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LIST OF ABBREVIATIONS

A-CAP: A-fibres compound potential

ADS: Activity dependent slowing

ANOVA: Analysis of variance

AP: Action potential

CaClz: Calcium chloride

C-CAP: C-fibres compound potential

CGRP: calcitonin gene related peptide

CMi: Mechano-insensitive nociceptors

CN: Silent cold-sensing nociceptors

CNS: Central Nervous System

corLs: Corrected latency for sine wave

CTX: p-conotoxin Pllla

DFG: German research foundation

DAPSYS: Data acquisition processor system
DMSO: dimethyl sulfoxide

DRG: Dorsal root ganglion

e-thr: electrical threshold

GDNF: Glial cell line-derived neurotrophic factor
HEK293: Human embryonic kidney cells grown in tissue culture
HEPES: Zwitterionic sulfonic acid buffering agent
H20: Water molecule

HT: Mechano-thermo-chemo sensitive or polymodal nociceptors
HCNZ2: Potassium/Sodium hyperpolarization-activated cyclic nucleotide-gated ion
channel 2
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KCI: Potassium chloride

KH2POa4: Potassium dihydrogen phosphate

Lr: latency for rectangular stimulus/conduction delay
LT: Low-threshold mechano-sensitive fibres

Na*: Sodium ion

NacCl: Sodium chloride

NazHPOa: Di-natriumhydrogenphosphate
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PCR: Polymerase chain reaction

pH: Potential of hydrogen

ProTx: Pro-toxin Il and IlI

gr: charge for rectangular stimulus

gs: charge for sine wave stimulus

QST: Quantitative sensory testing

QTRAC: Threshold tracking software

RNA: Ribonucleic acid

SD: Standard variation

SDS: Slow depolarising stimulus
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TG: Trigeminal ganglion

TREK1: Twik-related K+ channel

TRPAL: Transient receptor potential cation channel, subfamily A, member 1
TRPM8: Transient Receptor Potential Cation Channel, subfamily M, member 8
TTX-R: Tetrodotoxin resistant

TTX-S: Tetrodotoxin sensitive

VGSC: Voltage gated sodium channel

VHT: Very-high threshold nociceptors
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1 INTRODUCTION

1.1 Nociception

Nociceptors are primary sensory neurons specialized in the detection of noxious
stimuli, such as high mechanical pressure, extremes of temperature or chemical
irritants, including endogenous mediators like low pH.! This specialized apparatus
includes the expression of ligand-gated ion channels and G-protein coupled receptors
to transduce the noxious stimuli as well as a unique range of voltage-gated sodium
channels (VGSC), key determinants of neuronal excitability. The terminals of VGSC
transduce generator potentials into electrical signals, initiate and propagate the action
potentials to the central nervous system (CNS), finally releasing neurotransmitters in
the dorsal horn of the spinal cord.? At the level of the spinal cord the nociceptive input
is processed in a complex fashion, culminating in the information being transmitted to
the brainstem and thalamus and ultimately to cortical networks.3# The activation of the
central nociceptive system will determine the perception of pain (Fig. 1).
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Madified from httns:/Aww.nature.com/articles/nri3621

Figure 1. Nociception: The noxious stimulus is detected by peripheral sensory neurons and
transduced into electrical signals. The electrical signals or action potentials are carried to the spinal cord
where a modulation of this electrical signal occurs, and the information is then transferred to the brain
where pain perception takes place.

Pain is protective and adaptive and has the function to warn the individual to escape
and protect the injured area during the healing process. This concept includes both
nociceptive and inflammatory pain. Yet, when pain extends well beyond healing of the
initial injury, remaining for a period of weeks to years, it is considered as chronic and
maladaptive, believed to be a result of malfunctions in the somatosensory system.> A
malfunction of peripheral neurons is a state of inappropriate signalling that gives rise
to multiple errors in both transmission and transduction, providing occasion for
changes at each point of the pain pathway and ultimately contributing to central
sensitization. Albeit, there is no evidence to support that central sensitization alone can
maintain a state of persistent pain without the peripheral signalling.® The impaired
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message coming from the sensory peripheral neurons is characterized by
spontaneous activity and abnormal discharge behaviour. These signalling
inaccuracies are well correlated to a condition known as painful neuropathy.

Among chronic pain patients, it is estimated that around 20-25% of the individuals
suffer from pain with neuropathic characteristics, corresponding to 7-8% of the general
population.” Still, as neuropathic pain has multiple aetiologies and presentations, it is
difficult to establish accurate prevalence and incidence data,® not to mention
diagnostics and efficient treatment. The fact that between the painful neuropathies only
a few are yet mechanistically elucidated might well be the core of this paradox.

1.2 Painful neuropathy

Neuropathic pain can be classified as peripheral, where the primary injury is in
peripheral nerves, and central, where a disease or lesion is present in the spinal cord
and/or in the brain.® The peripheral neuropathies specifically, can be further
distinguished based on the number of nerves involved, being a mononeuropathy when
a single nerve is intricated and a multifocal neuropathy and polyneuropathy when
multiple peripheral nerves are affected.®

The most common causes of neuropathic pain include diabetes, spinal cord injury,
shingles, viral infection (HIV, herpes zoster), cancer, traumatic or postsurgical nerve
injuries, lumbar or cervical radiculopathies (peripheral), stroke and multiple sclerosis
(central).* Based on the many central or peripheral aetiologies of neuropathic pain,
there is no consensus about the most suitable method of diagnosis and treatment. The
discussion moves around classifying the pain syndrome only according to its aetiology
and/or including the symptoms and somatosensory abnormalities presented by
patients.1?

The diagnosis of neuropathic pain is established mainly by quantitative sensory testing
(QST) and intra-epidermal nerve fibre density abnormalities. Even if the skin biopsies
assess epidermal innervation, mostly from unmyelinated C-fibre terminals and few
small myelinated A-delta (Ad), the strength of the relationship to neuropathic pain or
the occurrence of such is as yet unknown.® The QST assesses the function of small
and large neuronal fibres and tests for sensory thresholds, yet the heterogeneity of
phenotypes is remarkable between the most common neuropathic pain syndromes,
obscuring the diagnosis.*?

An inaccurate diagnosis in turn influences greatly the provision of adequate treatment
to those patients.® Thermal and mechanical hyperalgesia, hypoesthesia, hypoalgesia
and allodynia are found in neuropathic patients referring to abnormalities in the
somatosensory neurons.!?

