSCs remained in the DRG vicinity and did 
not migrate to the spinal cord (Figure S3).  
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FFIIGGUURREE  33  ––  GGFFPP--eexxpprreessssiinngg  cceellllss  iinn  xxeennoo--ttrraannssppllaanntteedd  DDRRGG  sseeccttiioonnss  aarree  iimmmmuunnoorreeaaccttiivvee  ttoo  tthhee  hhuummaann  
nnuucclleeaarr  aannttiiggeenn.. ((AA--DD)) Following injection of undifferentiated iPSCs into the DRG of juvenile rats, all 
GFP-expressing cells were found to co-localize with the human nucleus (hNu; red) antibody. hNu-labeled 
iPSC-derived cells proliferated and segregated into diverse shapes. DRG sections were visualized using 
confocal microscopy ((AA--BB)) two weeks and ((CC--DD))  one-month post-transplant. ((AA--CC)) The cells present in 
the GFP-positive mass, adjacent to the DRG, stained positively against hNu-647. ((BB--DD)) The mass grew 
exponentially within the DRG tissue without co-localizing with endogenous DRG neurons in either the 
ganglia or the root. ((DD)) DRG neurons are indicated by white arrow, the dorsal root is indicated by a 
yellow arrow. Scale bars 50 μM. 

 
Enlargement of the mass was reported between two and four weeks, within which the 
cells further differentiated and formed cellular connections with one another, but not 
with naive rat DRG neurons (Figure 3A, C).     
 
In vivo derived iPSCs failed to differentiate into DRG cells of neuronal or glial 
lineages 
 

With the goal to induce sensory neurogenesis in vivo through microniche endogenous 
interactions, we immunolabelled iPSC-transplanted DRG sections with canonical 
markers of neurons and sensory neurons (Figure 4). Immunohistochemistry was 
performed to determine the percentage of neuronal versus non-neuronal cells 
expressing GFP, as well as to evaluate the different cell types into which the iPSCs 
differentiated. GFP-expressing cells were located exclusively outside the ganglion and 
along the root and did not co-localize with animal neurons (Figure 4A, C, E). However, 
NeuN+ and peripherin+ cells were detected within the iPSC mass, suggesting that 
rodent neuronal derivatives developed post-graft (Figure 4B, D, F). Nevertheless, the 
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FFIIGGUURREE  44  ––  iiPPSSCC--ddeerriivveedd  cceellllss  ddoo  nnoott  sshhooww  cclleeaarr  ccoo--llooccaalliizzaattiioonn  wwiitthh  nneeuurroonnaall  mmaarrkkeerrss..  ((AA--FF)) DRG-
injected undifferentiated iPSCs were immunostained against neuronal marker NeuN (magenta) and 
sensory neuronal marker peripherin (red). Images were obtained using confocal microscopy ((AA--BB)) two 
weeks and ((CC--FF)) one-month post-transplant. ((AA--BB,,  DD--FF)) Endogenous GFP (eGFP) expression was 
detected throughout the mass layers; however, ((AA,,CC,,DD)) No green fluorescence was detected within the 
neuronal core of the ganglia. ((CC)) Immunoreactivity to NeuN was observed in a small fraction of the 
eGFP+ iPS mass, pointed out with a white arrow. ((DD)) Magnification of the eGFP+/NeuN+ mass shown 
in (C); and ((EE)) the eGFP+ iPS mass zoomed in, indicating possible co-localization and/or depth-related 
autofluorescence. ((BB,,FF))  Immuno-labelled NeuN and peripherin cells were found within the eGFP+ mass 
without GFP co-expression. iPSCs ‘co-habit’ with endogenous neurons but do not express neuronal 
markers. Scale bars 50 μM. 
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morphology and size of NeuN+/peripherin+ cells in the eGFP mass may indicate 
immaturity of the derivatives. Alternatively, the presence of impurities within the 
sections or the heightened 3D structure of the mass may have resulted in unspecific 
binding. Furthermore, the neuronal cells detected in the growth did not express GFP, 
demonstrative that iPSCs did not differentiate into neurons. Beyond sensory neurons, 
the DRG is composed of numerous other cell types, including glial cells, which 
represent a large portion of the ganglia network. To assess whether iPSCs differentiated 
into non-neuronal cell types, specifically glia, DRG sections were stained against the 
glial GFAP and S100 markers (Figure 5). Like for neuronal cells, eGFP+ iPSCs did not 
positively stain for either marker (Figure 5A, C), but immunoreactivity to glial cell 
antibodies was observed in the iPSC mass (Figure 5B, D). In particular, GFAP+ cells 
grew long extensions throughout the iPSC environment (Figure 5B, D), in a similar 
fashion to those located in the DRG root (Figure 5A, C), suggesting plasticity of animal 
DRG glial cells, whereby endogenous cells can grow outside of the DRG and ‘co-habit’ 
with iPSCs without directly co-localizing.  

Transplantation of undifferentiated iPSCs into immunosuppressed animals 
induced cellular proliferation into a tumor-like growth 
 

Xenotransplantation of iPSCs remains limited for its elevated risk of tumorigenicity, as 
a result of iPSCs’ pluripotent nature and the need for compromising immunity to 
prevent graft rejection [25, 37]. Morphological analysis of the eGFP+/hNu+ iPSC mass 
suggests trilineage differentiation into the embryonic germ layers, demonstrating the 
ability of injected iPSCs to maintain their pluripotent potential in vivo (Figure 6, S4). 
After four weeks, GFP-expressing cells within the mass formed extensive cellular 
networks of repetitive patterns. Direct comparison with a published histological 
staining of a teratoma [49] and embryonic germ layers [25] showed ectoderm 
morphology in iPSC-formed open clusters (Figure 6B, left), the mesoderm in iPSC 
closed clusters (Figure 6B, middle), while luminal cell-like conformation corresponded 
to the endoderm layer (Figure 6B, right), suggesting teratoma formation. In an attempt 
to reduce the risk of teratogenesis, we transplanted undifferentiated iPSCs into the 
DRG of immunocompetent animals (n=6). Tissue collection was performed 72h and 
one-week post-graft and revealed inflammation at the site of injection and in the DRG. 
Two-photon imaging showed some dimer fluorescence in both injected and some non-
injected DRGs, which may result from immune cell infiltration, possibly of 
macrophage-ingested iPSCs. While the animals did not show cancerous lesions, no GFP 
or immunoreactivity to hNu was detected in the DRG sections, suggesting iPSC graft 
rejection (Data not shown).  
 
Additionally, to circumvent limitations related to undifferentiated iPSC-induced 
teratoma, iPSCs were pre-differentiated to NPCs. iPSCs were exposed to a cocktail of 
inhibitory molecules for 9-16 days, by which time the neural fate was achieved but 
sensory neuron differentiation had not been initiated [36]. Targeted DRG injection of 
iPSC-NPCs into immunodeficient rats (n=6) resulted in iPSC differentiation into  
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FFIIGGUURREE  55  ––  GGFFPP--eexxpprreessssiinngg  cceellllss  ddoo  nnoott  eexxpprreessss  gglliiaall  mmaarrkkeerrss..  ((AA--DD)) In vivo transplanted 
undifferentiated iPSCs were labeled for glial marker GFAP (red) and non-myelinating Schwann cell 
marker S100 (cyan). Images were obtained under confocal microscopy ((AA--BB)) two weeks and ((CC--DD)) four 
weeks post-transplant. ((AA,,CC)) eGFP+ iPSCs did not co-localize with endogenous glial or Schwann cells. 
((BB,,DD)) However, immunoreactivity to GFAP and S100 cell markers was observed within the iPSC mass. 
Scale bars 50 μM. 

 

neuronal-like cells when DRGs were dissociated in culture. (Supplementary methods, 
Figure S5). Furthermore, animals showed no sign of tumor formation for up to 6 weeks 
post-graft. However, we were unable to functionally assess GFP-expressing cells using 
patch clamp technology due to their limited numbers and location on the edge of the 
coverslip. In turn, we were unable to perform immunostaining to establish their lineage 
identity. 
 
Long-term culture of whole DRG explant relies on selective extracellular 
matrices and medium   
 
 

Over the past decade, several DRG explant protocols have been developed without a 
gold-standard method being established. In this study, we exposed neonatal DRGs 
injected with iPSC-NPCs to different combinations of extracellular matrices (ECM), 
medium, and growth factors for up to four weeks post-graft (Figure 1, 7, Table 1, Figure 
S1). DRG explants from neonatal rats have been shown to have a higher capacity to  
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FFIIGGUURREE  66  ––  TTrraannssppllaanntteedd  iiPPSSCCss  ddiiffffeerreennttiiaatteedd  iinnttoo  tthhee  tthhrreeee  eemmbbrryyoonniicc  ggeerrmm  llaayyeerrss  iinn  vviivvoo..  ((AA)) The three 
embryonic germ layers are canonical markers of iPSC pluripotency and teratogenicity. The staining shows 
the representative structures (indicated by arrows) of the ectoderm, mesoderm, and endoderm. ((BB)) DRG 
sections of the iPSC mass, under confocal microscopy show eGFP+ (green) repetitive patterns, such as 
luminal cell-like conformation and web-like networks, which are co-labeled with hNu (red). The diverse 
shapes adopted by transplanted iPSCs one-month post-graft demonstrate close similarity to tumor-like 
clusters. Histological staining of teratoma formation with hematoxylin and eosin was published by Iovino et 
al [49]. Scale bars 50 μM. 
 

 
grow compared to adult neurons [50] and to depict enhanced neurogenesis. Cells from 
explants cultured on Matrigel attached strongly to the ECM and depicted a healthy 
morphology (Figure 7, Table 1). Additionally, cells started migrating from the DRG 
rapidly and expanded, completely covering the 35mm dish by week 3-4. On the other 
hand, explants grown on PDL-coated dishes developed limited neurite extension and 
showed reduced cell migration. Cell migration, clustering, and neurite growth were 
improved when the cells were exposed to NB media, rather than DRG media. 
Nonetheless, the DRG still maintained strong attachment to the matrix in either 
medium. Both NB and DRG media were successful in providing the nutrients necessary 
for long-term cultures. However, explants grown in DRG media required less replating 
and maintained their integrity better, while NB media increased neurite length and 
fasciculation. Furthermore, addition of both NGF and GDNF growth factors always 
improved the culture conditions. Collagen matrix and serum-free DMEM/F12 media 
showed the least success (data not shown). 
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FFIIGGUURREE  77  ––  RReepprreesseennttaattiivvee  ccuullttuurreess  ooff  wwhhoollee  DDRRGG  eexxppllaannttss,,  44--wweeeekk  ppoosstt--iiPPSSCC--NNPPCC  iinnjjeeccttiioonn.. Neonatal 
DRGs were injected with iPSC-NPCs post-mortem and plated on Matrigel- or PDL/LAM-coated 35 mm 
glass-bottom dishes for 3.5 - 4 weeks. Explants were supplied with DRG media or Neurobasal-A (NB) 
media with NGF and GDNF. DRG explants plated on Matrigel-coated dishes developed extensive neurite 
outgrowth with either medium. In PDL-coated dishes, DRGs maintained their integrity but showed 
limited neurite development. The cultures were imaged using optical microscopy at 10x and 20x 
magnification. 

 
 
iPSC-NPCs survived and maintained GFP fluorescence ex vivo in whole 
neonatal DRG explant cultures  
 
 

Targeted DRG explant injection of iPSC-NPCs provides the advantage and limitation 
of being independent from complex body interactions. Hence, iPSCs are only subjected 
to direct microniche interactions without risk of graft rejection. Injected pre-
differentiated cells were able to survive ex vivo for up to 4 weeks and were detected in 
three out of seven explants under spinning disk confocal microscopy (Figure 8A, B, S6). 
Culture conditions did not appear to impact cell survival, as GFP fluorescence was 
observed in DRG explants grown in Matrigel-coated plates with NB media, and in 
PDL/LAM-coated plates with either DRG or NB media (Table 1, S1).  Z optical planes 
were performed throughout the whole explants yielding 60-125 individual sections that 
were stacked together and selected for maximal intensity. Obtained images revealed 
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selective endogenous GFP expression in cells depicting a neuronal morphology with 
ramifications that extended to form a cellular network within the DRG (Figure 8A). 
eGFP+ iPSC-derived cells further formed clusters independently from endogenous 
neurons (Figure 8B) and segregated in the outer edge of the DRG, in the superficial 
layer (Figure 8C, D). Subsequent immunolabeling of the iPSC cluster in DRG sections 
showed that the ex vivo derived cells did not co-localize with the neuronal marker 
NeuN, indicating a non-neuronal identity (Figure 8D). Other explants (n=12), 
including two DRGs with endogenous cellular GFP expression were enzymatically 
dissociated for functional assessment. However, elevated cell debris in culture 
prevented the detection of eGFP+ cells. 

 
 

The influence of the native DRG microenvironment on the fate and behavior of iPSCs 
is still poorly understood. Most iPSC xenotransplantation studies in sensory systems 
have focused on spinal cord injury for regenerative medicine. Injection of iPSCs into 
the DRG is still relatively novel, with limited research available. To the best of our 
knowledge, this is the first study to attempt DRG transplantation of undifferentiated 
iPSCs. The native niche exposes iPSCs to signaling cues necessary for maturation and 
full protein expression [25, 26]. By tagging the cells with green fluorescence, we were 
able to assess the behavior of the donor cells in vivo and ex vivo. We show that 
xenotransplantation of undifferentiated human stem cells into rat DRGs in vivo 
induces cells to proliferate uncontrollably overtime and to segregate into a large mass, 
suggesting tumorigenesis. We also found that the pluripotency of grafted cells impacted 
their ability to differentiate into sensory neurons and glial cells. Forced neural 
induction in stem cells, by pre-differentiating them into neural precursors, prevented 
teratoma formation and allowed the cells to form neuronal-like connective structures. 
Likewise, iPSC-NPCs were found to differentiate ex vivo and to form neurite-like 
extensions when injected into neonatal DRG explants. Although the donor cells did not 
stain for mature neuronal markers, these findings are promising for developing safe 
DRG transplantation strategies and establishing in/ex vivo differentiation protocols. 
 
A major concern that has restricted the use of transplanted undifferentiated iPSCs in 
current research lays in their elevated tumorigenic potential, due to their pluripotent 
nature [37]. In line with compiled studies that have shown tumorigenesis to occur in 
immune-depressed recipients of iPSCs [25], we show that transplanting 
undifferentiated iPSCs into the DRG of immunocompromised animals results in 
exponential cellular proliferation outside the ganglia and around the dorsal root 
(Figure 2,3). Specifically, we demonstrate that grafted undifferentiated iPSCs segregate 
into a large mass and cluster into organized networks that resemble those described in 
the embryonic germ layers and teratomas [25, 49], suggesting tumor formation (Figure 
2, 6, S4). Yet, immunolabeling of the donor cells located in the mass with pluripotent 
cell markers is needed to confirm tumor composition. Targeted transplantation of  
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TTAABBLLEE  11  ––  DDRRGG  eexxppllaanntt  ccuullttuurree  ccoonnddiittiioonnss.. Whole DRG explants injected with iPSC-NPCs were grown 
on 35 mm glass-bottom dishes pre-coated with Matrigel, Collagen IV, or poly-D-lysin/laminin 
(PDL/LAM). The explants were provided with either DRG medium, Neurobasal-A (NB) medium or 
serum-free DMEM/F12, supplemented with NGF, NGF/GDNF or no growth factors. Optimal DRG growth 
conditions were observed when planted on Matrigel plates with either medium, supplemented with 
both NGF/GDNF. Second, DRG explants showed effective attachment and growth when planted on 
PDL/LAM coverslips in both medium, supplemented with NGF and GDNF. Poor culture conditions were 
reported when DRG explants were grown on collagen-coated dishes, and in all ECM, when fed with 
serum-free media or in NB/DRG medium without the full complement of growth factors. GFP 
endogenous fluorescence was detected in explants grown in Matrigel-coated plates, supplemented 
with NB medium and NGF/GDNF and in PDL/LAM-coated dishes, supplemented with either DRG or NB 
medium with NGF/GDNF.  
 
 
undifferentiated iPSCs into the brain of immunocompetent animals has been shown to 
promote cell survival and differentiation into mature neurons, without tumor or 
precancerous lesions for a year post-graft [25].  
 