1.2.1 Cold allodynia

Allodynia is a term used to refer to a pain owed to a stimulus that usually does not
evoke pain'4 and cold allodynia is characterized by a pathological state in which pain
is induced by an innocuous cold stimulus.'®> The prevalence of cold allodynia in
neuropathic pain patients is rather difficult to estimate, although it is mostly associated
to patients suffering from diabetes and post-herpetic neuropathy.4

In normal conditions, mild cooling of the skin is expected to be analgesic, while only
moderate to extreme cooling becomes painful.'® Pain in response to cooling may arise
from integration of nociceptive and non-nociceptive thermal inputs.l” It has been
reported before that both “silent cold-sensing neurons” and ‘“low-threshold
mechanoreceptors” respond to cold stimulus and increase their population in glabrous
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(mouse hind-paw) skin in neuropathic pain models endowing the development of cold
allodynia.'®

Patients suffering from painful neuropathy not only can have a great impairment in
quality of life, but may also be affected by comorbidities such as anxiety, depression,
impaired cognition and sleep disturbances.’

Accordingly, excitability changes of somatosensory neurons could present an accurate
biological marker for the occurrence of neuropathic pain, particularly by means of
abnormal discharge behaviour and spontaneous activity in a particular class of
unmyelinated somatosensory neurons. It is well stated that excitability changes in
unmyelinated nociceptors from class C, particularly a subset of mechano-insensitive
nerve fibres, are well correlated to painful neuropathy.1920.21

Based on the relevance that somatosensory neurons possess in neuropathic pain, the
exploration of this theme seems crucial for further understanding of its
pathophysiology, and we may start by shedding some light on how the different cases
of peripheral nerve fibres can be classified as follows.

1.3 Classification of peripheral nerve fibres

The nerve fibres were initially classified according to diameter and degree of
myelination. These two characteristics directly influence the speed at which the
impulses are conducted. Another important factor to mention is the threshold of
electrical activation. As a rule, the threshold is lower the thicker the fibre, and the
thicker the fibre the higher the conduction velocity (CV).?? The classical studies of
Joseph Erlanger, Herbert Gasser and David Lloyd provided us with the nerve fibre
classification still in use today: A alpha (Aa) being the largest 12-20uM with a
conduction velocity varying from 70-120m/s; A beta (AB) with a diameter of 6-12uM
and a conduction velocity of 30-70m/s; A gamma (Ay) with a diameter to 1-6pyM and a
conduction velocity ranging from 30-70m/s; A delta (Ad) with a diameter less than 3uM
and a conduction velocity ranging from 5 to 20m/s; and unmyelinated C-fibres with a
diameter of 0.3-1.35uM and a conduction velocity of 0.5-2m/s.?324 In addition to this,
nerve fibres are separated into “efferent” motor and “afferent” sensory neurons, among
which AR fibres, Ad and C-nociceptors are sensory.?®

As expected, when recording from electrically excited peripheral sensory nerves (for
instance a single fascicle), the compound action potentials (CAP’s) of the recorded
units will reflect the conduction velocities of the fibre classes within the fascicle. The
first peak to be seen will be Aa and A, followed by Ad and lastly C-fibre compound
potentials (Fig. 2).

The AR fibres are low threshold mechano-sensors, while Ad are mechano-heat-
nociceptors in the skin. AR and Ad fibres were not a focal point of the present study.
The main interest was instead in the different classes of C-nociceptors, and those fibre
types were extensively explored in this work. The challenge in recording from C-fibres
separately rely on the fact that those sensory neurons have ten-fold higher electric
thresholds of activation when compared to A-fibres, meaning that activating them using
the traditional rectangular short duration pulses also activates AR and Ad fibres.
Additionally, different classes among C-nociceptors also present differences in
electrical thresholds of activation.?®
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Figure 2: Nerve fibre classification: The nerve fibres are classified by diameter, myelination, and
conduction velocity. Myelinated Aa and AB fibres conduct the electrical impulse faster compared to thinly
myelinated Ad nociceptors and unmyelinated C-nociceptors.

At the early stages of human nerve fibre recordings “in vivo” (microneurography) in the
70’s, C polymodal nociceptors or mechano-heat nociceptors (HT) were the first fibre
type to be identified and recorded from.?” Around the same time, sympathetic C-fibres
(vasoconstrictors) were also identified and differentiated from mechano-thermal-
insensitive nociceptors (CMi or “silent” nociceptors).?® The C-sympathetic fibres were
also disregarded in the current study based on their non-nociceptive function.
C-polymodal nociceptors recorded from human intact skin were defined as responsive
to non-painful pressure and warming. The after-stimulus discharge and reduced
excitability after repeated mechanical stimulation observed in polymodal nociceptors
were also highlighted by the author.?® The very high threshold silent fibres seemed to
be sensitive to chemical mediators, including inflammatory mediators. It was described
that only after sensitization, those nociceptors start responding to mechanical and
thermal stimuli. At that stage of research, both the very high threshold (VHT) and silent
fibres were treated as a single class of C-nociceptors.3° Based on the functional results
obtained in this study, the VHT and CMi are referred to as different fibre classes.

The unmyelinated low mechano-threshold units (LT) were later differentiated from
polymodal nociceptors based on higher sensitivity to mechanical-stimulus and poor to
absent response to heat. These tactile C afferents were also clearly differentiated from
myelinated fibres, based on a conduction velocity in the range of the C-fibre class
(around 1m/s) and the “fatigue” effect after repetitive stimulus.3?

The “fatigue” effect is an axonal property of slowing the conduction velocity upon
repetitive stimulation named activity dependent slowing (ADS). The different patterns
of ADS became a valuable tool to differentiate not only sub-classes of C-afferents, but
also the C-fibres from C-efferents and A-fibres as mentioned above.3?

Another class of C-fibres were brought into light as a relevant subset of mechano-
insensitive nociceptors, named cold nociceptors (CN). The identification of a functional
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response to noxious cold temperatures in human was initially attributed to polymodal
nociceptors.®® Indeed, a study conducted in porcine CN showed a conduction velocity
in a range of mechano-responsive nociceptors and a smaller ADS compared to the
silent units. Nevertheless, CN are described as unresponsive to mechanical von Frey
stimulus corroborating our observations of cold units in the present study.3*

A more recent attempt has been made to correlate single cell RNA-sequencing of
dorsal root ganglion (DRG) with “in vivo” recordings and real time PCR expression
patterns, allowing for the identification of around 10 types of DRG neurons.3*>3¢ The
expression pattern of some DRG’s were correlated with known functions of sensory
neurons, but the overlay in the expression pattern of different neuron types and the
difficulty to correlate the expression in the soma with the functional protein expression
in the sensory endings remain a challenge to be overcome.