However, when transplanting iPSCs into the DRG of immunocompetent animals, 
grafted cell survival was dramatically impacted. While we did not observe teratoma 
formation, marked inflammation at the site of incision and in the DRG suggests graft-
versus-host rejection. Successful cell engraftment in the brain of immunocompetent 
mice rather than in rat DRGs may be explained by differences in the organ context for 
induced-iPSC differentiation. With active neurogenesis, the brain has been shown to 
promote substantial nuclear fusion between injected and recipient cells, while different 
brain regions have been demonstrated to have distinct properties in their influence on 
transplanted iPSCs [25]. Hence, the DRG might simply be less permissive to cell 
engraftment and survival than other organs. Moreover, the number of injectable cells 
in the DRG is significantly smaller compared to the rodent brain, which may have 
participated in reducing our rates of engraftment. Also, its anatomical location and  
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FFIIGGUURREE  88  ––  EExx  vviivvoo  ttrraannssppllaanntteedd  iiPPSSCC--NNPPCCss  ssuurrvviivvee  aanndd  ddeevveelloopp  nneeuurriittee--lliikkee  eexxtteennssiioonnss  bbuutt  ddoo  nnoott  
ddiiffffeerreennttiiaattee  iinnttoo  mmaattuurree  nneeuurroonnss..  ((AA--BB)) Whole DRG explants were imaged using spinning disk confocal 
microscopy. Z optical sections were stacked and selected for maximum intensity. eGFP+ iPSC-NPCs 
were visualized by applying a 510 nm excitatory wavelength. Specific GFP fluorescence was demarked 
by exciting endogenous yellow fluorescence (eYFP) and demonstrated iPSC-selective GFP expression. 
GFP-expressing cells segregated and formed neuronal-like bodies with long extensions. Scale bars 50 
μM. ((CC)) Subsequent cryostat sections of the DRG explant (B) were visualized under a fluorescent optical 
microscope, which recapitulated endogenous GFP expression. ((DD)) The sections were immunolabeled 
with neuronal marker NeuN (red). eGFP+ iPSC-NPCs did not express neuronal antigens, indicating that 
the cells did not differentiate into neurons. Scale bar 10 μM. 
 
 
small structure make injections more difficult to perform [27]; as such, we might have 
induced sufficient damage to evoke an immune response. Conversely, incurred 
damages to the DRG may have contributed to teratoma growth, as increased 
tumorigenic potential has been reported in immunocompromised animals with 
lesioned and diseased tissues [32, 38]. Opting for an automated injection system 
mounted on a stereotaxic apparatus may limit unnecessary perforations during 
surgery. 
 
Alternatively, pre-differentiation into a specific lineage before graft has been reported 
to reduce the risk of teratogenesis in immunodeficient animals. By forcing neural fate 
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expression, the cells lose their pluripotent potential and their capacity to proliferate 
uncontrollably [25, 51-53]. Although not guaranteeing their safe utilization, 
differentiation into neural precursors for DRG injection has highlighted protective 
effects in a recently published study [27]. Pre-differentiated iPSC-neurospheres, 
transplanted into immunodeficient rat DRGs, demonstrated effective survival and 
differentiation in vivo for up to eight weeks post-graft. Furthermore, injected cells 
showed markers of all three sensory neuron subtypes, indicative of their ability to 
produce heterogeneous populations, with neuronal projections that extended into the 
spinal cord and along the neuronal tracts [27]. Here, the inability of transplanted iPSCs 
to differentiate into DRG neuronal and glial cells (Figure 4,5), or migrate to the spinal 
cord (Figure S3), might result from clustered iPSCs spontaneously differentiating into 
embryonic germ layers. From our experience with in vitro iPSC maintenance, cell-to-
cell interactions between undifferentiated and differentiated iPSCs promotes 
aggravated, widespread spontaneous differentiation. In turn, it can be expected that 
grafted cells differentiated uncontrollably and were unable to achieve a neuronal 
identity. Furthermore, cellular segregation outside the DRG may have filtered out the 
signaling cues necessary to initiate their derivation into sensory neurons. Nonetheless, 
transplanted iPSC-NPCs residing outside the DRG have been shown to retain 
expression of neuronal and glial markers [27], suggesting that failure to differentiate 
into DRG cell lineages pertained to the cells’ pluripotency. Otherwise, as it is generally  
well-accepted that iPSC-converted somatic cells retain an epigenetic memory [54-56], 
due to incomplete silencing of the specific expression patterns of the donor cells [54, 
57]. As such, the cell type of origin may bias the differentiation propensity of iPSCs 
[58, 59]. Perhaps here, the use of fibroblast-derived iPSCs compromised their 
capacity to differentiate in vivo.
 
Neural induction was instead elicited pre-graft by exposing iPSCs to the same 
inhibitory cocktail as for in vitro sensory neuron differentiation, for nine to sixteen days 
instead of eight weeks [5]. Transplanted iPSC-NPCs appear to have differentiated into 
neuronal-like cells six weeks post-graft after DRGs were dissociated in culture (Figure 
S5), indicating that depleting cells of their pluripotency may promote their 
differentiation into sensory neurons, while preventing teratoma development. 
However, functional characterization of the donor cells was not possible due to their 
limited numbers, perhaps caused by substantial cell loss during the culture process. In 
the future, DRG injection of Ca2+ reporter iPSCs might circumvent culture-related 
challenges and allow in vivo electrophysiological assessment. Selecting iPSCs with a 
pre-differentiated NPC lineage [27] and thorough screening for pluripotent markers 
prior to grafting [60] might provide the means for sensory neuron differentiation, 
without tumorigenesis, and should be extrapolated in future experiments.  
 
Ex vivo iPSC graft of DRG explants has provided interesting avenues to combat both 
the tumorigenic potential of stem cells and the risk of graft rejection. Recently, 
fibroblast derived-organoids injected into rat DRG explants showed high survival rate 
while maintaining nociceptive, proprioceptive and mechanosensitive identity two 
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weeks post-graft. Furthermore, transplanted cells were shown to aggregate with 
endogenous neurons and to form interconnected structures [28]. Importantly, as the 
injected donor cells were already fully differentiated into DRG organoids, their ability 
to differentiate and mature ex vivo cannot be accurately measured. After developing a 
DRG explant model for iPSC differentiation (Figure 7), we show that GFP-expressing 
iPSC-NPCs survived and portrayed a neuronal-like morphology (Figure 8, S6). 
However, immunostaining of one of the explants with verified endogenous GFP 
expression failed to show expression of neuronal markers (Figure 8D). Nonetheless, 
these results should be carefully interpreted due to the particularly small sample size 
of DRG explants with detectable iPSC levels.  Furthermore, NeuN is a marker of 
mature, differentiated neurons, and as explant sections were imaged after only four 
weeks, longer allocated timeframes may have yielded mature neurons. 
Immunolabeling with markers of early neuronal development, such as Brn3A and Islet1 
might allow us to better assess cellular identity and stages of differentiation. Finally, an 
important drawback of ex vivo generation of sensory neurons lays in the lack of 
complex, integrated organ network interactions as the DRGs are isolated from the 
whole body, which might hinder their derivation. 
 
 

 
The current gap in knowledge on sensory neurogenesis and maturation in vivo has 
hindered our ability to model human DRGs using iPSCs. In this study, we attempted to 
bring iPSC-derived cells closer to mature native cells by providing the 
microenvironmental context lacking from in vitro cultures. Our findings show the 
necessity of adopting a neural fate for in vivo differentiation in the DRG and to prevent 
tumorigenesis. Nevertheless, premature neural induction remains challenging due to 
cells lacking the nutrients and signaling cues required pre-differentiation to reach 
functional maturity. Solutions are currently being developed for eliminating the 
teratogenic potential of iPSCs, such as bee venom [61], allowing future studies to 
reinvestigate the potential prospects of transplanting early-stage iPSCs. Advances in 
xenotransplantation research can propel our knowledge of critical key components of 
the DRG microniche influencing cell behaviors and foster the development of in vitro 
enrichment strategies [62].  
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SELECTION OF INJECTABLE NUMBERS OF IPSCS 
Juvenile, rather than adult, rats were selected to improve dissociated DRG recording 
conditions and for their amenability to surgical intervention. The lumbar DRGs were 
selectively transplanted, as they not only contain the cell bodies of the nociceptive 
fibers, but as the largest, they enabled higher cell numbers to be injected. The number 
of injected iPSCs was estimated based on relative organ size/volume, animal species 
and strain, and based on whether the cells were pre- or un-differentiated at the time of 
transplant [1-6]. Additional calculations were based on the average number of neurons 
contained by a lumbar rat DRG (15,000) [7]. Previous studies have showed 200,000-
250,000 undifferentiated iPSCs to be injectable in the mouse striatum [2]. The adult 
rat striatum itself contains roughly 1.5 million neurons, or 100 times more [8]. 
Furthermore, the CNS offers a much larger surface for the cells to migrate. While 
considering elevated cell death from the dish to the DRG, an average of ~100,000 
undifferentiated and iPSCs was injected into a single DRG per animal.  

DRG CULTURE 
DRGs were enzymatically dissociated into single neurons, as described [9, 10]. Briefly, 
DRG neurons were isolated from Sprague-Dawley (SD) adult rats (240-310g; n=6) and 
1- to 5-days old rat pups (n=4) injected with iPSC-NPCs. Dissected DRGs (4-6weeks 
post-graft) and neonatal DRG explants (3-4 weeks post-graft; n=12) were incubated 20 
min at 37°C in complete saline solution (CSS; 137 mM NaCl, 5.3 mM KCl, 1 mM MgCl2, 
25 mM sorbitol, 3 mM CaCl2, and 10 mM Hepes (pH 7.2), adjusted with NaOH), 
supplemented with collagenase A and 0.6 mM EDTA (1.5 mg/ml; Roche). Adult and 
neonatal DRGs were then incubated in CSS, supplemented with Collagenase D (1.5 
mg/ml; Roche), papain (30 U/ml; Worthington Biochemical) and 0.6 mM EDTA at 
37°C for 17 min and 20 min, respectively. The tissues were centrifuged at 100g and 
triturated with 1 mL of BSA/TI (1:1) bovine serum albumin (Sigma-Aldrich) and trypsin 
inhibitor (Sigma-Aldrich) solution. For adult rat neurons, the cell suspension was 
filtered through a 70-μm cell strainer (Becton Dickinson). The cells were seeded onto 
PDL-coated coverslips and fed after 45 min with 1 mL/well DRG medium (see 
Methods).   

CURRENT - AND VOLTAGE - CLAMP ANALYSIS 
Whole-cell patch clamp experiments were performed as described [11]. Recordings 
were acquired using an EPC-10 amplifier and the PATCHMASTER program (HEKA 
Elektronik, Holliston, MA). Current-clamp recordings were obtained at 50 kHz and 
filtered at 10 Khz. Recording electrodes had a resistance <1.5 MΩ and were filled with 
the internal solution, consisting of: KCl 140 mM; HEPES, 5 mM; EGTA, 0.5 mM; 
Dextrose 20 mM; pH 7.3, 295–300 mOsm. The external solution contained: NaCl, 140 
mM; KCl, 3 mM; HEPES-NaOH, 10 mM; MgCl2, 2 mM; CaCl2, 2 mM; Dextrose, 15 mM; 
pH 7.3, 320 mOsm. The current threshold was assessed as the minimum amount of 
current necessary to induce an action potential. The firing rate was established by 
measuring the number of action potentials generated in response to incremental 500 
ms depolarizing stimuli. 
 
For voltage-clamp experiments, patch pipette electrodes were filled with intracellular 
solution, consisting of (in mM): 140 CsF, 10 NaCl, 1.1 EGTA, 10 HEPES, and 20 
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dextrose, pH 7.3, 320 mOsm. The external solution contained (in mM): 140 NaCl, 20 
tetraethylammonium (TEA), 3 KCl, 1 CaCl2, 1 MgCl2, 10 HEPES, 0.1 CdCl, pH 7.3, 

320 mOsm. Total sodium current was measured by holding iPSC-SNs at -100 mV, 
before inducing 5 mV incremental depolarizing potentials, lasting 100 ms, ranging 
from -80 mV to +40 mV. 

IMMUNOCYTOCHEMISTRY 

Immunostaining of iPSCs and iPSC-SNs was performed as described [11]. Briefly, 
undifferentiated or in vitro differentiated GFP-tagged iPSCs were fixed in 4% PFA for 
10 min in 0.01M PBS. Primary antibodies against markers for sensory neuron 
peripherin (1:900) and human nucleus hNu (1:300) were incubated overnight at 4°C, 
or 2h at RT, in phosphate buffered saline-tween (PBS-T; 0.1% Triton X-100, 2% BSA, 
4% donkey serum in PBS). Secondary antibodies (1:1000) donkey anti-chicken Alexa 
Fluor 594 and anti-mouse Alexa Fluor 647 were incubated 2h at RT in PBS-T. 
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FFIIGGUURREE  SS11  ––  CCRRIISSPPRR--CCaass99  mmeetthhooddoollooggyy  wwaass  uusseedd  ttoo  iinnsseerrtt  mmEEGGFFPP  aatt  tthhee  AAAAVVSS11  ssaaffee  hhaarrbboorr  llooccuuss  ooff  
tthhee  PPPPPP11RR1122CC  ggeennee  iinnttrroonn..  ((AA)) Top: Insertion site of mEGFP, bottom: Zoomed insertion sequence at 
AAVS1. Adapted from the Allen Institute certificate of analysis for generating the AICS-0036-006:WTC-
mEGFP-Safe harbor locus (AAVS1)-cl6 (mono-allelic tag). ((BB)) Endogenous GFP (eGFP) expression was 
confirmed in undifferentiated iPSC colonies under fluorescent light. Immunoreactivity to the human 
nuclear antibody (hNu), tagged with Alexa Fluor 549, was detected. The antibody showed selective 
binding to human cells only and co-localized with eGFP. Conversely, the anti-hNu antibody did not 
detect rat cell nuclei, showcasing its validity (not shown). Scale bar 50 μM. 
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FFIIGGUURREE  SS22  ––  IInn  vviittrroo  ddiiffffeerreennttiiaatteedd  iiPPSSCCss  aarree  ffuunnccttiioonnaall  aanndd  rreettaaiinn  GGFFPP  eexxpprreessssiioonn  tthhrroouugghhoouutt  
ddiiffffeerreennttiiaattiioonn..  ((AA))  GFP-expressing iPSCs were differentiated using our standard protocol [11], modified 
from Chambers [12]. After 8 weeks, iPSC-derived sensory neurons were exposed to fluorescent light at 
exciting wavelength 510 nm and showed consistent GFP expression across cultures. ((BB)) iPSC-
nociceptors were functionally tested using current-clamp (left) and voltage-clamp (right) analysis. The 
cells were responsive to applied current stimuli, inducing action potentials, and displayed typical wild-
type biophysical properties. 

FFIIGGUURREE  SS33  ––  UUnnddiiffffeerreennttiiaatteedd  iiPPSSCCss  ddiidd  nnoott  mmiiggrraattee  ttoo  tthhee  ssppiinnaall  ccoorrdd  ffoolllloowwiinngg  ttrraannssppllaanntt.. 
Longitudinal section of the spinal cord from injected animals 4 weeks post-transplant of 
undifferentiated GFP-iPSCs. The tissue was visualized under confocal microscopy and was stained 
against the human nuclear antigen (hNu) and nuclear antigen DAPI. The section shows no specific 
fluorescence. Scale bar 50 μM 
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FFIIGGUURREE  SS44  ––  IInn  vviivvoo  ddeerriivveedd  iiPPSSCCss  ddiiffffeerreennttiiaatteedd  iinnttoo  tthhee  tthhrreeee  eemmbbrryyoonniicc  ggeerrmm  llaayyeerrss..  ((AA--DD)) DRG 
sections were visualized under confocal microscopy one-month post-graft. eGFP+/hNu+ cells 
organized in diverse complex morphologies found in teratomas. ((AA)) Co-expressing GFP (green) and hNu 
(red) cells clustered into an enlarged mass in an organized fashion (left, scale bar 10 μM; right, scale 
bar 50 μM). ((BB--CC)) iPS-derived cells formed luminal-like organizations, relating to endoderm-like 
structures, which stained for ((BB))  glial GFAP (red), and ((BB--CC)) neuronal markers NeuN (cyan) and 
peripherin (red), without clear co-localization. ((CC)) left, 20x magnification; ((CC)) right 40x. ((DD))  eGFP+/hNu+ 
iPSC-differentiated cells also formed closed or semi-closed clusters, relating to mesoderm and 
ectoderm-like structures. ((EE)) Histological staining of the three embryonic germ layers, from Martinez-
Cerdeno  [2]. 

FFIIGGUURREE  SS55  ––  CCuullttuurreedd  iiPPSSCC--ddeerriivveedd  NNPPCCss  ffrroomm  ttrraannssppllaanntteedd  DDRRGG  nneeuurroonnss.. The DRGs from adult SD 
rats, injected with iPSC-NPCs (pre-differentiated for 10-15 days, and matured in vivo for 4-6 weeks), 
were dissociated and cultured, as described [10]. The neurons were visualized under optical 
microscopy prior to attempting current-clamp recordings. However, the location and limited numbers 
of GFP-expressing cells prevented their use for patch clamping.  ((AA))  A single eGFP+ cells adopted a 
neuronal-like shape closely resembling that of native rat DRG neurons. Magnification 40x. ((BB)) Another 
eGFP+ cell also adopted a neuronal-like shape, but its small size suggests it to be immature. 
Magnification 40x ((CC)) Cluster of iPSC-NPCs distinguished from the rest of the culture by their GFP 
expression. Their shape and size suggest that they did not further differentiate. Magnification 20x. 
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FFIIGGUURREE  SS66  ––  AAddddiittiioonnaall  GGFFPP--eexxpprreessssiinngg  cceellll  cclluusstteerrss  ddeetteecctteedd  iinn  nneeoonnaattaall  DDRRGG  eexxppllaannttss.. Cell bodies 
with long extensions were detected through Z optical sections using spinning disk confocal microscopy 
throughout whole explants. eGFP fluorescent cells were imaged at 4 weeks post-injection of iPSC-NPCs 
in post-mortem neonatal rat DRGs, grown in Matrigel- or PDL/LAM-coated plates in DRG media. The Z-
sections were stacked together and selected for maximal intensity and showed endogenous yellow 
fluorescent protein (eYFP) autofluorescence and eGFP fluorescence. Scale bars 50 μM. ((AA))  eGFP+ cells 
with neuronal-like bodies and few extensions are clustered against the eYFP background, indicative of 
iPSC-specific fluorescence ((BB)) eGFP+ fluorescence was detected exclusively in cellular extensions. The 
white arrows point to GFP+ extensions that did not show under yellow fluorescence, indicating that 
these soma-free elongations are not the result of autofluorescence, but are instead derived from iPSCs. 
The cell-like bodies however were excited at both frequencies and are less likely to be iPSC derivatives. 
The dotted line marks what appears to be the end of the sheath layer outside of the main ganglia. 
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TTAABBLLEE  SS11    ––    DDeessccrriippttiivvee  ttaabbllee  ooff  iinnddiivviidduuaall  DDRRGG  eexxppllaanntt  ccuullttuurree  ccoonnddiittiioonnss..  The iPSC-NPCs 
transplanted into neonatal DRG explants were grown in one of three extracellular matrices (ECMs) and 
fed with one of three medium, supplemented with NGF, NGF/GDNF or no growth factors. The explants 
were extracted from four different rat pups and injected with iPSC-NPCs from four colonies, after 9, 12 
or 16 days following the initiation of sensory neuronal differentiation. The number of cells injected in 
each DRG explant is indicated per colony. Explants that detached from their ECM were replated in 
PDL/LAM-coated dishes. The growth conditions and overall health of the explants is indicated as 
follows: (+) good, (-) bad. The explants that were maintained throughout the 3-4 weeks of culture were 
utilized for imaging analysis, with spinning disk microscopy of the whole DRG and 
immunohistochemistry of DRG sections, or for DRG culture, where explants were dissociated for patch 
clamp analysis. Endogenous GFP fluorescence was detected in four explants.  
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Chronic pain affects approximately 100 million American adults[1] and similarly high 
proportions of adults globally[2-7], underscoring the importance of adequate pain 
management. Unfortunately, current mainstays of pain management are often only 
partially effective[8, 9], addictive[10], or are associated with serious adverse effects[11]. 
There is an urgent need for more effective, specific, and well-tolerated treatments for 
pain. 
 
Voltage-gated sodium channels (VGSCs) have recently emerged as promising 
therapeutic targets in the treatment of pain. There are nine VGSC isoforms (NaV1.1-
NaV1.9)[12, 13], three of which (NaV1.7, NaV1.8, and NaV1.9)[14] are preferentially 
expressed in dorsal root ganglion (DRG) neurons, the primary afferents of the 
peripheral nervous system whose hyperexcitability has been shown to result in pain 
[15-18]. Additionally, all three of these sodium channels have been genetically and 
functionally linked to pain disorders in humans [19-26]. Consequently, clinical trials 
investigating the efficacy of VGSC blockers in multiple painful disease states have been 
conducted, although progress has been mixed and no NaV1.7, NaV1.8, or NaV1.9-specific 
channel blocker has yet been approved for clinical use [27]. 
While the functional consequence of VGSC isoform mutations is well-understood, 
knowledge of the precise role of these channels is also helpful in designing channel 
blockers. Currently, most knowledge concerning the roles of NaV1.8 and NaV1.9 is based 
on biophysical studies in heterologous expression systems or derived from knock-out 
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or pharmacologic block studies. For example, NaV1.8 is known to contribute to the 
overshoot and width of DRG neuron action potentials through an all-or-none knockout 
study[28]. Similarly, NaV1.9 displays extensive window current[29] (i.e., overlap of 
activation and fast-inactivation) that has been theorized to contribute to the 
depolarized resting membrane potentials of rodent DRG neurons expressing a gain-of-
function NaV1.9 variant[30]. However, no study has yet been able to quantify the 
relationship between varying levels of these currents and their effect on neuronal 
excitability, the cellular correlate of pain[31]. Moreover, there is a pressing need for 
these studies to be carried out in human DRG neurons. 
 
Dynamic clamp is an electrophysiological technique that allows for modeled currents, 
derived from real recordings, to be added to or subtracted in precisely calibrated 
aliquots from cellular systems with high temporal and voltage fidelity[32]. Previous 
work has shown that adding NaV1.7 conductance to rodent DRG neurons results in a 
linear reduction in current threshold to action potential firing, whereas subtracting 
NaV1.7 conductance linearly increases the threshold to action potential firing[33]. 
However, there exist many differences between rodent and human DRG neurons, 
including in the level of expression of NaV1.8- and NaV1.9-positive nociceptors[34]. 
Fortunately, the development of induced pluripotent stem cell (iPSC) technology and 
the ability to differentiate iPSCs into somatosensory neurons (iPSC-SNs) that 
recapitulate human pain phenotypes[35, 36] has allowed for the interrogation of 
VGSCs in human cell backgrounds. 
 
In this study, we capitalize on methodology that permits differentiation of peripheral 
somatosensory neurons from human IPSCs, and utilize dynamic clamp 
electrophysiology to confirm roles for the currents passed by NaV1.8 and NaV1.9 in these 
human cells. Using before-and-after recordings in the same human sensory neuron, we 
quantify the contribution of NaV1.8 to the action potential half-width and the sensory 
neuron’s ability to repetitively fire action potentials. Similarly, we quantify a positive 
relationship between NaV1.9 currents and neuronal resting membrane potential. 
Moreover, we investigated the interplay between NaV1.8 and NaV1.9 on neuronal 
excitability, showing that there exists a range of maximal excitability that tapers off 
with excessive depolarization. Finally, in a first-of-its-kind analysis, we utilized 
dynamic clamp electrophysiology to simulate NaV1.8 gain-of-function in human 
sensory neurons, showing that even minor alterations in channel gating result in 
significant alterations in neuronal excitability.  

 

DIFFERENTIATION OF IPSCS INTO IPSC-SNS 
 

We have previously identified a subject who underwent sequencing of the SCN9A gene, 
encoding NaV1.7, and was found to carry no pathogenic NaV1.7 mutations[36]. iPSCs 
were generated from this phenotypically normal subject (no abnormal pain) as 
previously described[36]. Differentiation of iPSCs into iPSC-SNs used an eight-week 
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modified Chambers protocol[35, 37, 38] (Supplementary table 1). Medium was 
changed twice weekly after day 12 through day 56 of differentiation and beyond for 
electrophysiology experiments; electrophysiological recordings were conducted within 
7-14 days after completion of differentiation.    

IMMUNOCYTOCHEMISTRY 
 

Eight-week-old differentiated iPSCs-SNs were stained with sensory neuronal markers. 
The cells were grown on PDL/laminin- and matrigel-coated glass coverslips and were 
fixed for 10 minutes in 4% paraformaldehyde. Following a 30 minute incubation in 4% 
donkey serum, 2% BSA, and 0.1% Triton X-100 in PBS (PBS-T), iPSC-SNs were 
incubated with primary antibodies in PBS-T overnight at 4°C (Rabbit polyclonal anti-
NeuN, 1:200, ab104225, Abcam; chicken polyclonal anti-Peripherin, 1:200, Aves Labs, 
Tigard, OR; rabbit polyclonal anti-BRN3A, 1:200, AB5945, Millipore; and mouse 
monoclonal anti-NaV1.7, 1:250, 75-103, Neuromab). The cells were washed in 0.01 M 
PBS and incubated with secondary antibodies (Jackson ImmunoResearch Labs) in 
PBS-T (1:1000) for 2 hours at room temperature (Donkey anti-chicken-594, 
AB_2340375, donkey anti-mouse-647, AB_2340863; and donkey anti-rabbit-488, 
AB_2313584). Coverslips were mounted on microscope glass slides with Aqua 
Poly/Mount (Cat#18606, Polysciences). Images were acquired 24 hours later using a 
Nikon Confocal TiE inverted microscope with a Plan Fluor 10x and an Apo LWD 
40x/1.5 WI λS, 0.15-0.19 DIC N2 (Nikon, Melville, NY). 
 
DIGITAL DROPLET POLYMERASE CHAIN REACTION (ddPCR) 
 

Human iPSC-SNs were processed for RNA extraction using an RNeasy kit (Qiagen, 
Germantown, MD) according to the manufacturer’s protocol. iPSC-SNs were gently 
enzymatically detached from the vial they were differentiated in and centrifuged 
immediately for ddPCR analysis, limiting the time possible for gene expression 
changes. A total of 135 ng of RNA was reverse transcribed using iScript™ Reverse 
Transcription Supermix (Bio-Rad, Hercules, CA) according to the manufacturer’s 
instructions. All reagents and equipment used for ddPCR were from Bio-Rad. Twenty-
five μl reactions consisted of 1X ddPCR™ Supermix for probes, 1X target 
primers/probe mix/FAM, 1X reference primers/probe mix/HEX, which correspond to 
a final concentration of 900 nM primers and 250 nM probe. All the primers/probe mix 
were from either Bio-Rad or ThermoFisher Scientific (see supplementary table 2 for 
details). The samples were partitioned into 20,000 nanoliter-sized droplets using a 
Droplet Generator. The emulsion of droplets was transferred into a 96-well plate, heat-
sealed with pierceable foil, and amplified in a C1000 Touch Thermal Cycler (Bio-Rad). 
The cycling protocol starts with a 95 °C enzyme activation step for 10 minutes, followed 
by 40 cycles of a two-step cycling protocol (94 °C for 30 seconds and 60 °C for 1 
minute). The cycling protocol was followed by an enzyme deactivation step of 98 °C for 
10 minutes. A ramp rate of 2 °C per second was required for each step in the PCR. When 
cycling was complete, the plate was loaded into the QX200 Droplet Reader (Bio-Rad) 
and data was analyzed using QuantaSoft™ Software (version 1.6.6, Bio-Rad). 
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WHOLE – CELL VOLTAGE – CLAMP RECORDINGS FROM IPSC-SNS  
 

All patch clamp recordings were obtained using an EPC-10 amplifier and the 
PATCHMASTER program (HEKA Elektronik, Holliston, MA) at room temperature 
(22-25 °C). Patch pipettes were pulled from borosilicate glass (1.65/1.1 mm, outside 
diameter/inside diameter, World Precision Instruments, Sarasota, FL) using a Sutter 
Instruments P-97 puller and had a resistance of 0.7-1.5 MΩ. Extracellular bath solution 
contained (in mM): 140 NaCl, 20 tetraethylammonium (TEA), 3 KCl, 1 CaCl2, 1 MgCl2, 
10 HEPES, 0.1 CdCl (± 0.001 TTX). The extracellular bath solution was titrated to a pH 
of 7.3 and the osmolarity was titrated to approximately 320 mOsm with sucrose. 
Intracellular pipette solution consisted of (in mM): 140 CsF, 10 NaCl, 1.1 EGTA, 10 
HEPES, and 20 dextrose. The pH was titrated to 7.3 with CsOH and the osmolarity was 
also titrated to approximately 320 mOsm. 
 
Total sodium current was recorded in TTX-free extracellular solution. iPSC-SNs were 
held at -100 mV and subsequently stepped to potentials between -80 and + 40 mV in 5 
mV increments for 100 ms duration. To measure total TTX-R currents, the same 
protocol was applied in a nearly identical bath solution, differing only in the presence 
of 1 μM TTX. To measure NaV1.8 currents, iPSC-SNs were held at -50 mV to inactivate 
all non-NaV1.8 channels[39-43] and then stepped to potentials, for 100 ms, between -
80 and +40 mV. NaV1.9 currents were considered present if a persistent current with 
peak current amplitude around -50 mV was observed after reference series subtraction 
of the current evoked by holding neurons at -50 mV from total TTX-R current. No 
NaV1.9 currents were appreciated using this paradigm.  

ISOLATION AND VOLTAGE – CLAMP RECORDINGS OF PRIMARY HUMAN AUTOPSY 
– DERIVED DRG NEURONS 
 

Human DRG tissues [lumbar 4 (L4) or thoracic 12 (T12)] were received as anonymized 
samples from the National Disease Research Interchange. Studies with human tissues 
were approved by the human investigation committee at Yale University and all 
methods were performed in accordance with the relevant guidelines and regulations. 
DRGs were recovered from multiple adult (ages 18-70) human donors, of both sexes, 
with no history of diabetes, neuropathies, cancer, chemotherapy, or radiation. Previous 
use of antiepileptic, antiarrhythmic, or local anesthetic medications were also exclusion 
criteria, as well as any history of trauma to the lower limbs or a history of lumbosacral 
injury or pain. Human DRGs were obtained from organ donors with full legal consent 
for use of tissue for research. Informed consent was acquired prior to all tissue 
donation. DRG neurons were harvested and dissociated within 30 hours of clamping 
the aorta. 
Human DRG neurons were cultured as previously described [44]. In brief, nerve roots 
and connective tissue were removed, DRGs were sliced into small pieces in complete 
saline solution (CSS) [in mM: 137 NaCl, 5.3 KCl, 1 MgCl2, 25 sorbitol, 3 CaCl2, and 10 
HEPES, adjusted to pH 7.2 with NaOH], and then incubated on a rotating shaker at 
37°C for 40-60 minutes in CSS containing 0.5 U/mL Liberase TM (Roche) and 0.6 mM 
EDTA. This was followed by a 25-40 minute (L4 DRG) or 40-60 minute (T12 DRG) 
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incubation at 37°C in CSS containing 0.5 U/mL Liberase TL (Roche), 0.6 mM EDTA, 
and 30 U/mL papain (Worthington Biochemical). DRGs were then triturated in DRG 
media [DMEM/F12 (Invitrogen) with 100 U/ml penicillin, 0.1 mg/ml streptomycin 
(Invitrogen), and 10% fetal bovine serum (Hyclone)] containing 1.5 mg/mL BSA (low 
endotoxin) and 1.5 mg/mL trypsin inhibitor (Sigma). After ltering with a 100 μm 
nylon mesh cell strainer (BD Biosciences), the cell suspension was centrifuged and the 
cell pellet was resuspended in DRG media. 100 μl of cell suspension were plated onto 
each poly-D-lysine/laminin-coated coverslip (BD Biosciences). Plated DRG neurons 
were incubated at 37°C in a 95% air/5% CO2 (vol/vol) incubator for 60-90 minutes to 
allow neurons to adhere. 900 μL of DRG media supplemented with nerve growth factor 
(50 ng/mL) and glial cell line-derived neurotrophic factor (50 ng/mL) were added into 
each well. DRG neurons were maintained at 37°C in a 95% air-5% CO2 (vol/vol) 
incubator and recorded by whole cell patch clamp between 1- and 4-days post-culture.  
NaV1.8 currents were recorded from human DRG neurons in a bath solution containing 
(in mM): 70 NaCl, 70 N-methyl-d-glucamine (NMDG), 20 TEA, 3 KCl, 1 CaCl2, 1 MgCl2, 
10 HEPES, 0.1 CdCl, and 0.001 TTX. The pH was titrated to 7.3 with HCl and the 
osmolarity was titrated to approximately 320 mOsm with sucrose. Intracellular pipette 
solution consisted of (in mM): 140 CsF, 10 NaCl, 1.1 EGTA, 10 HEPES, and 20 dextrose. 
The pH was titrated to 7.3 with CsOH and the osmolarity was also titrated to 
approximately 320 mOsm. NaV1.8 currents were recorded from human DRG neurons 
by first holding the cells to -60 mV to inactivate NaV1.9 channels. Cells were then 
stepped to a range of potentials, from -80 to +40 mV in 5 mV increments, for 200 ms 
to record NaV1.8 currents. Data were sampled every 20 μs and P/6 leak subtraction was 
implemented.  