The development of modern genetic approaches has raised questions related to the
translational value of the classification of neurons into “peptidergic” (containing
neuropeptides) and “non-peptidergic”. This classification is based on somatosensorial
studies in rodents, and it is unclear whether this is translatable to humans. Not only
fundamental differences in the expression of neuronal markers associated with pain
signalling, but also in the expression of the voltage gated Nav channels (VGSC'’s)
Nav1.8 and Navl1.9 in peptidergic neurons were found between mouse and human
neurons. The higher expression of Navl.8 and Navl1.9 in peptidergic neurons in
humans for instance, renders the axons more prone to longer lasting action potentials
and higher discharge frequency.®’

To increase the translational value of the present study, the majority of the results to
be presented later were investigated using Sus Scrofa. Pigs appear to be a highly
suitable model to study human pain due to the many anatomical and physiological
similarities with humans. It is known that neuronal distribution and axonal excitability
are akin for humans and pigs when comparing both nociceptive and non-nociceptive
fibre classes, making swine a suitable model for modulation of excitability in C-
nociceptors.3®

While more detailed and elaborate data is not available on the classification of C-fibres,
we hold on to the classic classification of sensory neurons for the intent of this study
and centre our focus on the abovementioned LT fibres and HT, VHT, CN and CMi
nociceptors. A detailed description on how those nociceptors were differentiated from
one another during the “in vivo” recordings with pig saphenous nerve is provided later
in the Material and Methods section. Meanwhile one should recapitulate on what is
known about VGSC’s distribution amidst C-nociceptors and how their individual
kinetics influence C-fibres response to noxious stimulus.

1.4 Voltage gated sodium channels

Many of the transmembrane voltage gated sodium channels are action potential
generators responsible for conducting Na* currents across the membrane of axonal
neurons and many excitable cells.34% The nomenclature of the VGSC's relate to the
chemical symbol of the permeating ion (Na*), associated to the principal physiological
regulator (voltage) indicated as subscript (Nav), followed by the number of the gene
subfamily and the number of the specific channel isoform.4°

Nav channels consist of a pore-forming a-subunit associated with 3-subunits of smaller
size. The family of a-subunits are composed of around 2000 amino acids, divide into
4 domains (DI-DIV) and each domain possess 6 transmembrane segments (S1-S6),
being the S1-S4 voltage sensing segments and S5-S6 pore forming segments.? The
B-subunits comprise four subtypes (B1- B4) that influence localisation and modulate

7
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the kinetics of VGSC. The mammalian VSGC are divided into nine isoforms (Nav1.1 to
Nav1.9) expressed in different proportions among the biological tissues with a high
homologous sequence in the transmembrane and extracellular domains.? The VSGC
isoforms have distinct sensitivity to the neurotoxin tetrodotoxin (TTX) and can be
separated into TTX sensitive (TTX-S) and TTX resistant (TTX-R) isoforms. The
sensitivity to TTX is mainly determined by the presence of an aromatic residue
(tyrosine and phenylalanine) between segments S5-S6 in domain 1, which confers an
electrostatic negative potential and attracts TTX.#! The TTX resistant VGSC have a
serine or a cysteine in the same position, reducing greatly their affinity to the toxin.*?
Even if Nav channels share many similarities between the amino acid sequences, they
differ when referring to channel kinetics properties. The Table 1 provides an overview
on the isoforms of VGSC localization, kinetics as well as sensitivity to TTX.43

It is described that small diameter dorsal root ganglia (DRG) and trigeminal ganglia
(TG), which are the cell bodies of unmyelinated sensory neurons, express high levels
of TTX-R VGSC Navl1.8 and 1.9 and TTX-S Nav1.7 and 1.6.#* Nav1.1, 1.6, 1.7, 1.8
and 1.9 are expressed in primary sensory afferents at adult age.*®> The other VGSC
channels Nav1.2, 1.3 and 1.5 are expressed in sensory neurons during the embryonic
period but downregulated later,%647 with the exception of Nav1.5 (heart) and Nav1.3,
the latter can be re-expressed following injury of peripheral nerves.®® The re-
expression of Navl.3 together with the enhanced expression of Nav1.7 and Navl1.8
has also been described in patients with painful neuromas.** Those channels, plus
Nav1.9, are thought to be the main players in nociceptive signalling.4® The Nav1.6 is
the main channel present in the nodes of Ranvier in myelinated axons,*° although there
is evidence that Navl1.6 is also expressed along the axons of unmyelinated C-fibres
and contributes to action potential generation.51:52

Isoform | TTX sensitivity | Tissue Expression Kinetics
Navl.l TTX-S CNS neurons, PNS Fast activation, fast and
neurons slow inactivation
Navl.2 TTX-S CNS neurons Slow repriming
Navl.3 TTX-S CNS neurons, PNS Fast activation, fast
neurons (post-injury) | inactivation, rapid repriming
Navl.4 TTX-S Skeletal muscle Fast inactivation
Navl.5 TTX-R Heart Fast activation, fast
inactivation
Navl.6 TTX-S CNS neurons, PNS Fast activation, fast
neurons inactivation, rapid repriming
Navl.7 TTX-S Large and small Fast activation, fast
DRG, PNS neurons | inactivation, slow repriming
Navl.8 TTX-R Small DRG neurons, Slow activation, slow-
PNS neurons inactivation, rapid repriming
Navl1.9 TTX-R DRG neurons, PNS Ultra-slow activation and
neurons inactivation, persistent
currents

Table 1: The human VGSC a-subunits.53.43:54:4846,50,49,55,56,57,58

Based on the afore mentioned and on the objectives of this study, a description of
VGSC function is provided along these lines, together with a more detailed description
on the kinetics of key VGSC isoforms enrolled in nociceptive signalling: Nav1.3, 1.6,
1.7,1.8 and 1.9.
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1.4.1 VGSC function

The Nav channels can exist in different states: “closed” or “inactive” during
hyperpolarization, “open active” (1ms) during depolarization, and “fast inactivated”
before closing again when the membrane returns to resting potential. These VGSC are
also known to go into “slow inactivation” (tens of seconds) states when submitted to
prolonged depolarization.? (Fig. 3)
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Modified from https://pubmed.ncbi.nim.nih.gov/19552484/.