CURRENT – CLAMP AND DYNAMIC – CLAMP RECORDINGS OF IPSC-SNS  
 

iPSC-SNs were recorded from within 7-14 days after the completion of the eight-week 
differentiation protocol, with medium changes twice per week. Extracellular bath 
solution contained (in mM): 140 NaCl, 3 KCl, 2 CaCl2, 2 MgCl2, 15 dextrose, and 10 
HEPES. Osmolarity was brought to approximately 320 mOsm with sucrose and the pH 
was titrated to 7.3 with NaOH. Intracellular pipette solution contained (in mM): 140 
KCl, 3 Mg-ATP, 0.5 EGTA, 5 HEPES, and 20 dextrose. Osmolarity was similarly 
adjusted to approximately 320 mOsm and the pH was adjusted to 7.3 using KOH. 
Current-clamp recordings were sampled at 50 KHz and filtered using two Bessel filters 
at 10 and 2.9 KHz. 
 
iPSC-SNs with an input resistance lower than 200 MΩ were excluded from analysis. 
Input resistance was determined by the slope of a linear fit to hyperpolarizing 
responses to current steps from −5 pA to −40 pA in −5 pA increments. Additionally, 
neurons with an action potential overshoot below +40 mV were excluded. Multiple 
recordings, before and after the addition of currents by dynamic clamp, were taken 
from each neuron, contingent upon the input resistance remaining above 200 MΩ. 
Dynamic clamp models of NaV1.8 and NaV1.9 were derived from published literature; 
see Han et al.[44] and Huang et al.[26] for further information regarding the kinetic 
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models of these channels. iPSC-SNs were dynamically clamped using the Cybercyte 
DC1 dynamic clamp system (Cytocybernetics, Buffalo, NY)[45, 46].  
In brief, the NaV1.8 channel model was based on Hodgkin-Huxley equations 

 and , where m and h represent channel 
activation and inactivation gates, and α and β are forward and backward rate constants, 
respectively. These rate constants were voltage-dependent and defined by the following 
equations: 
 

 

 

 

 

 
Similarly, NaV1.9 was modeled with the following equations: 
 

 

 

 

 

 

 

 
In the case of the NaV1.9 channel, a slow-inactivation gate (s variable) was included and 
modeled using the . NaV1.8 current was described by 

. NaV1.9 current was described by the equation 
, where gmax is the maximal conductance and ENa is the reversal potential, 

which was set to +65 mV.  
Current threshold was defined as the first current injection step that resulted in action 
potential firing without subsequent failure and was determined by a series of 
depolarizing current injections (200 ms) that increased incrementally by 5 pA. For the 
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calculation of threshold, action potentials were defined as rapid increases in membrane 
potential to >40 mV with a total amplitude >80 mV. However, as neurons often 
attenuate firing with repetitive action potential spiking, when examining repetitive 
firing, action potentials were counted if the membrane potential rapidly crossed 0 mV, 
regardless of overshoot or total amplitude. Action potential repetitive firing was 
determined by summing the total number of action potentials that a neuron fired after 
a 500 ms current injection.  

DATA ANALYSIS AND VISUALIZATION  
 

Data were analyzed and visualized in GraphPad Prism and Matlab (for three-
dimensional surface fitting). Significance in figures is noted as * (p ≤ 0.05), ** (p ≤ 
0.01), or *** (p ≤ 0.001). Paired Student’s t-tests were conducted when comparing 
before-and-after recordings from the same neurons. Best-fit equations are graphed 
with a solid line. Individual points on graphs represent individual recordings, although 
multiple recordings were conducted in cells that continued to meet inclusion criteria 
(input resistance at least 200 MΩ and an action potential amplitude, measured from 
resting potential to peak, of > 80 mV). Hashed lines on graphs represent the 95% 
confidence interval for fitted equations.  

 

Generation and characterization of iPSC-SNs 
 

All iPSCs were differentiated from a previously identified subject with no abnormal 
pain and no NaV1.7 channel mutations[36] into iPSC-SNs using a modified Chambers 
protocol that produces pain-sensing sensory-like neurons[35, 37, 47] (Supplementary 
table 1). The differentiated cells were validated as peripheral somatosensory neurons 
by immunocytochemistry (Figure 1A). iPSC-SNs stained positively for peripherin (a 
marker of peripheral neurons), Brn3a (a marker of sensory neurons[48]), NeuN (a 
marker of neuronal nuclei), and NaV1.7. Unpublished work from our lab and others in 
this field has questioned whether current iPSC-SN differentiation protocols are able to 
express the TTX-R VGSCs, NaV1.8 and NaV1.9, seen in human DRG neurons. In line 
with these previous observations, we were unable to show any NaV1.8 or NaV1.9 RNA 
by ddPCR (Figure 1B) or current by whole-cell voltage-clamp electrophysiology (Figure 
1C); conversely, the iPSC-SNs expressed very high levels of NaV1.7, as would be 
expected from somatosensory neurons. TTX-R currents observed in iPSC-SNs 
exhibited a very hyperpolarized V1/2 of activation (-38.17 ± 1.80 mV, n = 8) and fast-
inactivation (-87.79 ± 2.93 mV, n = 5, Figure 1D), consistent with previous 
characterizations of iPSC-SNs and closer to values for NaV1.5 than for NaV1.8 [49], 
suggesting that these cells displayed some characteristics of immature somatosensory-
like neurons. Evaluation of iPSC-SNs baseline characteristics by current-clamp 
displayed largely normal properties with an average cell capacitance of 27.09 ± 1.25 pF, 
an average input resistance of 320.07 ± 16.2 MΩ, and an average resting membrane 
potential of -57.25 ± 0.41 mV (n = 71).  
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FFIIGGUURREE  11    ––    GGeenneerraattiioonn  aanndd  cchhaarraacctteerriizzaattiioonn  ooff  iiPPSSCC--SSNNss..  ((AA)) iPSC-SNs express canonical sensory 
neuronal markers. 50 µm scale bar for reference. ((BB)) iPSC-SNs express very high levels of NaV1.7 
mRNA, but virtually no levels of NaV1.8 and NaV1.9 mRNA, as determined by droplet digital PCR. ((CC)) 
Representative current traces recorded from iPSC-SNs confirm large total sodium currents (top). 
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However, application of 1 µM tetrodotoxin reveals very little tetrodotoxin-resistant current, which 
behaves like NaV1.5 and not NaV1.8 or NaV1.9 (middle). Consistent with the lack of NaV1.8 expression 
by PCR analysis, there is also no NaV1.8 current when cells are clamped at a holding potential of -50 
mV to inactivate all other sodium channels besides NaV1.8 (bottom). ((DD)) The V1/2 of activation (open 
circles) and fast-inactivation (open diamonds) of total sodium current in iPSC-SNs was -29.83 ± 2.43 
mV and -74.08 ± 2.55 mV, respectively. The V1/2 of activation (orange circles) and fast-inactivation 
(orange diamonds) of TTX-R sodium currents in iPSC-SNs was -38.17 ± 1.80 mV and -87.79 ± 2.93 mV, 
respectively. 

The interesting absence of NaV1.8 and NaV1.9 from the differentiated iPSC-SNs allows 
for introduction of precisely calibrated levels of these currents by dynamic clamp. 
Rather than first voltage-clamping neurons to measure the current levels (which may 
run up or down during experimentation [50-53]), and then subtracting out the 
measured—and adding back in the modeled—TTX-R currents, we are able to know 
precisely how much NaV1.8 and NaV1.9 current the neurons are conducting since the 
amplitude of current is precisely controlled by dynamic clamp. 

NaV1.8 contributes to action potential overshoot, half-width, and repetitive 
firing 
 

To investigate the effects of NaV1.8 currents on parameters of cellular excitability, we 
tuned in varying levels of NaV1.8 current density using a previously published kinetic 
model of the human NaV1.8 channel[44] and the CytoCybernetics Cybercyte dynamic 
clamp system. The peak NaV1.8 current density injected was determined by 
normalizing the peak modeled current (determined by a series of 100 ms pulses from a 
holding potential of -100 mV to + 40 mV) to the cell capacitance of the patched iPSC-
SN. Representative traces of iPSC-SNs with various levels of modeled NaV1.8 current 
visualize an effect of increasing this current density on neuronal action potentials 
(Figure 2A).  
As we controlled the precise amount of NaV1.8-like current passing through the cell, we 
next sought to quantify the effect of this conductance on neuronal excitability and 
electrogenesis properties. First, as Renganathan et al. showed, NaV1.8 plays an 
important role in contributing to the overshoot of the action potential[28], likely due 
to this channel’s depolarized voltage-dependences of activation and inactivation[54]. 
We observed this visually, but quantifying this parameter proved to be difficult as the 
action potential overshoot cannot exceed the Nernst potential of approximately +67 
mV[55]. Indeed, the absolute maximum overshoot observed in our study was +68 mV. 
We attempted to best quantify the change in action potential overshoot by stimulating 
neurons with 200 ms long square pulses of increasing current amplitude (from 5 pA) 
in 5 pA increments, until the current threshold was reached. We then measured the 
action potential overshoot at threshold before and after injection of NaV1.8 current by 
dynamic clamp (Figure 2B). As the ability for the action potential overshoot to increase 
is diminished as the initial overshoot nears the Nernst potential for sodium, we have 
binned the data in 5 mV increments, based on the overshoot amplitude prior to  
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FFIIGGUURREE  22    ––    NNaaVV11..88  ccoonnttrriibbuutteess  ttoo  aaccttiioonn  ppootteennttiiaall  oovveerrsshhoooott,,  hhaallff--wwiiddtthh,,  aanndd  rreeppeettiittiivvee  ffiirriinngg..  ((AA))  
Representative traces from the same iPSC-SN illustrating the action potential waveform in the setting 
of varying levels of NaV1.8 current density. ((BB)) Increasing NaV1.8 current density increases the 
overshoot of iPSC-SNs, although the effect is more robust at lower initial overshoot amplitudes. For 
neurons with an initial overshoot amplitude between 40-45 mV (far left), the change in overshoot is 
best fit with a linear model with slope 0.1706 and an r2 of 0.5093. For neurons with an initial overshoot 
between 45-50 mV (center-left), 50-55 mV (center-right), and 55-60 mV (far right), the change in 
overshoot amplitudes are best fit with exponential association equations. ((CC)) Increasing NaV1.8 current 
density directly increases the action potential half-width of iPSC-SNs linearly (% change in half-width = 
0.4254*current density) with an r2 of 0.65. An equivalent transformation of the data into base-10 
logarithmic form illustrates a similarly robust relationship (% change in half-width = 
0.4816*e2.253(log[current density])) with an r2 of 0.6502. ((DD)) Increasing NaV1.8 current density enhances 
iPSC-SN repetitive firing following (Δ action potential count = 524.9*(1-e-0.002266(current density)) with an r2 
of 0.4164. ((EE)) Representative traces depicting the response of the same iPSC-SN to a 1 second 
duration 500 pA suprathreshold stimulus with no NaV1.8 currents injected via dynamic clamp (left), 
approximately 50 pA/pF NaV1.8 current density (middle), and 100 pA/pF current density (right).   

dynamic clamp injection. There is a clear linear relationship (slope = 0.1706, r2 = 0.59) 
between NaV1.8 current density and action potential overshoot in neurons whose 

   5 5

Contributions of NaV1.8 and NaV1.9 to excitability in human iPSC-derived somatosensory neurons



144 

baseline overshoot was between +40 and +44.99 mV (Figure 2B, left), which 
represented a plurality of the recordings (n=12). This relationship becomes less obvious 
as the baseline overshoot is increased.  
 
To quantify the observed effect of NaV1.8 currents on action potential half-width, a 
similar paradigm was implemented as above. The half-width was determined as the 
duration of time between the rising phase and falling phase of the action potential at 
the point midway between the overshoot and the undershoot. We observed a linear 
relationship between NaV1.8 current density and action potential half-width (Figure 
2C, left), with a slope of 0.4254 and an r2 of 0.65. This relationship was similarly strong 
when current density was transformed into the base-10 logarithmic form (Figure 2C, 
right). Additionally, NaV1.8 exhibits rapid recovery from inactivation[56], which has 
been thought to contribute to repetitive action potential firing in DRG neurons. To 
quantify this contribution, we stimulated DRG neurons with square pulses of 500 ms 
duration that increased in amplitude between 25 pA and 500 pA in 25 pA increments. 
We summed up the total number of action potentials fired under this protocol before 
and after injection of NaV1.8 modeled currents by dynamic clamp (Figure 2D). We 
noted a direct relationship between NaV1.8 current density and action potential 
repetitive firing, with r2 of 0.4164. Representative traces (Figure 2E) illustrate the effect 
of varying the NaV1.8 peak current density injected via dynamic clamp on the same 
iPSC-SN when stimulated by a 500 pA suprathreshold stimulus. We also recorded 
NaV1.8 currents from human DRG neurons (Figures 5B-C). If iPSC-SNs lacking 
endogenous NaV1.8 currents expressed a similar level as autopsy-derived human DRG 
neurons (~290 pA/pF), we would expect that these iPSC-SNs would fire approximately 
250 more action potentials across our range of stimuli and would have a half-width 
approximately 120% as wide. 
 
Increasing NaV1.9 currents depolarize the resting membrane and reduce the 
threshold to action potential firing 
 

We then investigated the role of NaV1.9 in neuronal excitability. Our primary focus was 
on the NaV1.9’s ability to set and depolarize the neuronal membrane potential. Because 
of extensive overlap between the activation and inactivation curves of the channel, 
NaV1.9 passes significant amounts of “window current,” and gain-of-function 
mutations have been linked to depolarized resting potentials in DRG neurons[26]. To 
quantify the ability of NaV1.9 currents to set the resting membrane potential, we 
averaged 30 seconds of passive membrane potential with no stimulus before addition 
of any modeled NaV1.9 current density and compared that average membrane 
potential, in the same neuron, after addition of modeled NaV1.9 currents by dynamic 
clamp (Figure 3A). We observed a positive correlation between NaV1.9 current density 
and membrane potential depolarization (which ranged from 0 mV with no addition of 
NaV1.9 current, to 9.7 mV with addition of 235 pA/pF Nav1.9 current), and, when fit 
with an exponential growth equation, the r2 of the fit was 0.5764. The addition of NaV1.9 
current density to iPSC-SNs depolarized their resting membrane potential, 
theoretically bringing them closer to the voltage threshold for action potential firing.  
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TTAABBLLEE  11    ––    Parameters of the polynomial fit of NaV1.8 and NaV1.9 current density on neuronal 
membrane potential  
 
Therefore, we sought to quantify whether there was a relationship between NaV1.9 
current density and the current stimulus required for action potential firing. iPSC-SNs 
with NaV1.9 currents by dynamic clamp displayed a significantly reduced threshold to 
action potential firing (Figure 3B left, paired Student’s t-test p = 0.0043, n =26). 
However, there appeared to be no relationship between the amount of NaV1.9 current 
density and the reduction in current threshold (Figure 3B, right). 
 
 

TTAABBLLEE  22    ––    Parameters of the polynomial fit of NaV1.8 and NaV1.9 current density on repetitive action 
potential firing  
 

NaV1.8 and NaV1.9 work together to contribute to repetitive firing of DRG 
neurons 
 

Because human DRG neurons may express both NaV1.8 and NaV1.9, we then 
investigated the interplay between currents from these two channels on parameters of 
neuronal excitability. First, we varied NaV1.8 and NaV1.9 current densities and 
evaluated the depolarization of the resting membrane potential in response to these 
alterations (Figure 4A). When fit with a polynomial with two degrees of freedom for 
the x variable and two degrees of freedom for the y variable (to avoid overfitting), our 
model indicated that NaV1.9 currents are predominantly responsible for changing the 
neuronal membrane potential. The adjusted r2 of the fit was 0.4147 and coefficient 
values for the fit are located in Table 1. At potentials more negative than -50 mV, the 
window current created by the overlap of activation and inactivation allows for the 
depolarizing effect of the NaV1.9 currents on neuronal resting membrane potential,  
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FFIIGGUURREE  33    ––    NNaaVV11..99  iiss  rreessppoonnssiibbllee  ffoorr  sseettttiinngg  tthhee  nneeuurroonnaall  rreessttiinngg  mmeemmbbrraannee  ppootteennttiiaall  aanndd  ppllaayyss  aa  
rroollee  iinn  sseettttiinngg  tthhee  tthhrreesshhoolldd  ttoo  aaccttiioonn  ppootteennttiiaall  ffiirriinngg..  ((AA)) Increasing NaV1.9 current density depolarizes 
iPSC-SN resting membrane potentials (% depolarization = 1.629*e0.007674(current density)) with an r2 of 
0.5764. ((BB))  Adding NaV1.9 currents to iPSC-SNs results in a statistically significant reduction in 
threshold to action potential firing (left, paired t-test p = 0.0043). However, there does not appear to 
be a strong correlation between the levels of NaV1.9 current density and the change in threshold (right). 

 
although the effect observed here may be limited by inactivation as the membrane 
potential depolarizes further[29]. However, no iPSC-SNs patched in this study had a 
resting membrane potential more positive than -49.67 mV and the average membrane 
potential was approximately -57 mV.  
 