Figure 3: States of Nay channels: The sodium channels are in closed or inactive state at resting
membrane potential. As depolarization of the neuronal membrane starts, the channel moves to an open
state, allowing the Na* currents to move inward, according to its electrochemical gradient. Deactivation
occurs when the membrane returns to the resting potential and the channel assumes a closed
conformation. If depolarisation last longer, the channel can move to a fast or slow inactive state.
Hyperpolarization is needed to change the conformation of the channel from inactive to closed.

At resting potential (approximately -80mV, related to outer extracellular compartment),
the channel is in its closed conformation. During a depolarisation, the membrane
potential move to a more positive voltage and allows for an outer change in the
conformation of S4, opening the channel to inward currents of Na*,*® along their
electrochemical gradient.>® Fast inactivation occurs after few milliseconds by a change
in the inner conformation of S6 in domain Ill and S1 in domain IV, blocking the
intracellular side of the pore and consequently impeding influx of Na*. When the
depolarising stimulus persists longer, the slow inactivation mechanism takes place,
which is thought to change the conformation of the outer side of Nav pore.f%5° The
recovery from inactivation, also known as repriming, is dependent on repolarization of
the membrane potential. As hyperpolarisation progresses and the resting potential is
re-established, the inactivated position returns to its closed conformation.*35°

The VGSC have an overall fast transient kinetic and close within milliseconds.
Nevertheless, under specific circumstances fast inactivation is not completed and
persistent Na* currents may occur.*
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1.4.2 Kinetics of VGSC involved in nociception

As previously mentioned, the focus of this work in addressing C-fibres originated with
the need to perceive the properties of VGSC directly involved in action potential
generation and transduction in those nerve fibres.

The Navl.7 channels seems to play a great role in action potential initiation and
propagation.®! The channels have fast activation and inactivation kinetics, but are
known to recover slowly from inactivation. Navl1.7 is also described as a threshold
channel; as it produces significant ramp currents in response to small depolarisations,
facilitating neuronal discharge upon subthreshold stimuli.4?:62

The activation of Nav1.8 happens at more depolarised membrane potentials (around -
35mV) than the Nal.7 isoform and is responsible for the majority of the transmembrane
Na* current during the rising phase of the action potential.*>>* The late activation in the
human NaV1.8 combined with a more depolarised voltage to shift into inactivation
allows the channel to remain open for longer periods of time compared to other VGSC.
This feature allows the channel to increase the width of action potentials and modify
the release of neurotransmitters from synaptic terminals. Besides that, Nav1.8 has a
fast recovery from inactivation, meaning that more channels are available for activation
shortly after an action potential, contributing to repetitive firings at high frequencies. >*
Navl.3 channels have similar kinetics to Nav1.7 (fast activation and fast inactivation)
except for a rapid repriming at hyperpolarised membrane potentials and a slow
recovery from inactivation at more positive potentials. It is suggested that upon slow
depolarising stimulus, the channel has a slow closed state inactivation, allowing for the
generation of ramp currents.> This could be a reason why NaV1.3 is re-expressed in
peripheral neurons at adult age after tissue injury,*#52 because under such conditions,
the capacity to recover relatively fast from inactivation of Nav1l.3 promotes high
frequency firing in damaged tissues.%®

Nav1.6 possesses fast activation and fast inactivation kinetics with a rapid repriming
time, which is tenfold faster than Nav1.7 and twofold faster than Navl1.3. Because the
time to recovery from inactivation is directly correlated with how fast a neuron can
repetitively fire, fibres with Nav1.6 channels can follow much higher frequencies of
stimulation compared to Nav1.7. This characteristic of rapid repriming and a fast closed
state inactivation makes Nav1.6 very unlikely to generate ramp currents and respond
to slow depolarising stimuli.>®

Nav1.9 has a low threshold of activation and can give rise to persistent Na* currents in
sensory neurons. The channel activates at hyperpolarised potentials close to the
resting potential and therefore do not participate in the generation of action potentials,
but instead contribute to the maintenance of the resting membrane potential and
neuronal excitability.*°

It is known that identified mutations of the voltage-dependent Nav1.7, 1.8 and 1.9
channels with an enhanced function ("gain-of-function mutation") are related to the
development of painful neuropathies, even if only very few patients with painful
neuropathies presented the mutations.®® Among the most common genetic diseases
of voltage-dependent Nav1.7, 1.8 and 1.9 channels, we can cite paroxysmal extreme
pain disorder (Nav1.7), inherited erythromelalgia (Nav1.7) and small-fibre neuropathy
(Nav1.8/sporadic mutations in Nav1.9).646537 In general, gain-of-function mutations
modulate “in vitro” excitability®®, increase discharge rate of action potentials in
response to slowly depolarizing stimuli®*%% and provoke spontaneous activity.5”

The gain of function mutations in Nav1.7 isoform, for instance, renders the channel
hyperexcitable either by hyperpolarising the voltage of activation or by affecting its
inactivation kinetics. The impairment of the fast inactivation causes the channel to
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remain open for longer periods. The hyperpolarisation of activation makes it easier to
excite and increases the frequency with which the channel is activated. As a result of
a reduced activation threshold and slower closed state inactivation, its ramp currents
increase. Additionally, a high firing frequency is a common trait for gain of function
mutations of Nav1.7.43

Nav1.8 gain of function mutations are known to provoke a shift on the channel voltages,
granting a more hyperpolarised activation threshold and a more depolarised voltage to
shift into inactivation. In some cases, the inactivation is completely impaired. The
consequences of those mutations are a decrease in the threshold of activation, with
an increase in the discharge frequency and spontaneous firing in the absence of a
stimulus. Ultimately, spontaneous firing means spontaneous pain.>

Lastly, Nav1.9 mutations are related to modulation of gating properties, making the
membrane potentials more depolarised and resulting in increased excitability of DRG
neurons.*® However, extreme depolarisation will inactivate the other Navs and render
the nociceptors unexcitable. Thus, extreme gain of function mutations of Nav1.9 will
desensitize rather than sensitize nociceptors. The clinical effect for such mutations is
congenital inability to experience pain.%®

1.4.3 SNF and CAP recordings of C-nociceptors

Neuronal excitability can be investigated using single nerve cell/fibre recordings, as
well as in whole nerve fascicles comprising several axons. The main advantage of
recording from single units is the possibility to differentiate and classify functional
classes of C-fibres.5%70.71.72 |n general, studies on single-fibre level are conducted by
performing extracellular recordings,”® but there are also attempts to perform sensory
afferent classifications by means of intracellular recordings from dorsal root ganglia “in
Vivo”_74,75,69

The investigation of nerve excitability using nerve fascicles instead of single units
generates compound potentials as a result of a summation of unitary action potentials
from all the stimulated single axons. Pharmacological studies greatly benefit from the
last method, as the simultaneous assessment of multiple axons become possible by
this approach. The differentiation of C to A-fibres is still defined by their specific
conduction velocity mentioned previously. Nevertheless, the evaluation of C-fibre
subtypes is no longer attainable using compound action potentials. The neuronal
excitability is assessed in compound action potentials mostly by varying the electrical
stimulus amplitude and duration and observing the changes in the neuronal response.
More detailed information is provided in the following Material and Methods section.

1.4.4 VGSC modulation with neurotoxins

Regarding neurotoxins, it is important to clarify a fundamental difference between
blockers and inhibitors. Blockers physically obstruct the channel pore, impeding the
flux of Na* currents, while inhibitors act to modulate channel function and interact with
the channel domains.*® Tetrodotoxin for instance is a pore blocker that impedes Na*
influx by binding extracellularly to the site 1, S5 and S6 of all four domains of the
VGSC.®® The toxin is mainly present in marine species like puffer fish, blue ring
octopus, some worms, shellfish and crustaceans.*® p-Conotoxin PIIIA is a venom
extracted from a fishing hunting marine cone snail Conus purpurascens’® that acts by
occluding the VGSC pore and compete for TTX binding site 1 in the a-subunit.””:78
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Xenon 907 (XEN9Q7) is a synthetic lipophilic spirooxindole that showed high “in vitro”
potency as a Navl1.7 blocker, with an IC50 of 8nM (HEK293 cells) but poor solubility in
saline (PBS).”# No electrophysiological data has been generated and no information
on the exact mechanism of Nav1.7 blockade for XEN907 has been found.

Protoxin 1l (ProTx Il) is a peptide extracted from the Thrixopelma prurient venom that
selectively inhibits Nav1.7 by binding to domain Il S3. It has an IC50 of only 0.3nM for
Navl1.7, compared to 30-150nM for other isoforms of Na channels. The selectivity to
Navl.7 is granted by a phenylalanine in the S3b helix of domain Il. The second sodium
channel mostly affected by the inhibition of ProTx Il is Nav1.6, where a concentration
100-fold higher seems to be necessary due to a serine in the same position. The other
Nav channels have a glycine in domain Il S3 rendering them even less sensitive to
ProTx Il. ProTx Il acts by shifting the voltage-dependence of channel activation to more
positive potentials. It is also worth noting that ProTx Il has demonstrated a complete
inhibition of C-nociceptor compound potentials in desheathed cutaneous nerves, with
little effect on AP fibres.8! Protoxin Ill is a toxin also obtained from the tarantula venom
and is known to block Nav1.7, Navl.6 and Nav1.3. It is suggested that the toxin acts
on S3-S4 domain Il. ProTx Il holds the channel in a closed state and does not change
voltage-dependent activation or steady-state inactivation of Nav1.7.82

1.5 Aim of this work

It was demonstrated in previous studies by using animal pilot studies (mouse and
domestic pig), as well as healthy subjects and patients with neuropathic pain, that
unmyelinated nociceptors can be preferentially activated by means of
transcutaneously applied slow depolarization. Mechano-insensitive nociceptors
(identified by the development of a flare response) and polymodal nociceptors could
be activated even at current intensities as low as 0.05 mA.2°

The preferential electrical activation of C-nociceptors could contribute immensely to
the understanding of abnormalities in those afferents when testing neuropathic pain
patients. However, .

The aim of the present project was to elucidate the involvement of specific voltage-
dependent sodium channels (Nav) in the activation of C-nociceptors by slow
depolarizing electrical stimulus (SDES). The studies include the modulation of
neuronal excitation on specifically identified nociceptor sub-classes with slow
depolarizing electrical stimulation “in vivo” and “ex vivo” via recording anesthetized pigs
and the saphenous nerve collected “post-mortem”, respectively. Specific VGSC
blockers and inhibitors were applied to clarify the role of Na* channel isoforms in the
response to slow depolarising stimulus using two different electrophysiological
methods: single nerve fibre recordings (SNF) “in vivo” and compound action potentials
(CAP) “ex vivo”.

This study also attempts to confirm previous studies in which C-nociceptors seem to
be more excitable at colder temperatures, providing insights into the mechanisms of
cold allodynia.
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2 MATERIAL AND METHODS

2.1 Experimental animals

Experiments were performed in mouse and pig. Aiming to establish more translational
results to humans, most of the experiments were performed in pig, as swine is a highly
suitable model for pain studies based on anatomical®® and physiological®
characteristics, compared to humans. It is known, that major differences exist when
comparing rodent and human sensory tissue, including differences in the expression
and kinetics of VGSC.3’ As the purpose of this research is to understand the functional
response of C-nociceptors to slow depolarizing electrical stimulation, and VGSC
channels are the main targets of this approach, pigs represent a more suitable animal
model. In this study, mice were used only to compare interspecies results and for
establishing the final experimental protocols.

2.1.1 Pig

Male Domestic German Landrace pigs (Sus Scrofa domesticus) were provided by a
breeder in Sommerhof, Dielheim-Unterhof, Germany. The average weight was 20-
25kg, and the average age was generally 12+4 weeks. Before the experiments, the
animals were acclimatized to the new environment for a period of 7 days with water ad
libitum and fed twice a day with Muskator EM DE BW200060 (MuskatoWerke,
Mannheim, Germany).®* The studies followed the guidelines for the welfare of
experimental animals as determined by the Federal Republic of Germany, obtained
ethical approval for animal experimental procedures by the Ethics committee of the
regional government (Karlsruhe, Baden-Wuerttemberg, Germany), approval number
G-78/18, and were carried out within the Medical Faculty Mannheim of Heidelberg
University.