We also investigated the effect of dual NaV1.8 and NaV1.9 currents on repetitive firing 
in human iPSC-SNs (Figure 4B). When also fit with a polynomial with two degrees of 
freedom for the x and y variables, the adjusted r2 of the fit was 0.3514. Interestingly, 
the model predicts a peak “zone” of excitability in the interplay between NaV1.8 and 
NaV1.9; as NaV1.9 current density increases, the ability of a neuron to repetitively fire 
increases, up to a point, until excitability again begins to dampen—creating an 
“inverted u-shaped”[57] model for neuronal excitability, which likely reflects reduced 
availability of NaV1.7 as increased levels of NaV1.9 depolarize the neuronal membrane 
potential. The coefficient values for the fit can be found in Table 2. 
 
Small biophysical changes in NaV1.8 significantly alter excitability of human 
neurons 
 

Having shown that variations in TTX-R current levels result in significant changes in 
neuronal excitability, we next investigated whether variations in gating properties also 
result in appreciable alterations in excitability. The NaV1.8-I1706V small-fiber 
neuropathy-associated variant displays a hyperpolarized V1/2 of activation, 
approximately 6 mV more hyperpolarized than wild-type, with no change in the 
voltage-dependence of fast-inactivation [58]. To roughly approximate this mutation, 
we equally hyperpolarized the activation of our NaV1.8 dynamic clamp model (Fig 5A).   
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although the effect observed here may be limited by inactivation as the membrane 
potential depolarizes further[29]. However, no iPSC-SNs patched in this study had a 
resting membrane potential more positive than -49.67 mV and the average membrane 
potential was approximately -57 mV.  
 
We also investigated the effect of dual NaV1.8 and NaV1.9 currents on repetitive firing 
in human iPSC-SNs (Figure 4B). When also fit with a polynomial with two degrees of 
freedom for the x and y variables, the adjusted r2 of the fit was 0.3514. Interestingly, 
the model predicts a peak “zone” of excitability in the interplay between NaV1.8 and 
NaV1.9; as NaV1.9 current density increases, the ability of a neuron to repetitively fire 
increases, up to a point, until excitability again begins to dampen—creating an 
“inverted u-shaped”[57] model for neuronal excitability, which likely reflects reduced 
availability of NaV1.7 as increased levels of NaV1.9 depolarize the neuronal membrane 
potential. The coefficient values for the fit can be found in Table 2. 
 
Small biophysical changes in NaV1.8 significantly alter excitability of human 
neurons 
 

Having shown that variations in TTX-R current levels result in significant changes in 
neuronal excitability, we next investigated whether variations in gating properties also 
result in appreciable alterations in excitability. The NaV1.8-I1706V small-fiber 
neuropathy-associated variant displays a hyperpolarized V1/2 of activation, 
approximately 6 mV more hyperpolarized than wild-type, with no change in the 
voltage-dependence of fast-inactivation [58]. To roughly approximate this mutation, 
we equally hyperpolarized the activation of our NaV1.8 dynamic clamp model (Fig 5A).   
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FFIIGGUURREE  44    ––    WWhhiillee  tthhee  rreessttiinngg  mmeemmbbrraannee  ppootteennttiiaall  iiss  pprriimmaarriillyy  sseett  bbyy  NNaaVV11..99,,  bbootthh  NNaaVV11..99  aanndd  NNaaVV11..88  
ppllaayy  iimmppoorrttaanntt  rroolleess  iinn  rreeppeettiittiivvee  ffiirriinngg..  ((AA)) The relationship between NaV1.8 and NaV1.9 current 
densities with the change in iPSC-SN resting membrane potential can be approximated with a 3-
dimensional polynomial curve with two degrees of freedom for the x- and y-axes (right, adjusted r2 = 
0.4147). A contour plot (left) of this fit illustrates that NaV1.9 current density has a stronger effect on 
changing the neuronal resting membrane potential. ((BB)) The relationship between NaV1.8 and NaV1.9 
current densities with the change in iPSC-SN repetitive firing can be approximated with a 3-dimensional 
polynomial curve with two degrees of freedom for the x- and y-axes (right, adjusted r2 = 0.3514). A 
contour plot of this fit illustrates that both NaV1.8 and NaV1.9 contribute to enhanced repetitive firing. 

Rather than tune in arbitrary amounts of NaV1.8 current density, we determined the 
approximate NaV1.8 current levels expressed in human neurons by voltage-clamping 
autopsy- derived human DRG neurons. To isolate TTX-R channels from the full 
complement of ion channels expressed in human DRG neurons, extracellular bath 
solution contained 1 μM TTX, 20 mM TEA, 0.1 mM CdCl2, and intracellular pipette 
solution contained 140 mM CsF. Additionally, NaV1.8 was isolated from NaV1.9 by 
holding DRG neurons at -60 mV, which inactivates the NaV1.9 channels. To improve 
voltage control, extracellular sodium was reduced to 70 mM (see representative traces 
in Figure 5B). Human NaV1.8 current density was recorded (Figure 5C). The average 
recorded value was doubled, to correct for the reduced sodium bath solution, and tuned 
into iPSC-SNs via dynamic clamp. Outliers were not excluded given that human DRG 
neurons represent a heterogeneous population of cells.NaV1.8 current was first tuned 
into iPSC-SNs as 100% wild-type NaV1.8. In the same neuron, 50% of the NaV1.8 
current density was replaced with 50% “NaV1.8-I1706V” current density. First, we  
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FFIIGGUURREE  55    ––    SSmmaallll  bbiioopphhyyssiiccaall  sshhiiffttss  iinn  NNaaVV11..88  ggaattiinngg  ccaann  ssuubbssttaannttiiaallllyy  aalltteerr  nneeuurroonnaall  eexxcciittaabbiilliittyy..  ((AA)) 
Conductance-voltage relationship between the wild-type NaV1.8 dynamic clamp model and the model 
with a 4.5 mV hyperpolarized voltage-dependence of activation, approximating the gain-of-function 
mutation NaV1.8-I1706V. ((BB)) Representative traces of NaV1.8 current recorded from human autopsy-
derived DRG neurons. ((CC)) Box-and-whisker plot showing the NaV1.8 current density recorded from 
autopsy-derived human DRG neurons in 70 mM NaCl (-143.69 ± 24.54 pA/pF, n = 24). ((DD)) Injection of 
50% wild-type NaV1.8 current density and 50% “NaV1.8-I1706V” current density resulted in a 
statistically significant (paired t-test p = 0.0023, n = 13) reduction in current threshold to action 
potential firing. ((EE)) Injection of 50% wild-type NaV1.8 current density and 50% “NaV1.8-I1706V” current 
density resulted in a statistically significant (paired t-test p = 0.0367, n = 7) enhancement of repetitive 
action potential firing. 

assessed the effect of the NaV1.8 gain-of-function change on threshold to action 
potential firing (Figure 5D). When before-and-after recordings were compared, there 
was a statistically significant reduction in the action potential threshold (paired t-test 
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p = 0.0023, n =13).We then evaluated the effect of this hyperpolarization of activation 
on the ability of iPSC-SNs to repetitively fire action potentials (Figure 5E). Following a 
similar paradigm as above, in which we summed the total action potentials fired by 
iPSC-SNs after subsequent graded 500 ms depolarizations of increasing stimulus in 25 
pA increments, there was a statistically significant increase in action potentials fired 
with the replacement of 50% NaV1.8 current with the hyperpolarization-shifted variant 
(paired t-test p = 0.0367, n = 7). 

 

Taken together, the studies performed here display the utility of dynamic clamp in 
iPSC-SNs to probe somatosensory neuronal physiology and investigate the 
pathophysiology of human disease. We have quantified the contribution of the TTX-R 
VGSCs, NaV1.8 and NaV1.9, to neuronal physiology in a way that is more precise than 
pharmacologic approaches and more feasible than attempts at genetic regulation. 
Furthermore, we have shown that dynamically clamping iPSC-SNs allows for 
investigation into human pain-related mutations and gain-of-function changes in ion 
channels.  
 
Most previous studies investigating mutations in various sodium channels have relied 
on channel transfection and uncontrolled overexpression in a nonhuman cell 
background—either containing native rodent channels or in a channel-null 
background. More recent studies utilizing human iPSC-SNs have been unable to probe 
mutations in NaV1.8 due to the inability to differentiate neurons expressing this 
channel [49]. Dynamically clamping iPSC-SNs has three advantages that further our 
ability to research human physiology and disease-relevant pathophysiology. First, 
dynamic clamp circumvents the problem of inability to express the channel genetically 
by allowing researchers to create kinetic models that mimic its function with high 
fidelity. Second, dynamic clamp allows for before-and-after recordings in the same 
neuron, limiting inter-population heterogeneity between samples used in comparisons. 
Third, dynamically clamping neurons with precise current inputs can be more 
physiologically relevant than transfection and overexpression. In this study, we 
calibrated the amount of NaV1.8 currents we injected when investigating a NaV1.8 gain-
of-function mutation to the amount of NaV1.8 currents recorded from human autopsy-
derived DRG neurons.   
 
While dynamically clamping iPSC-SNs opens up a new avenue for the further study of 
human physiology and preclinical pharmacology, the technique is not without 
limitations. First, kinetic models of ion channels for use in dynamic clamp are only as 
good as the data used to generate said models. It is imperative that the voltage-clamp 
recordings used to create the models reflect channel biology as relevantly as possible. 
For example, the equations defining sodium channel gating voltage-dependences and 
kinetics should ideally contain information reflecting not only activation and fast-
inactivation, but also slow-inactivation. When DRG neurons are held at their resting 
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membrane potential (approximately -50 to -70 mV), an appreciable amount of slow-
inactivation builds up, resulting in reduced channel availability, potentially altering 
neuronal excitability[59, 60]. In the studies conducted here, the NaV1.9 kinetic model 
accounted for slow-inactivation, whereas the NaV1.8 model did not, potentially limiting 
our conclusions. Additionally, another potential limitation of dynamic clamp is that it 
recapitulates the currents of the ion channels, but not the physical presence of the 
channel on the membrane. This precludes the binding of channel partners, which are 
known to play important roles in modulating sodium channels[61, 62] and other ion 
channels[63], and therefore does not reflect a completely physiological situation. 
 
Having now shown the utility of dynamically clamping iPSC-SNs, future studies should 
extend this technique to studying pharmacologic blockade of VGSCs. Previous studies 
have shown that iPSC-SNs derived from patients suffering from inherited 
erythromelalgia respond strongly to NaV1.7-specific channel blockers, including PF-
05089771[35]. However, the results of clinical trials of this NaV1.7 blocker and others 
have been mixed[64, 65]. One potential reason for this mismatch between preclinical 
and clinical data is the that the level of blockade possible in vivo is less than the 
pharmacological blockade possible in vitro due to limitations in bioavailability and 
penetration into the central nervous system[27]. Dynamic clamp of iPSC-SNs could 
enable understanding of the precise degree of channel inhibition necessary to induce 
relief from pain without resulting in total loss of helpful and informative pain sensation.  
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TTAABBLLEE    SS11    ––    iPSC-SN differentiation protocol  

TTAABBLLEE  SS22    ––    Assay probes for ddPCR of human iPSC-SNs  
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RETHINKING PAIN MANAGEMENT 
 

The World Health Organization (WHO)’s recommendations for human 
pain disorders follow the so-called analgesic ladder, which is based on pain 
severity and persistence, with drug prescriptions spanning from opioids, 
non-steroidal anti-inflammatory drugs (NSAIDs), tricyclic 
antidepressants (TCAs) and (selective) serotonin-(norepinephrine) 
reuptake inhibitors (SSRI/SNRIs), given on a trial-and-error basis [1].  
 

Still, pain management is mostly ineffective and associated with a wide range of adverse 
effects. First and foremost, chronic pain as a disorder should be redefined to better 
encompass psychiatric and emotional comorbidities for diagnosis and treatment 
strategies. In turn, patient stratification needs to focus less on whether the etiology is 
nociceptive, neuropathic, or central and instead recognize that many patients suffer 
from widespread pain that cannot be classified as either one or the other. A systemic 
classification that better covers these limitations has been addressed in the 11th 
revision of the International Statistical Classification of Diseases and Related Health 
Problems (ICD-11) [2]. Furthermore, as a large proportion of individuals suffer from a 
combination of syndromes associated with related or unrelated comorbidities (medical 
and/or psychiatric disorders), strategizing a pain-focused medical program can 
sometimes be even more debilitating than pain itself. Emotional comorbidities, 
notably, have been shown to interfere with the therapeutic efficacy and side effects of 
pain medications [3]. Possible pharmacokinetic and pharmacodynamic interferences 
associated with drugs for other medical issues also need to be taken into consideration. 
The definition of pain was recently revised by the International Association for the 
Study of Pain (IASP) to better include non-pain related components of chronic pain 
and now reads as “an unpleasant sensory and emotional experience associated with, or 
resembling that associated with, actual or potential tissue damage” [4]. Nevertheless, 
it is critical for adequate pain treatment that comorbidities, concomitant diseases, and 
the full range of symptoms are systematically considered when drawing a treatment 
plan. Pain pathophysiological mechanisms are still poorly understood, and with a vast 
spectrum of etiologies and symptoms, the pharmacological focus should be 
mechanism-based and patient-specific. 
 
A growing body of literature has underscored genetic markers as probes to aid drug 
development and guide clinicians’ treatment decisions. Specifically, the 
implementation of pharmacogenomic-guided approaches could help physicians select 
the appropriate drug and dosing for a particular patient instead of treating a ‘disease’ 
or ‘symptoms’. But, so far, trial-and-error drug prescription remains the most common 
form of analgesic management in clinical practices. With patient reports showing this 
method to be largely unsatisfactory, routine pharmacogenomic testing, already well-
validated in clinical trials and used in some medical practices, will likely pave the way 
towards effective, personalized medicine. 
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THE ROAD FROM PHARMACOGENOMICS TO PRECISION MEDICINE  
 

At times pain management still requires multiple rounds of medications, which 
correlate with poor efficacy, adverse effects, and in some cases, worsening of the pain 
symptoms, the need for precision medicine has never been greater. Pain is a complex 
biopsychosocial phenomenon of which the location, intensity and duration are highly 
inter-individually dependent. Several factors influence patient-to-patient 
pharmacological outcomes, such as their cognitive profile, ethnicity, cultural habits, 
gender, as well as psychiatric comorbidities [5-9], all of which are imprinted into the 
final genetic makeup of a patient that can be accessed using pharmacogenomic tools. 
 
Applied pharmacogenomics can guide the development of selective mechanism-based 
compounds that are tailored to the patient’s underlying pathology. In particular, 
adverse effects from current analgesics are often the result of unspecific binding to 
proteins that are widely expressed throughout the body. In chapter 2 and chapter 3, 
we highlight the power of pharmacogenetic strategies in defining the role of select 
motifs in unknown drug mechanisms. Specifically, the identification of a NaV1.7 variant 
(W1538R) that provides insensitivity to the anticonvulsant lacosamide [10], in a 
mutation-specific manner (chapter 2), has set the scene for establishing the pivotal 
interaction between lacosamide and the W1538 residue that promotes its binding to 
the pore (chapter 3). Meanwhile, these studies also support pharmacogenomic-based 
research for precision medicine in selective ion channel blockers; lacosamide 
represents the perfect example of the potential for more selective antiepileptic drugs 
(AEDs) to provide therapeutic relief where conventional non-selective AEDs (ie. 
carbamazepine, lamotrigine, phenytoin) have failed [11]. Spotlighted for its differential 
mechanisms of action, lacosamide interaction with the less-conserved voltage-sensing 
domain (VSD; chapter 3) may explain, at least in part, its improved tolerance 
compared to its counterparts [11]. Nonetheless, as aryl sulfonamide NaV1.7 selective 
blockers (VSD4-binders) have shown mixed outcomes in clinical trials, the VSD alone 
might be insufficient to provide true therapeutic benefits [12, 13]. Hence, our findings 
raise new perspectives on exploiting drugs, targeting both the conserved pore and the 
VSD of sodium channels to achieve increased selectivity, with fewer undesirable side 
effects (chapter 3). Nevertheless, clinical assessment of voltage-gated sodium channel 
(VGSC) blockers has been rather disappointing when considering the dramatic effect 
VGSC loss- and gain-of-function mutations have had on neuronal excitability and 
human pain phenotypes [14-16]. Importantly, multiple other factors contribute to pain 
modulation, including bioavailability and penetration into the spinal cord and the 
central nervous system (CNS), which can impede the potency of analgesics targeting 
VGSCs. Also, the high protein-binding potential of aryl sulfonamides limits free drug 
availability and thus may lead to poor target engagement [17].  
 