2.1.2 Mice

C57BL/6N mice were obtained from Charles River Laboratories. Animals were housed
in individually ventilated cages under 12-hour light-dark cycles and were provided with
water and food ad libitum. Both male and female mice were randomly selected for
experiments, anesthetized by Sevoflurane (Abbott, Germany), and killed by cervical
dislocation after complete loss of hind paw withdrawal reflexes. The experiments were
performed following ethical approval for animal experimental procedures by the Ethics
committee of the regional government (Karlsruhe, Baden-Wuerttemberg, Germany),
and were carried out under approval number 1-19/15 within the Medical Faculty
Mannheim of Heidelberg University.

2.2 Solutions
2.2.1 HEPES extracellular physiological solution

All peripheral nerves used in the “ex vivo” experiments were stored in HEPES
extracellular physiological solution composed of (in mM): NaCl 118; KCI 3.2; HEPES
6; Na* gluconate 20; CaClz 1.5; MgCl2 1.0; D-Glucose 5.55. The pH of the HEPES
solution was adjusted to 7.4 by adding NaOH (1M). HEPES solution was prepared in
batches of 2 liters without glucose or Ca** and Mg** and kept at 4°C. Glucose, Mg and
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Ca were added to the solution directly prior to each experiment. Sodium chloride
(§7653), potassium chloride (P9333), HEPES (H3375), D-Gluconic acid sodium salt
(G9005) and D-(+)-Glucose (G8270) were purchased from Sigma-Aldrich, Germany.
Calcium chloride (21114) and Magnesium chloride (63020) were purchased from
Fluka, Germany.

2.2.2 Phosphate-Buffered Saline (PBS)

PBS was used to constitute the hydrophilic peptides Tetrodotoxin citrate, p-Conotoxin
Pllla, Pro-Toxin Il and Pro-Toxin Ill. The PBS solution was composed of (in mM) NacCl:
1037; KCI: 27; Na2HPOa4: 100; KH2PO4: 18; Potassium dihydrogen phosphate (4871)
and di-Natriumhydrogenphosphate (6346) were purchased from Merck, Germany. The
solution was kept at a room temperature and diluted 10-fold in distilled water (Milli-Q
Millipore, Merck, Germany) before use.

2.2.3 Na* channel blockers

Tetrodotoxin citrate (TTX) (T-550), XEN907 (X-105), 20uM p-Conotoxin Pllla (STC-
400), 3uM Pro-Toxin Il (STP-100) and 3uM Pro-Toxin Il (STP-150) were purchased
from ALOMONE labs®, Israel. Stock solutions of tetrodotoxin citrate, p-Conotoxin
Pllla, Pro-Toxin Il and Pro-Toxin Il were diluted in phosphate buffered saline (PBS)
while stock for XEN907 was prepared in DMSO (D5879, Sigma Aldrich). Stock
solutions were diluted on the day of experiment in physiological solution. TTX was
prepared at concentrations 10nM, 100nM and 1uM for single nerve fibre recordings
(SNF) and the concentration-response curves for extracellular compound action
potentials (CAP) were performed from 1pM to 10uM. XEN907 was used at 10uM in
SNF, and the concentration-response curves for CAP were performed from 0.1nM to
100uM. The concentration-response curves for Pro-Toxin Il and 11l were performed at
a concentration range of 0.1nM to 10uM and 50nM to 5uM, respectively.

2.3 Compound action potential recordings “ex vivo”

2.3.1 Mouse sural nerve preparation

Mice were Killed by cervical dislocation under general anaesthesia with Sevoflurane.
The cervical dislocation was performed only after the complete loss of hind limb paw
withdrawal reflex, indicating that a deep level of anaesthesia was achieved. The hind
limb was shaved and disinfected with 70% alcohol solution. Mice were positioned
ventrally and fixed on a flexible structure by the paws. A 1cm incision was performed
proximal to the knee (Fig. 4A) and the skin retracted caudally until complete exposure
of the muscles gluteus maximus, vastus lateralis and biceps femoral posterior. The
gluteus maximus was reflected to expose the sciatic nerve (Fig. 4B). The sciatic nerve
was cut at its proximal end and the distal portion dissected from the surrounding tissue,
allowing identification of the sural nerve branch close beyond the trifurcation at/in the
popliteal fossa. The sural nerve was carefully freed from the surrounding tissue up to
the Achilles tendon and placed in HEPES solution with added glucose. The sural nerve
was desheathed in a petri dish with a dark flexible silicone base providing better
contrast under the microscope view. The nerve was pinned and desheathed by
carefully removing the perineurium using scissors and needles. The cleaned nerve was
cut in segments varying from 10-12mm in length to fit the organ bath.
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Figure 4: Mouse sural nerve preparation: Mice were positioned in ventral recumbency and fixed on
a flexible structure by the paws. A 1 cm incision was performed on the proximal area of the hind limbs
(A), the skin rebated caudally and the gluteus maximus was rebated to expose the sciatic nerve (B).

2.3.2 Pig Saphenous Nerve Preparation

A segment of pig saphenous nerve of approximately 3cm in length was collected from
the contralateral leg from animals in which single nerve fibre recordings were
performed. The nerve segment was collected under general anaesthesia and left
overnight in HEPES buffer solution with glucose. The following morning, the nerve was
fixed with needles to silicone-based petri dish and desheathed under the microscope.
The epineurium was opened transversally, and nerve fascicles were isolated and
desheathed in one movement by holding the perineurium and pulling out the nerve
fascicle. The cleaned fascicles were cut into segments of 10-12mm in length and used
for recording (Fig. 5).

2.3.3 Nerve Recordings

The desheathed nerves/fascicles were placed in a custom-made organ bath (volume
ca. 1ml) perfused continuously with HEPES buffer solution. Nerves were drawn
through a thin silicone layer inside glass pipettes on either side of the bath. The silicone
layer serves as mechanical fixation and the sealing all around the nerves generated
high electrical resistance. The glass pipettes were filled with HEPES buffer solution.
The distance between the glass pipettes varied between 3-7mm, according to the
nerve length. Electrical currents in a range of 0-50uA were delivered by a constant
current electrical stimulator A395 (WPI, FL, USA) across the nerve via two silver wires,
one placed inside the glass pipette and the other in the organ bath. A second pair of
silver wires, one placed on the glass pipette and the other in the bath served as the
recording electrodes (Fig. 5).
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Figure 5: Pig Saphenous nerve preparation and recording set up: The epineurium was opened
transversally, and the nerve fascicles were separated from the nerve bundle. The nerve fascicle was
desheathed and the cleaned nerves were placed in a custom-made organ bath. Electrical currents were
delivered via a silver wire placed on the outside silicone layer inside the glass pipette. A second silver
wire placed on the contralateral glass pipette served as a recording electrode.

The HEPES buffer solution was continuously bubbled with oxygen and perfused into
the organ bath in rates varying from 5-12ml*min-t by a pump Watson-Marlow 502S
(GEMINI, Germany). The temperature of the solution was adjusted using an inline
Peltier, the current supply of which was provided by a constant current source (TDK
Lambda, Germany). Bath temperature was measured by a thermistor in the organ bath
(GHM Group, Germany). Using a differential amplifier NL905 (DIGITIMER, UK) the
electrical signal was recorded over the sealing resistance at an amplification range
varying from 2500-5000 times. A “Hum bug” (Quest Scientific, Germany) was used to
filter noise frequencies (50-60Hz). The electrical stimulation and the compound action
potential recordings were performed using QTRAC software (Institute of Neurology,
UK). The program controls the relative timing of electrical stimuli and the acquisition of
short “sweeps” of the extracellular signal and a signal proportional to temperature. The
software can record the time intervals for pre-defined electrical stimulus paradigms in
different channels. The recording of the different channels happens sequentially and
in the same order. The number of channels recorded can be adjusted anytime by the
user (select channel- “SC” function).

The induction of action potentials by electrical stimulation of the nerves resulted in a
compound action potential (CAP). The amplitude of the extracellular CAP signal was
tracked using QTRAC software. To delineate the C-fibore component of the CAP, a
digital time window was defined manually by the user (Fig. 6) as well as the current
intensity delivered by the test height command (“TH”). A list of QTRAC software
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commands and corresponding functions used during the pig saphenous nerve and
mouse sural nerve compound potential recordings is presented in Table 2.
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Figure 6: Recordings window: All CAPs were measured in the window set by the user with the
commands Window width (WW) and Window start (WS). The signal amplitude was measured as the
distance from peak to peak in pV. Latency was measured as the delay between start of the electrical
stimulation at 50ms (peak stimulation artefact) and 50% of the up-rising positive peak response of
stimulation.

The parameters recorded by QTRAC software for each pre-defined channel are the
following:

e Currentintensity, T: defined as the amount of current delivered at each stimulation
in %, with 100% equal to 50pA. The input of the constant electrical stimulator varies
from £10V while the computer output has a limited range of +5V, meaning that the
computer can only deliver 50% of the current at each stimulation. Therefore, at a
maximal 100pA current set at the stimulator, only 50pA will be delivered by the
computer software.

e Peak, P (signal amplitude): defined as the distance from the negative to the positive
peak of the signal in pV for a synchronized compound action potential in between
the recording window.

e Latency, Lr (conduction delay): defined as the time between the start of the
stimulus and a point located at 50% of the uprising CAP positive signal amplitude.
The rectangular stimulus is known to evoke an action potential immediately after
the initial depolarization, therefore the latency for this stimulus represents only the
time needed to conduct the action potential from the stimulation to the recording
site.

e Latency, Ls: defined as the time from the start of the sine wave stimulus to the time
during the sine wave cycle when the 50% of the uprising CAP positive signal
amplitude occurred.

« Temperature, N: defined as the temperature of the solution perfused into de organ
bath measured at each time interval.
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QTRAC Command

Function

“ML”, “MHH

Pass filters for high (“MH”) and low (“ML”) frequencies

Test Height (“TH")

Stimulus intensity. The command “TH” is followed by the
desired amount of current to be delivered (%), being the
maximum TH100 = 50pA.

Select Channel (“SC”)

Record the selected channels. The command “SC” is
followed by the numbers of channels to be recorded
separated by comma. E.g., SC1,4 records channels 1
and 4.

Display channel (“DC”)

Displays the selected channels. The command “DC” is
followed by the numbers of channels to be displayed on
the recording screen separated by comma.

Stimulus Interval (“SI”)

Define the stimulus interval between electrical
stimulations. The command “SI” is followed by the
number of seconds between each electrical stimulation.

“ DA”

Adjust the selected axis automatically to fit the CAP
occurrence.

Window Start (“WS”)

Adjust the starting point of the window recording on the
x-axis. The command “WS” follows the number of the
channel to which the function is defined.

Window Width ("WW")

Adjust the size of the window recording on the x-axis.
The command “WW” follows the number of the channel
to which the function is defined.

Grabbing Traces (“GS”)

Record the shape of the CAP.

Test Width (“TW”)

Defines the duration of the electrical stimulus. The
command “TW” follows the number of the channel to
which the function is defined.

Test Start (“TS”)

Defines the starting point of the stimulus on the x-axis.
The command “TS” follows the number of the channel to
which the function is defined.

Test Period (“TP")

Defines the period of the stimulus. The command “TS”
follows the number of the channel to which the function
is defined.

“SS”

Stop/Start the stimulation.

File save (“‘FS”)

Saves the recording file.

File close (“FC”)

Closes the recording file.

Table 2: QTRAC commands and its respective functions.

2.3.4 Experimental protocols

For the compound potential recordings two types of stimulus paradigm were applied:
rectangular stimulation and sinusoidal 4Hz stimulation. Constant current rectangular
stimuli were delivered in the different experiments at 0.1 or 1ms duration. The
sinusoidal stimulus was delivered at 250ms duration. The compound action potential
signals were filtered by an 800Hz low pass and by a 30-800Hz bypass bandwidth filter.
The CAP generated by C-fibres (C-CAP) were differentiated from the CAP of A-fibres
based on the conduction delay. Stimulus-response curves of C-fibres signals were
done by increasing the stimulus intensity from 0 to 50uA for rectangular stimulation or
until a maximum CAP amplitude was induced (approximately 20-30upA). Stimulus
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response curves were constructed by plotting peak to peak CAP amplitude (uV) versus
stimulus current (MA). The resulting data were fitted with Igor Pro 7.1 software package
(Wavemetrics, Lake Oswego, USA) using a sigmoidal function of the form

B
xhalf — x
rate )

fx)=A+

1+exp(

where A= offset, B= maximum amplitude, and x-half, and rate values signify the half-
maximal stimulus current (equivalent to EC50) and potency respectively.