Future drug development strategies that include population genomics would enable the 
discovery of new pain modifying therapeutic targets and broaden our horizons on the 
polygenic contributors of chronic pain and drug interactions. For instance, since 
potassium channel variants have been found to induce pain resilience in two IEM 

   6 6

General discussion and Future perspectives



162 

patients [18, 19], new evidence has highlighted KV7.2 activator, XEN1101, to show 
efficacy in treating neuropathic pain [20]. Furthermore, the association between a 
common haplotype in GTP cyclohydrolase GCH1 (the enzyme responsible for BH4 
synthesis) and reduced pain [21, 22] led to a phase II placebo-controlled clinical trial 
using Sulfasalazine, a BH4 synthetic pathway blocker (clinical trial identifier: 
NCT01667029), which showed promising results in preclinical studies [21, 23]. Other 
examples include the discovery of catechol-O-methyl transferase (COMT) 
polymorphisms that act as pain-protective alleles [24], and P2x7 hypofunctional 
variants that were linked to reduced chronic pain [25]. Building on these discoveries, 
clinical trials targeting P2x7 were set up but have so far been unsuccessful [23, 26, 27]. 
The implementation of pharmacogenomics can also bring new prospects to gene 
therapy. A rapidly growing field, genetic approaches targeting peripheral sodium 
channels are still at an early developmental stage. Nonetheless, viral delivery of genetic 
constructs, designed to decrease the expression of pain-related genes, has shown 
promising outcomes [28]. Furthermore, virus-mediated knockdown of NaV1.7 and 
NaV1.3 channels in animal models alleviated pain phenotypes [17, 29-31]. With the 
discovery of genetic variants affecting drug metabolism and efficacy, future therapies 
might apply precision editing with CRISPR-Cas9 technology to remove deleterious 
variants in postmitotic neurons and improve treatment outcomes [32]. Nonetheless, 
with prominent off-target effects and low-efficiency, gene therapy strategies still have 
a long way to go before specific genetic variants can be dissected out. 

Clinical implementation of pharmacogenomics 
 

Compared to the fields of oncology and palliative care [33], available pharmacogenomic 
literature in chronic pain is scarce and heterogenous, with limited evidence for its 
implementation in clinical practices [5]. Despite clear advances supporting its benefits, 
sizeable challenges have slowed down the transition of pharmacogenomic profiling into 
routine clinical testing. Large-scale, randomized clinical trials with standardized 
outcome measures are a crucial step towards individualized pharmacological 
management. Human genome-wide association studies (GWAS) are particularly 
helpful to personalized treatment strategies as they allow the identification of common 
disease variants that might confer susceptibility to pain pathogenesis and/or 
psychiatric comorbidities, as well as altered sensitivity to select treatments across the 
population [34]. Expanding on our small sample findings (chapter 2), large and well-
defined cohorts carrying common variants will facilitate the discovery of important 
variant-drug associations, adding another level to patient stratification [23]. 
Importantly, for newly identified variants to be validated as predictors of therapeutic 
effects and/or toxicity of certain compounds, they need to be functionally evaluated 
first. Notably in the past, the costs, limited access, and long turnaround times of genetic 
tests, combined with the lack of an integrated decision system in place, inexperience in 
data interpretation and few prospective studies, have all restricted the clinical 
integration of pharmacogenomic-guided approaches [35]. Furthermore, no robust 
genetic predictors of inter-individual variability in drug response have yet been 
determined, although this is rapidly changing by Whole Exome and Whole Genome 
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Sequencing strategies. The inclusion of pharmacogenomics into routine medical 
practices has also been urged by the FDA following compiling evidence that up to 30% 
of FDA-approved drug response variability and dosing issues are associated to genetic 
variants [36-39]. In fact, the Clinical Pharmacogenetics Implementation Consortium 
(CPIC) have included -and regularly update- variant-specific dosing guidelines for 
several treatments. One of the most prominent examples is the interaction between 
CYP2D6 polymorphisms and opioid medications [40]. Nevertheless, with several high-
risk drugs still commonly prescribed to pharmaco-sensitive patients, morbidity and 
mortality rates are not likely to rapidly decline. 

Success stories in pharmacogenomic-guided precision analgesia 
 

Numerous studies have reported improved clinical outcomes in chronic pain patients 
after using a pharmacogenomic-guided approach. Particularly, polymorphisms in the 
cytochrome P450 (CYP), a major contributor to the metabolism of common pain 
medications (ie. NSAIDs, Opioids, TCAs, SSRI/SNRIs) [41], have funneled 
toxicological re-assessment in certain variant carriers that were more susceptible to 
overdose [42]. As previously inferred, we need to rethink patient stratification and 
adopt a format based on drug-modulatory genetic variants, or pharmacogenes. 
 
CYP2D6-guided therapeutic management is a great proof-of-concept example of 
successfully applied pharmacogenomics [43-45]. An extensive list of variants in the 
opioid-metabolizing CYP2D6 complex has been linked to altered opioid tolerability and 
efficacy in human carriers [46-48]. In a non-randomized, open-label, prospective, 
cluster design clinical trial, chronic pain patients screened for CYP2D6 variants were 
treated with opioids following a CYP2D6-guided or usual care approach for three 
months [43]. Patients were classified according to their metabolizing rate, based on 
their CYP2D6 genotype, and metabolizers at higher risk of inefficacy or toxicity were 
prescribed alternative therapy. The patients whose treatment was adjusted due to high-
risk CYP2D6 variant expression showed at least a 30% reduction in pain intensity, 
which directly correlated with phenotype-based recommendations, whereby poor 
metabolizers benefitted from this approach, but no difference was observed in normal 
metabolizers. Furthermore, 24% of the patients in the CYP2D6-guided branch showed 
pain improvement compared to 0% of those treated as usual, highlighting the benefits 
of using a personalized approach to pharmacotherapy [43]. Applied CYP2D6-guided 
analgesia has also been shown to improve cancer-related pain in an outpatient 
oncology palliative care setting [45]. In a separate study, CYP2D6-based 
recommendations led to the addition of 70 new medications, removal of 115 and re-
dosing of 58. Interestingly, patients who experienced less severe pain benefitted the 
most from pharmacogenomic-driven therapeutic decisions, while those with the most 
severe pain were less likely to change pain medication [44]. Such differences may be 
caused by other unassessed variants and/or additional factors contributing to 
pharmacotherapy efficacy. In turn, identifying these variants in patients’ genomic 
records allow us to pre-determine their opioid metabolizing rate and predict their 
individual response to analgesics [49].  
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Other isoforms, such as CYP2B6, CYPC8, CYP2C9, CYP2C19, CYP2D6, and CYP3A4 
also interact with some non-opioid treatments [5]. Notably, CYP3A4 variants have been 
linked to altered opioid responses [50, 51], while patients carrying mutant CYPC8 and 
CYP2C9 enzymes report slower NSAID metabolization rates [48, 52]. In 2020, the FDA 
published a list of scientifically supported pharmacogenetic associations that would 
likely alter drug metabolism in human carriers [36]. In chronic pain, only three 
pharmacogenes (ie. CYP2C9, CYP2C19 and CYP2D6) qualify for preemptive testing, 
albeit pharmacogenomic analysis performed prior to prescription, as opposed to 
reactive testing, performed following adverse effects or lack of efficacy [36, 53]. In the 
future, as genomic screening becomes more frequent, increasing numbers of drug-
modulating genetic variants should be incorporated, which will promote preemptive 
testing. Altogether, these studies exemplify the positive impact pharmacogenomic-
guided therapy can have on pain management in the population if implemented into 
clinical settings. 

Population pharmacogenetic variants 
 

Inter-individual differences in treatment response have been highlighted in groups of 
patients with the same etiology, down to the same disease-causing variant [10].  
In chapter 2, we examined the effect of five NaV1.7 variants on lacosamide in HEK293 
cells, which we classified as either responsive to lacosamide or non-responsive. In 
patients, however, the drug response was not as explicit. Differential therapeutic 
responses were observed in individuals carrying the same mutations, suggesting the 
presence of additional contributors. Specifically, in mostly responsive I739V carriers, 
one patient did not respond to lacosamide, while amongst non-responsive L1267V 
carriers, one rersponded. Diverse response to treatment could arise from altered drug 
binding or channel interaction only occurring in specific mutant channels. 
Alternatively, additional genetic variants in the carriers of the same mutation might 
influence their own response, similarly to protective pain resilience variants in IEM 
patients [18, 19].  Future studies might consider a more translational in vitro model 
using iPSCs derived from patients carrying the same disease-causing mutation but with 
opposed drug responses. Functional assessment of patient-specific iPSC-SNs might 
delineate which variants influence pharmaco-responsiveness and reveal important 
factors for the tolerability and potency of lacosamide, ultimately increasing the success 
rates in clinical trials. However, a major pitfall of this approach is that being in 
unrelated patients, such diverse genetic, environmental, and epigenetic factors might 
further amplify inter-individual variations.  
 
Proposed approach  
 

With genomic testing becoming increasingly affordable and available, the era of 
personalized analgesia is on the horizon. Here, we suggest a model that focuses on a 
preemptive and comprehensive approach, whereby all clinically relevant genes are 
evaluated as a panel prior to drug prescription. Genomic assessment should include 
variants that may be associated with drug metabolism, drug targets, and mechanism-
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FFIIGGUURREE  11    ––    DDiiaaggrraamm  ooff  tthhee  kkeeyy  ccoommppoonneennttss  ffoorr  ppeerrssoonnaalliizzeedd  mmeeddiicciinnee.. Two approaches are 
suggested to advance pharmacogenomics-guided analgesic management. (Right) A population to 
single patient approach that encompasses the cataloging of clinical and omics data. Drug 
recommendations are made to individual patients following predictive modelling. (Left) Second, a 
single patient to large in vitro drug testing approach that includes somatic cell collection for high-
throughput screening of iPSC-SNs against a large library of compounds. Combined, both approaches 

thrive from widespread cataloging and classification of drug-modulating variants.  

based targets underlying pain and associated comorbidities, such as depression [36, 
54]. Drug-to-drug interactions and concurrent medical conditions can be confounding 
factors and should ideally be taken into consideration when performing a 
pharmacogenomic analysis. Routine sequencing and genomic screening must be 
incorporated in analgesic treatment guidelines. Patients should be classified based on 
their likelihood to respond to a particular treatment with minimal risk to develop 
adverse reactions [55, 56]. 

The first step towards clinical preemptive testing and personalized medicine should 
follow a population to individual approach. To proceed, population-wide omics data 
need to be collected, cataloged and cross-tested for treatment reactivity. The most 
extensive and global method to define susceptibility genes and predictive biomarkers 
can be achieved through consistent whole-exome sequencing and genome-wide 
association studies. Identified high risk variants for impaired efficacy and/or adverse 
drug effects can be classified and stored in a large library. Functional assessment of 
suspected biomarkers in clinical trials and treatment-effect analysis can then be used 
to identify the likely responders based on the variants they carry, as exemplified by 
Greef et al. [10] and in chapter 2 [55]. Likewise, the response of each patient to 
multiple treatments and their electronic health records should be integrated into a 
shared database with their omics portfolio. Combined with artificial intelligence, an 
individualized treatment algorithm-applied for personalized medicine can be 
developed, such as Q-learning [57], whereby clinicians can retrieve response charts of 
patients with the same variants to a range of medications and choose the one most 
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likely to work with the fewest side effects. As the library enlarges, the likelihood for the 
adaptive learning algorithm to find matches between genetic variants and diverse drugs 
will increase, reducing the risk for physicians to prescribe ineffective/toxic treatments 
(Figure 1, right). In order to achieve effective clinical decision support systems, it is 
critical for health information to be exchanged between institutions and 
pharmacogenomic testing to be standardized. 
Recent advances in the field of stem cell research allow us to suggest a secondary, 
functionally based approach that does not require direct genomics comparison with 
unrelated individuals. From a single patient’s skin biopsy, fibroblasts can be 
differentiated into iPSC-SNs and screened against large analgesic compound libraries, 
enabling personalized drug efficacy prediction and even revise drug interactions 
(Figure 1, left). However, high-throughput screening and production of iPSCs is more 
costly and requires extensive technical knowledge. Thus, this approach might only be 
preferred in patients with expensive and critical treatments, such as for cancer, or in 
therapy-refractory patients. 

  

FFIIGGUURREE  22    ––    SSaammppllee  pphhaarrmmaaccooggeenneettiicc  tteesstt  rreeppoorrtt  ffrroomm  NNeeuurroopphhaarrmmaaggeenn®®  ccoolloorr--ccooddeedd  ttoo  gguuiiddee  
ttrreeaattmmeenntt  ppllaann  ddeecciissiioonnss.. For each drug examined, the result is indicated according to the following 
code: (standard) No genetic variants relevant to treatment have been detected, use treatment as 
directed. (green) Increased likelihood of positive response and/or lower risk of adverse drug reactions. 
(yellow) Need for drug dose monitoring and/or less likelihood of positive response. (red) Increased risk 
of adverse effects.  
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Pharmacogenetic tests 
 

Commercially available genetic tests have the potential to directly predict the patient’s 
response to a range of analgesics. Notably, Neurofarmagen Analgesia® (AB-Biotics) 
scans for cytochrome polymorphisms that affect the pharmacokinetics of common 
analgesics (ie. NSAIDs, TCAs, AEDs, opioids, and SSRI/SNRIs; Figure 2). In a recent 
study, treatment prescription based on Neurofarmagen results correlated with clinical 
efficacy in two out of three patients suffering from chronic pain [5] and in 50% of 
patients (n=136) with major depressive disorder [58]. The observed discordance in 
unresponsive patients may arise from other genetic and epigenetic variants, as well as 
uncontrolled environmental factors. Furthermore, the test was reported to lack 
sensitivity and to only suggest moderate efficacy/tolerability. Regular updating of these 
tests to include more variants as they are discovered will better predict drug response 
[5]. Furthermore, additional markers for therapeutic efficacy and toxicity should be 
incorporated to improve sensitivity and distinguish them from one another. 

Pharmacokinetic-pharmacodynamic (PK-PD) modelling 
 

Integrating omics to quantitative systems pharmacology modelling has been suggested 
to support pharmacotherapy predictions [59]. Combining genomics, metabolomics, 
and proteomics, with pharmacokinetics and model-based predictions of drug exposure, 
this integrative approach encompasses molecular profiling of polymorphisms in 
metabolizing enzymes, μ-opioid receptors, endogenous opioids, drug transporters, 
cytokines, inflammatory markers, endocannabinoids, stress hormones, ion channels, 
etc. to guide pharmacotherapy. Pharmacokinetic-pharmacodynamic (PK-PD) 
modeling consists in quantifying the dynamic relationship between drug exposure and 
drug response [60]. The model generally runs in parallel with a nonlinear mixed effect 
framework to quantify inter-individual variability [61, 62]. For example, PK-PD 
modelling has been used to measure sex and age effects on the analgesic response of 
pregabalin in fibromyalgia patients [63]. Concurrently, metabolomics and proteomics 
provide the closest biochemical description of the clinical phenotype, and in contrast 
to genomics, they include environmental factors [64, 65]. Findings from metabolomics 
and proteomics studies have led to the discovery of novel biomarkers and interacting 
psychiatric risk factors [66, 67]. For instance, heightened cortisol levels from chronic 
stress have been linked to pain catastrophizing [59, 68]. In rheumatoid arthritis, high 
auto-antibody levels have been correlated to disease severity, and thus, could be used 
as indicators in patients that need more aggressive treatments [69]. Therefore, 
implementing approaches that include both PK-PD modelling and quantitative 
metabolomics/proteomics may improve personalized treatment outcomes for multiple 
components of pain [59]. 
 
FUNCTIONAL ASSESSMENT OF POLYMORPHISM – DRUG INTERACTIONS 
 

Functional testing of novel pharmacogenetic variants requires a thorough and time-
consuming dissection. Recommended multistep guidelines include: First, structural 
modeling and proximity assessment that align with known pathogenic or drug-
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modulating variants in the 3D folded channel; second, thermodynamic coupling 
between mutants to verify their energetic association; and third, voltage- and current-
clamp analysis of the effect of the compound of interest on the mutant channel 
biophysical properties and cellular excitability [23]. In chapter 3, structural modeling 
and molecular docking of the NaV1.7 channel predicted residues showing high affinity 
to lacosamide. Yet, without dynamic modelling, energetic associations between 
lacosamide and specific regions of the target sodium channel cannot be measured, 
limiting our interpretation of the NaV1.7-W1538R mutant’s impact on lacosamide’s 
functions. Furthermore, this multistep process has been limited to rare monogenic 
variants, described in small groups of patients and in heterologous cellular models. 
Hence, to understand the contribution of common polymorphisms and paint a more 
complete picture of individual pain pathologies, substantial functional assessment in 
other tissue models is critical. 
 
The development of high-throughput screening has been paramount to facilitating in 
vitro pharmacogenomics studies. Several platforms exist, but the Qube automated 
electrophysiology platform (Sophion Bioscience) is superior by permitting the 
simultaneous evaluation of up to 384 compounds. We were able to validate its 
applicability in chapter 3: Transfected HEK293 cells with NaV1.7 or NaV1.3 variants 
were exposed to diverse compounds, including lacosamide, lidocaine, and aryl 
sulfonamide selective blockers ICA-121431 and PF-05089771 (unpublished), at 
different concentrations. Nonetheless, while assessing the modulatory role of different 
analgesics on mutant channels in heterologous systems is crucial for determining direct 
drug-channel interaction effects, this method cannot explain inter-individual 
variability in response to treatment. The approach used in chapter 2 is generally 
considered a medium throughput assay to test responsiveness of specific mutations to 
a drug treatment. As previously mentioned, DNA transfection in HEK293 cells uses an 
over-expression system that is limited to the sole expression of the channel of interest. 
Also, as a non-neuronal cell background, many channel partners are missing. 
Therefore, other patient-specific genetic and epigenetic modulators that may alter drug 
binding or efficacy cannot be assessed using this system only.  
 
HOW TO OPTIMIZE PHARMACOGENOMICS – GUIDED APPROACHES IN IPSC-SNS? 
 

To provide pain management in a non-‘one-size-fit-all’ fashion, cellular models should 
recapitulate the complexity of a patient’s pharmacological response, and what better 
models than the patient’s very own cells? Over the past decade, iPSC-SNs have become 
the ideal platform to study pharmacogenetic interactions, which have yielded 
personalized treatments in patients otherwise unresponsive to pharmacotherapy [12, 
70-72]. The scalability of patient-specific iPSCs has enabled high-throughput drug 
screening and offers the possibility to assay multiple drugs in one patient or multiple 
variants susceptible to affect the patient therapeutic response and tolerance to one 
compound. However, current differentiation protocols have failed to derive mature 
heterogenous iPSC-SNs, hence closing the gap between human dorsal root ganglions 
(DRGs) and iPSC-SNs is indispensable before they can fulfill their surrogate purpose. 
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High-throughput drug screening in mutant iPSC-SNs 
 

Considering the wide spectrum of responsiveness associated with new and old 
analgesics in neuropathic pain patients, implementing high-throughput screening of 
alternative drugs would likely yield more effective treatment strategies. Patient-specific 
iPSC-SNs allows assessment of a library of potential analgesics without requiring the 
patient to test them themselves. Drug screening in iPSCs-derived systems is well-
established, and has proven to be instrumental in facilitating the identification of novel 
disease-modulating therapeutics [73]. New evidence for positive drug-induced 
neuronal modulation of iPSCs-SNs has been documented [70], which recapitulated the 
effect of treating the patient in the clinic. A recent drug screening investigation in 
amyotrophic lateral sclerosis (ALS) research has demonstrated the ability of a test 
compound to revert neurite degeneration in motor-like neurons, derived from 
unrelated patients, carrying different disease-causing versions of the same TDP-43 
gene [74]. Although their results should be carefully interpreted, they support the 
utilization of the iPSC-derived cell model for drug screening and treatment efficacy 
assessment, even in unrelated subjects. Finally, a mismatch between the iPSC-SNs and 
patient’s response might indicate drug effects at other anatomical levels, such as spinal 
or supra-spinal circuits. To test this alternative hypothesis, iPSCs can be differentiated 
into spinal neurons in future studies.  
 
Drug-induced changes in iPSC excitability might be used to predict the clinical 
response in future trials as well as extend our knowledge on iPSC-derived cell 
metabolism in response to drug administration. However, while their high scalability 
allows for high-throughput drug screening, producing large enough numbers of iPSC-
SNs is both challenging and expensive using current protocols. Using partially 
differentiated, immature iPSC-SNs for in-assay plate maturation has emerged as a 
novel method to test large library of compounds based on the rationale that growing 
neurites are more sensitive to toxins than established ones. Cryopreservation of the 
immature neurons has also been helpful for scaling up numbers before use [75, 76], 
providing a more robust and cost-effective approach. Nevertheless, the process from 
fibroblast to iPSCs to immature iPSC-SNs remains the most time-consuming and costly 
part of the whole procedure. Future prospects might want to focus on developing 
shorter, less labor-intensive differentiation protocols that produce diverse subclasses 
of functional iPSC-SNs that contribute to different forms of pain [23]. 
 
Direct reprogramming: A cost- and time-effective differentiation strategy  
 

New developments in stem cell research have started to shift away from the traditional 
-and most extensively used- in vitro differentiation strategies that recapitulate the 
different stages of DRG embryonic development. As such, iPSCs are differentiated into 
neural progenitors and then into sensory neurons [77]. Instead, direct conversion 
protocols have emerged, whereby somatic cells can be directly reprogrammed into 
sensory neurons, bypassing the iPSC stage altogether, and thus, providing a faster, 
more cost-effective differentiation strategy. Forced expression of lineage-specific 
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modulators has yielded mixed sensory neuron populations in fewer steps than indirect 
reprogramming. For instance, Wainger et al. have achieved neuronal differentiation of 
mouse fibroblasts into neuron characteristic of nociceptors with five key transcription 
factors: Ascl1, Myt1l, Ngn1, Isl2, and Kfl7 [78]. While the conversion rates only reached 
a low 14% for neuronal identity, the cells expressed markers for peripherin, NF-200, 
CGRP, TRMP8 and TRPA1. Electrophysiological assessment further highlighted 
different combinations of TTX-R slow and persistent sodium currents, consistent with 
NaV1.8 and NaV1.9’ signatures. Additionally, the cells were responsive to noxious 
agonists, including capsaicin, menthol and mustard oil, emphasizing the functionality 
of the produced neurons. Last, generated neurons from familial dysautonomia patients 
using the same protocol showed reduced neurite outgrowth compared to healthy 
controls, showcasing this study as a proof-of-concept that direct reprogramming can 
be used to model peripheral neuropathies [78]. However, it remains limited by its low 
neuronal conversion efficacy and by its reduced capacity to maintain neurons in 
culture. A possible solution to circumvent that is to expand fibroblasts in culture prior 
to induction, a consideration for future studies, which is however expensive and more 
time-consuming, defeating its main purpose [78].  
 
The choice of somatic cell matters  
 

Direct conversion of less commonly used somatic cells has shed a light on the relevance 
of the cell of origin to derive selective sensory neuron subtypes. For instance, peripheral 
blood cells and hair follicles have been directly reprogrammed into capsaicin-sensitive 
peptidergic nociceptors, which traditional protocols have so far failed to produce 
persistently [79-81]. Importantly, fibroblasts are primed for neural potential, whereby 
their cell fate is restricted, while blood cells require de novo acquisition of neural crest 
development genes [79, 80], which reduces the risk of differentiation-induced 
variability [82]. Converted nociceptors were functionally and morphologically at least 
equivalent to iPSC-SNs. Furthermore, the production from initial reprogramming to 
mature neurons was over three times faster than the conventional route and yielded 
high numbers of cells available for high-throughput screening of chemotherapeutic 
compounds [80]. Taken together, these findings set the stage for using diverse somatic 
cells for direct conversion into specific sensory neuronal lineages. 

Catching the right wave 
 

Neural induction strategies have further explored triggering the signaling cascades 
responsible for sensory cell fate determination. Sensory neurogenesis occurs in two 
migratory waves; large diameter neurons, including proprioceptors and 
mechanoreceptors, are first generated from neurogenin-2 (NGN2)+ cells, followed by 
small and medium diameter nociceptors during the second wave, stimulated by 
neurogenin-1 (NGN1) [83]. Peptidergic and non-peptidergic nociceptors emerge later 
following alternative expression of TRKA and RUXN1 [83]. Mimicking this 
phenomenon through NGN1/NGN2 modulation, and subsequently RUNX1 and TRKA, 
has been suggested to promote selective differentiation of nociceptor-like cells [84]. 
Direct reprogramming of human dermal fibroblasts through inducible lentiviral co-
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expression of BRN3A with NGN1 or NGN2 has achieved evenly mixed sensory neuron 
subtypes, representing all three DRG subgroups, namely proprioceptors, 
mechanoreceptors, and nociceptors. Obtained neurons were electrophysiologically 
functional, and responsive to pruritic and noxious agonists and to noxious 
temperatures. Specifically, forced expression of BRN3A/NGN1/NGN2 yielded 
TRKA+CGRP+ capsaicin-sensitive and TRPM8+-mediated menthol-sensitive 
thermoreceptors, indicative of peptidergic C-fibers [78, 85]. However, low conversion 
rates from using fibroblasts, once again, hinders progress towards an iPSC-free model. 
Past studies have suggested that forced conversion of transcription factors greatly 
affects differentiation efficiency [86, 87], which may be resolved by using other somatic 
cell types or by using additional steps. Nevertheless, available direct conversion 
strategies still provide insufficient functional sodium channel expression, and solutions 
towards heterogenous nociceptor populations are still limited. 

Microenvironmental interactions drive iPSC maturation 
 

The current gap in knowledge on sensory neurogenesis and maturation in vivo hinders 
our ability to model human DRGs using iPSCs in vitro. Furthermore, neural induction 
and differentiation depend on intrinsic cell qualities and the extracellular environment, 
including cell-to-cell communication and spatial cues, which are missing from 
traditional in vitro protocols and are still poorly understood [88]. The first step towards 
advancing disease modelling using iPSCs is to identify and/or recreate the critical key 
components of the human DRG microniche influencing cell fate. Direct access to the 
native milieu can provide select microenvironmental interactions and help list 
adequate enrichment strategies to improve sensory neuron differentiation [86]. 
Additionally, the absence of complex cellular interactions might account for some of 
the differences in reported drug effects between in vivo and in vitro recipients [17]. 
Promoting culture heterogeneity should paint a more complete picture that includes 
drug metabolism and effect on other cell types. 
 
In chapter 4, we transplanted undifferentiated and pre-differentiated iPSCs into 
rodent DRGs with the hope of inducing their differentiation in vivo and ex vivo. 
However, premature termination of the project due to the COVID-19 pandemic 
prevented long-term iPSC differentiation and behavior assessment at later stages post-
graft. Nonetheless, we demonstrated that undifferentiated cells transplanted in the 
DRG of immunodeficient animals did not allow sensory neuronal differentiation, but 
instead yielded teratoma development. In fact, the elevated tumorigenic potential of 
xenotransplanted iPSCs [89], along other transplantation-related concerns, such as cell 
survival, migration and further differentiation, has restricted their use for disease 
modelling. Strategies to reduce iPSC-induced tumorigenicity are currently under 
development. Bee venom, for instance, selectively targets and eliminates 
undifferentiated, still pluripotent cells [90]. Additionally, modified fibrin gels 
controlling the delivery of growth factors and small molecules have been able to 
improve stem cell neurite growth, survival and differentiation post-graft [88].  
However, this strategy is still far from optimal; the DRG anatomical location and small 
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structure make this technique challenging and further offsets its potential benefits. 
Furthermore, differences between human and rodent DRG microenvironments may 
confound the composition and protein expression levels of in vivo derived iPSC-SNs 
and may not reflect the phenotype they would have achieved in native human tissues. 
Post-mortem human DRGs should be compared to the same donor’s fibroblasts after 
they have been differentiated into iPSC-SNs to delineate the true protein expression 
range and define canonical markers. Nevertheless, other microniche and multi-cellular 
strategies are consistently emerging to defeat these limitations and provide iPSC-SNs 
with the nutrients and signaling cascades they require to reach their final mature state. 
 
Linear co-cultures 
 

Because of their ability to recapitulate cell-neuron communication, co-cultures are 
emerging as a powerful in vitro tool [91-96]. Schwann cells (SCs) have been a 
particularly attractive cell type for sensory neuron co-cultures as they are required for 
both the maintenance and development of peripheral nerves. Also, myelinated neurons 
are crucial for pain signaling. Xenogeneic co-cultures of human iPSC-SNs with rat SCs 
have enabled the production of myelinated fibers with unlimited capacity for 
remyelination. Electrophysiological characterization of myelinated iPSC-SNs 
demonstrated characteristic properties to those of functional neurons [97]. In a 
separate study, co-culture of SCs with iPSC-SNs yielded VGSCs in the nodes of Ranvier 
and shaker-type potassium channels at the juxtaparanode, which were molecularly and 
functionally comparable to human DRG neurons [98]. Both protocols provided net 
improvements over existing methods; however, a clear limitation is the use of non-
human SCs. Recently, a protocol for directly induced human SC precursors has been 
published, which might serve as the missing puzzle piece for generating fully 
myelinated peripheral neurons [99]. Although nociceptors are only lightly myelinated, 
if at all, so SCs might not be the best suited cell type for their growth, other co-culture 
systems exist. Namely, astrocytes, microglia, muscle, and skin cells have improved CNS 
neuronal differentiation and functions [100-103]. Incorporating alternative cell types, 
including non-nociceptive and even neuronal cells, may reconstitute the crosstalk 
between nociceptors and neighboring cells in vitro.  

3D-Organoids 
 

Human iPSCs can be grown three-dimensionally (3D) to create complex tissue 
structures that include multiple sensory neuronal populations and supporting glial 
cells, mimicking in vivo conditions and consequently, improving neuronal 
differentiation [104]. As opposed to 2D-adherent monolayer strategies, such as 
Chambers’ [77], 3D suspension cultures have yielded more diverse cell types that better 
reflect endogenous neurogenesis [105]. For example, 3D organoids derived from 
human fibroblasts, virally transduced with ASCl1, Brn3b and Isl11, yielded self-
organized and networked heterogenous sensory neuron ganglions, closely resembling 
DRGs, that showed TTX-R currents and expressed SCN9A, SCN11A, CGRP and NF200, 
suggesting nociceptor subtype diversity [106]. Furthermore, 3D structures challenge 
2D-related lack of maturity [107, 108], producing mature and diverse cells expressing 
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higher SCN10A levels [104], notably by allowing iPSC-SN aggregates in suspension to 
be cultured for twice as long [109]. Also, non-adherent 3D cultures better replicate 
native spatial organization, cellular composition expression patterns, dynamic cell-
matrix interactions and organ functions [104], which further allow the assessment of 
drug tissue penetration [110, 111]. In a model of amyotrophic lateral sclerosis (ALS), 
organoid cultures adopted a DRG-like structure and produced physiologically 
functional neuromuscular junctions, along with diverse neuronal, glial, endothelial, 
and skeletal muscle cellular cohorts [112]. However, 3D models are more laborious and 
costly, they have a limited high-throughput capacity and hinder microscopy and 
dynamic readouts [107]. Additionally, limited control over their formation increases 
the risk of phenotypic variability among organoids of the same patient, which can 
however be contained by changing scaffolds, somewhat improving uniformity [107, 
113]. For instance, 3D cultured iPSC-SNs in fibroblast-populated collagen sponge 
release significantly more substance P after capsaicin stimulation than 2D models 
[109]. Adopting a 3D architecture has also been shown to reduce extensive cell death, 
commonly observed in 2D cultures, due to a deficiency in glial supporting cells and lack 
of cell-to-cell contact. 

Organoids and co-culture 
 

Combining 3D-organoid and co-culture strategies may further bridge the gap towards 
obtaining mature sensory neurons. In a first-of-a-kind fully human tissue-engineered 
skin model, human keratinocytes and fibroblasts were derived to form a skin cell 
network, where iPSC-3D sensory ganglions were co-cultured with iPSC-derived SCs. 
This protocol allowed neuronal cells to reach higher levels of maturity and to extend 
neurites long enough to reach epidermal-like layers, promising valuable insights for 
studying skin-associated pain pathologies [109]. Concomitantly, iPSC-DRG organoids 
cultured with human intrafusal muscle fibers enabled sensory neurons to contact their 
required targets and reconstitute the muscle spindle of proprioceptors, which further 
improved cell survival, expression of mature neuronal genes, and active 
neurotransmitter trafficking machinery [104]. 

Bio-architecture constraints  
 

Some of the main challenges of 3D cultures regard iPSC-derived DRG organoids 
disorganized, sporadic cell growth [107]. By creating a spatial structure that mimics 
endogenous microarchitectures, iPSCs can differentiate and mature in a controlled and 
precise manner [114]. For example, microfluidic ‘organ-on-a-chip’ provides a rapid, 
inexpensive tool for culturing cells in small amounts of fluids, easing drug discovery 
[111]. In a proof-of-concept study, iPSC-derived brain organoids formed in a 
microfluidic chamber demonstrated key features of human brain development, 
including neuronal differentiation and cortical organization [115] Furthermore, the 
chambers allow cellular compartmentalization; thus, enabling the study of axonal 
outgrowth, injury or transport, independently from the soma. Also, they permit the co-
culture of distinct cell types in a circuit and the testing of different chemical 
compounds, which would not be possible in other systems [116]. Likewise, 3D 
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bioprinting has been shown to improve iPSC-SN differentiation and reproducibility. 
Differentiated cells on printed laden gelatin bioink were responsive to mechanical 
stress and to a range of chemicals [114]. 

Pushing forward iPSC-SN functional protein expression in vitro 
 

While several strategies have led to heterogenous sensory neuronal populations, none 
thus far have reliably captured cells with functional expression of NaV1.8 and NaV1.9 
channels. In chapter 5, we artificially induced NaV1.8 and NaV1.9 currents using 
dynamic clamp and recapitulated native DRG sodium channel electrophysiology in 
iPSC-SNs. The contribution of each channel to the cell’s current density, action 
potential overshoot and repetitive firing was measured from human DRG recordings 
and from injecting varying current levels into iPSC-SNs with dynamic clamp. Building 
on these findings, we were able to precisely ‘inject’ the amount of current representative 
of the two missing channels, allowing us to study, for the first time, the effect of a NaV1.8 
mutation in iPSC-SNs. However, in this model, iPSC-SNs do not actually express the 
physical channel proteins, which precludes pharmacological evaluation of selective 
blockers or binding partners of NaV1.8 and NaV1.9 channels. Likewise, non-selective 
channel blockers, such as lacosamide, are known to differentially affect VGSC isoforms 
[117], thus the total current block recorded will not reflect the drug effect nor its 
underlying mechanisms on the two ‘ghost’ channels. Establishing a cellular model that 
allows functional expression of the full complement of ion channels is necessary to 
perform pharmacogenomic-guided screening in patient-specific cells. To make this 
strategy work, we need functionally mature iPSCs that reflect the contribution of NaV1.8 
and NaV1.9 channels to action potentials and cellular excitability.  

It's all about timing 
 

The duration and timing of exposure to selected transcription factors and molecules 
have been recurrently shown to play a crucial role in the development and maturation 
of iPSCs [86]. One strategy worth considering is extended passaging [118]. This method 
has been shown to reduce differentiation-induced variability, and to improve both 
neural conversion and 3D formation. Koehler et al. adapted an embryonic stem cell 
neural induction protocol, whereby common deficits of iPSCs, such as delayed neural 
conversion and difficulties forming neurospheres or embryoid bodies, was corrected by 
prolongating the expansion of an iPSC clone. Although more time-consuming, after 20 
passages, cells formed larger embryoid bodies and expressed neural markers sooner, 
late passage iPSC-SNs showed greater excitability and larger sodium currents, 
suggesting enhanced maturation [118]. However, no information regarding ion channel 
expression levels, specific currents or sensory neuron subtypes was specified in the 
study, and the utility of this approach remains to be investigated. 

Transgene expression of lineage-specific transcription factors in iPSCs  
 

Expanding on the applicability of forced induction of sensory neurogenesis in somatic 
cells in vitro, iPSCs have also been transduced to express regulatory transcription 
factors. Virally induced exogenous expression of NGN2 in migrating iPSC-NPCs 
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resulted in a high percentage of sensory neurons with diverse phenotypes [119]. 
Current-clamp electrophysiology confirmed the presence of both TTX-S and TTX-R 
channels. However, low levels of expression of SCN9A, SCN10A, and TRKA suggest 
that their protocol does not produce high numbers of nociceptors, and that other 
channels, such NaV1.1 and NaV1.6, that are abundant in proprioceptors and 
mechanoreceptors, are likely contributing to most of the TTX-S sodium current 
recorded [119]. Interestingly, the authors reported NaV1.8 immunoreactivity, which 
may however be attributed to Aβ low-threshold mechanoreceptors (Aβ-LTMR) [119, 
120]. Selective Aβ-LTMR identity was reproduced in a separate study, where viral 
NGN2, combined with retinoic acid and neurotrophic factors, produced TTX-S neurons 
conducting rapidly adapting currents from mechanical stimuli. These findings 
underscore the capacity of NGN2 to preferably induce mechanoreceptors and suggest 
that overexpressing NGN1 instead may specialize cells to more nociceptor-like 
populations [87]. However, no differences in capsaicin or menthol sensitivity were 
described in converted sensory neurons from somatic cells expressing either NGN1 or 
NGN2 alone [85]. Also, it has been argued that successful conversion requires BRN3A 
induction, as neurons expressing NGN2 alone more closely resemble CNS pyramidal 
neurons than sensory neurons [86]. The contrasted results may be explained by using 
viral induction [87, 119] over gene engineering [86], and highlight the magnitude of 
protocol changes can have on cellular phenotypes.  
 
Stable transgene expression of NGN2 and BRN3A generated uniform cultures of cold-
mechanoreceptors sensitive to both 4oC and menthol stimuli, while resistant to 
capsaicin and heat [86]. Interestingly, cell fate determination was time-dependent, 
whereby briefly induced (24h) cells acquired a phenotype and gene expression profile 
consistent with LTMR, while those that underwent long exposure (14 days) 
corresponded to cold-mechanoreceptors, suggesting that extending NGN2/BRN2A 
transgene activation overrides the LTMR transcription and result in 
PIEZO2+/TRPM8+ neurons [86]. While the obtained cells lacked a nociceptive 
identity and the expression of many genes involved in pain and itch, including SCN10A 
and SCN11A, the aforementioned studies provide important insights on alternative 
strategies to promote sensory neuron selective subtype differentiation and emphasize 
the importance of timing and duration of developmental signals to manipulate cell fate 
determination. With the same goal to improve differentiation, other ways to induce 
reprogramming are currently in development, such as microRNAs, which behave in 
synergy with neurogenesis factors to convert fibroblasts into functioning neurons [121, 
122]. 
 
Tracking and segregating neuronal subtypes  
 

Imaging of human iPSCs can provide new avenues to monitor cell distribution, 
differentiation, proliferation, and survival both in vitro and in vivo. Notably, genetic 
knock-in of fluorescent and epitope tag proteins, where the protein of interest 
transduces a fluorescent marker, can give us insights on in vivo cellular behaviors and 
patterns of expression [123]. Also, future studies might consider using Ca2+ reporter 
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lines to assess iPSC activity in the DRG in vivo [124]. Concomitantly, the generation of 
sensory neuron reporter cell lines may further enable the identification of specific 
subtypes and exploration of their electrogenic profile in vitro [78]. While heterogenous 
cultures provide the opportunity to test new analgesic compounds on different cell 
types, a concurrent drawback lays in the incapacity to identify and isolate cell groups 
of interest for functional assessment. Immunopanning, an antibody-based purification 
technique, allows the segregation of selective subtypes from a large pool of neurons, by 
precoating dishes with specific cell-surface antibodies (eg. anti-TRKA) to which cells of 
interest (eg. nociceptors) can bind [125].  

 

The burden of large and heterogeneous patient populations, together with technical 
and financial considerations have long limited the clinical implementation of 
pharmacogenomic testing. Despite these concerns, a range of variants and susceptible 
genes are supported by clinical evidence and dosing guidelines for the management of 
chronic pain, progressively abandoning the conceptual one-size-fits-all idea. 
Nevertheless, with a major focus on toxicity, from higher numbers of CYP variants 
involved in the metabolism of common analgesics, increasing our focus instead on 
novel more selective analgesics, such as VGSC inhibitors, might improve 
pharmacogenomic analysis using predictors of therapeutic efficacy. 
 
Future innovations in both the fields of pharmacogenomics and iPSC models will 
revolutionize the way we think about therapy development that really treats the patient. 
The implementation of routine pharmacogenomic testing could lead to variant 
classification globally, of common polymorphisms and gene variants beyond pain 
pathologies, promoting fast and effective diagnoses and treatments with the right effect 
at the right dose. Rapid technology advances raise new possibilities for iPSC modelling, 
promising but still far from perfect. Combined efforts are still needed to circumvent the 
limitations of this system. The optimization of high-throughput pharmacogenomic-
guided screening in patient-specific cellular models could significantly improve 
research in almost any disease of genetic origin or in patients carrying susceptibility 
genes, which encompasses most disorders. To overcome inter-individual variability 
and find more widely applicable treatment solutions, it is critical to catalog patient and 
corresponding iPSC-derived data in libraries. Although pain is not exclusively 
dependent on genomics but on many other factors, which cannot always be studied in 
iPSCs nor anticipate complex drug response, it is highly desirable to center our efforts 
on building a database that can assist clinicians’ decisions in prescribing individualized 
treatments. In turn, this will also allow the standardization of pharmacotherapy.  
Likewise, the field should aim for consistent and validated protocols to reduce inter-
lab variability and efforts of replication.  
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Chronic pain affects nearly 1 in 4 individuals worldwide [1-3], and despite its global 
spread, treatments for this condition are still largely ineffective and carry serious side 
effects [4, 5]. Recent drug developments have focused on inhibitors of voltage-gated 
sodium channels (VGSC), which, when dysfunctional, are associated with several 
human pain syndromes [6-8]. Different classes of VGSC blockers have emerged, 
including anticonvulsants, local anesthetics, and isoform-selective blockers. 
Lacosamide, an anticonvulsant and emerging candidate for treating pain [9], has 
shown variable efficacy in patients with NaV1.7-related small fiber neuropathy (SFN) 
[10]. To date, the peripheral mechanisms underlying lacosamide treatment response 
modulation are still poorly understood. With limited number of individuals responsive 
to available medications, unraveling the contributing factors interfering with pain 
targets and drug modulation is highly warranted. In chapter 2, we recapitulated inter-
individual variations in lacosamide response in patients with NaV1.7 mutations. Our 
results support the utilization of a pre-clinical biophysical assessment of specific 
mutations to select compounds to predict individualized patient response. 
Furthermore, our -and similar- findings can be extrapolated back to the clinic for 
patients genotyped with already-assessed NaV1.7 mutations, allowing clinicians to 
anticipate their response to, in this case, lacosamide. We also linked specific genetic 
mutations to distinct pharmacological phenotypes in different SFN patients, which can 
be incorporated in future studies to develop better-suited treatment strategies. 
Epilepsy research has taught us important lessons on the extrapolation of genomic data 
for pharmacotherapy, by titrating dosages based on NaV1.7 splicing variants [11]. A 
comparable, easy-to-use pharmacogenomic-based model is proposed here for pain, 
which can as well be implemented to study a wide range of mutations and drugs, 
whereby the biophysical signature correlating to a positive drug response can guide 
treatment. 
 
Understanding the mechanisms of action of analgesics, such as lacosamide and its 
isoform-selectivity, is critical to make informed decisions when treating specific 
patients and could aid future drug developments. Lacosamide has been shown to exert 
its effects in an unconventional manner compared to traditional pore-blocker sodium 
channel inhibitors [12-16]. Solving its mechanistic basis can further explain inter-
individual variability in efficacy and tolerability in treated patients [10]. Chapter 3 
provides a description of a working model of lacosamide and reports a novel binding 
region in NaV1.7, in the voltage-sensing domain 4 (VSD4), which, alongside an intact 
local anesthetic site within the channel’s pore, is required for lacosamide to exert its 
therapeutic functions. The role of the VSD4 seems to be determinant to lacosamide-
isoform specificity at clinically-achievable concentrations. By unraveling the 
interaction between lacosamide and the VSD4, chapter 3 sheds a light on possible 
implications in other sodium channelopathies, where other VGSC isoforms are 
affected, for example in patients with VGSC-related epilepsy or cardiac disease. By 
establishing the binding properties of lacosamide, we can make better predictions on 
drug efficacy and tolerability in patients. Our findings also highlight the pivotal role the 
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VSD play in initiating and maintaining lacosamide functions at therapeutic 
concentrations, which may be relevant in patients with mutations located in the VSD. 
Specifically, our results show that in cells expressing the W1538R variant, the 
mutation-related lacosamide block can be overcome by increasing dosage. Therefore, 
genomic evaluation of neuropathic pain patients, whereby specific genetic variants in 
NaV1.7 are detected, can be used as a dosing guideline.    
 
Modeling genetic diseases is a tedious task, as there is a constant need for further 
developing cellular systems mimicking those in physiological conditions. The use of 
patient-specific cells can extend our understanding of pain pathophysiological 
mechanisms [17-20] and drug response [17, 21, 22]. In chapter 4, we initiated the 
development of a dorsal root ganglion (DRG)-targeted in vivo and ex vivo 
differentiation method, as a model of “humanized” cells, to offer a more translational 
approach, which could potentially help increase the success rates in clinical trials. 
While we did not succeed in forcing iPSC differentiation in vivo yet, successful 
optimization of our iPSC methods could inform us on iPSC patterns of migration, speed 
of differentiation and body absorption. Furthermore, this may allow drug screening in 
iPSCs, which will in turn extend our knowledge on iPSC-derived cells metabolism in 
response to drug exposure, and further delineate the responsiveness of alternative 
variants to different VGSC-blocking treatments. Furthermore, our results were 
educational on inter-species physiological interactions and on iPSC behaviors and 
parameters that affect DRG teratoma development. Our study provided substantial 
data on the differentiation and migration properties of undifferentiated cells in the rat 
DRG and its potential for tumorigenicity, as well as its influence on non-transplanted 
adjacent organs and overall physiological functions. Although beyond the scope of this 
thesis, these findings can serve as a basis for stem cell therapy in the DRG on how to 
avoid cell graft rejection and tumor formation, which can have major implications for 
advances in regenerative medicine. Furthermore, our model provides important 
insights to the study of iPSCs that are transplanted into a specific organ and can be used 
to propel research efforts in other pain-related or unrelated diseases.  
 
Besides concerns associated with iPSC immaturity, the lack of functional expression of 
the NaV1.8 and NaV1.9 sodium channels in iPSC-derived sensory neurons (iPSC-SN) 
still represent a prominent caveat to the study of painful sodium channelopathies in 
iPSC models [18, 23]. These two channels are particularly important to pain signaling 
as they contribute to a large portion of the sodium current transmission and cellular 
excitability [24, 25]; therefore, without their physiological input, the recorded current 
is corrupted and not representative of the patient’s cells true electrophysiological 
properties. In chapter 5, we described for the first time the relationship and 
contribution of human NaV1.8 and NaV1.9 channels to human neuronal excitability as 
pain correlates. Furthermore, not only were we able to produce NaV1.8 and NaV1.9 
currents, but we also developed a brand-new model allowing the study of NaV1.8 and 
NaV1.9 mutations in iPSC-SNs via dynamic clamp, which was never possible before. 
Moreover, this technique can be used to introduce several mutations simultaneously, 
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in the same patient-specific cells, covering a wider range of genetic variants and 
possible interactions. In turn, patients who carry genetic variants in the two channels 
can be evaluated in the future. Additionally, the overall cellular excitability of patient 
iPSC-SNs with NaV1.7 mutations might be restored to similar levels that would have 
been recorded in the donor’s neurons, and thus, aid find better fitted treatments. Our 
ability to modulate NaV1.8 and NaV1.9 via dynamic clamp may further guide future 
therapeutic considerations in drug development and clinical trial dosing. Specifically, 
dynamic clamp of iPSC-SNs might bridge the gap in knowledge regarding the precise 
degree of channel inhibition needed to induce therapeutic relief without total loss of 
pain sensation [26, 27]. 
 
Taken together, the findings from this thesis have set the stage for using 
pharmacogenomic-guided tools in patient-specific iPSC-SNs to solve pain 
mismanagement while providing novel strategies to implement personalized therapy 
in pain research. 
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