Comparisons were made between these values at two different temperatures, 20 and
26°C, before and after the administration of VGSC toxins (Fig. 7). For some
substances, the perfusion pump was stopped, and the peptides were added directly
into the recording bath.
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Figure 7: QTRAC recording overview: The peak (1V) and current (LA) obtained from QTRAC software
provided triplicate values for the generation of stimulus-response curves for both, rectangular and sine
wave stimuli. Latency (ms) QTRAC values were obtained for both stimulation profiles. The results of the
recordings at 20°C were used to establish a comparison between the two electrical stimulus profiles.

The amplitude of the C-CAP induced by a supra-maximal 50pA rectangular stimulation
was considered maximal, and thus its latency (Lr) to be the minimum conduction time
of C-fibres from the stimulation to the recording site of the recording bath (conduction
delay). The values of C-CAP latency (ms) in response to a sine wave stimulus (Ls)
were used to estimate the time point during the sine wave cycle at which the CAP was
initiated. To determine the exact time of initiation of the sine C-CAP, the minimum
conduction delay to a maximum rectangular stimulation (Lr) was subtracted from the
Ls and thereby arrives at a corrected initiation latency (corLs) (Fig. 8).

Latency values were then used to determine the amount of electrical charge (current
integrated over time) delivered by both stimuli. Charge was calculated for rectangular
pulses (gr) as stimulus intensity multiplied by 1ms duration (Fig. 8A) and sine wave
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stimulation charge (gs) calculated based on the values of initiation latency (corLs) (Fig.
8B). The general form for determining the charge that applies during a sinusoidal
current profile is given by:

te
q(t) =f A.sin(w. t)
0

Where q is the charge delivered from the beginning of the sine wave current profile up
to the initiation of the action potentials tc. In this case we substituted corLs values in for
t to determine the charge delivered up to the point of CAP initiation; A is sine profile
amplitude; and w equals 2*1r*f, with f being the designating frequency.
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Figure 8: Latencies and charge: The C-CAP induced by a supra-maximal 50pA rectangular stimulation
latency (Lr) is the conduction time of C-fibres from the stimulation to the recording site of the recording
bath (conduction delay). Charge for rectangular stimulus (gr) was calculated by the multiplication of
stimulus duration and stimulus intensity (A). The latency of sinusoidal C-CAPs (Ls) was corrected by
subtracting the conduction delay, providing the value of corrected latency (corLs) used for data
comparison (e.g. between VGSC toxins). The value of corLs was used as the corrected time of stimulus
duration to calculate charge for sine wave stimulation (gs) (B).

The average conduction velocity of C-fibre axons was estimated by dividing the nerve
segment length between stimulation and recording electrodes, by latency of the C-CAP
to supra-maximal stimulation.
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2.4 Extracellular single nerve fibre recordings “in vivo”
2.4.1 Anaesthesia and pig nerve preparation

Pigs were submitted to a fasting period of 6h prior to anaesthesia. A dose of 1mg/kg
of Dormicum® (Midazolam, Roche, Switzerland) associated with 5mg/kg of Stresnil®
(Azaperone, Jannsen Pharmaceutica, Belgium) was injected intramuscularly into the
trapezius for premedication. After a sedation period of 10-15 minutes, the hair was
removed from the medial portion of both hind legs and the ventral cervical area. An
intravenous access was performed with a 22G infusion cannula (Vasofix, B. Braun,
Germany) into the lateral ear vein and Propofol 1-1,5mg/kg (Fresenius, Germany) was
administered for the induction of anaesthesia. The animals were intubated with an
endotracheal tube number 6.5 (Rusch, Germany) using a 28mm blade laryngoscopy
(HUM®, Germany). Volume-controlled mechanical ventilation adjusted at a tidal
volume varying between 5-10ml/kg and a maximum airway pressure of 20cmH20 was
performed with a (Primus®, Drager, Germany) in a mixture of compressed air and
oxygen (O2: 50-62%) adjusted to maintain normocapnia (end-tidal CO2 concentration)
at 40-45mmHg.8586 A central access into the jugular vein was placed for administration
of Narcoren® (Pentobarbital-Natrium, Rhone Merieux, Germany) in a bolus of 15mg/kg
followed by continuous intravenous anaesthesia (CRI) at a rate of 15-20mg/kg/h using
a syringe pump TE311 (Terumo, Germany). Ringer Acetate (Deltajoin®, AlleMan
Pharma, Germany) was also infused at an infusion rate of 3ml/kg/h. Animals were
monitored during anaesthesia using an electrocardiogram (ECG) and temperature
monitor Sirecust 404-1A (Siemens, Germany), an oxygen saturation (SPO2) monitor
(Henry Schein®, USA) and a non-invasive blood pressure (NIBP) controller (cuff
neonate 6-11cm and CO8A-VET, CONTEC, China). End tidal carbon dioxide EtCO:2
values were provided by the ventilator (Primus®, Drager, Germany).

Saphenous Nerve

Figure 9: Anaesthesia and pig nerve preparation: Pigs were intubated and monitored during the
whole anaesthesia for ECG, temperature, SPO2, EtCOzand NIBP. The saphenous nerve was dissected
from the connective tissue and placed into a grove of a recording mirror.

A rocuronium (Esmeron®, Organon International, The Netherlands) CRI was
administered when further muscle relaxation was necessary in a bolus of 1mg/kg
followed by a rate of 2mg/kg/h. The depth of anaesthesia was monitored by the heart
rate and palpebral reflexes and the phenobarbital CRI adjusted accordingly. Body
temperature was maintained during the whole anaesthesia above 36°C and below
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39.5°C (normal, 38—-39.5°C)8 with the help of a water mattress (Bronsom++, Germany)
and a TP700 pump (Stryker Medical, USA).

Animals were positioned in a lateral recumbency and both hind limbs were fixed to
expose and allow free access to the medial part of the hind limb used for recordings.
After cleaning and disinfection, an incision of 7cm was made with an electrical cutter
Radiotom 804 (Siemens, Germany) at the mid-tight and 6cm of the saphenous nerve
completely dissected from the contiguous connective tissue and exposed. The
subcutaneous tissue was rebated, and the skin flap was sutured in a metal ring to form
a pool. The pool was filled with paraffin oil (ROTH, Germany) for electrical insulation
and the saphenous nerve placed into a grove of the recording mirror positioned inside
the paraffin pool (Fig. 9). Approximately 1cm of a fascicle was carefully separated from
the Saphenous Nerve under a microscope (LEICA M320 Full HD, Germany), cut
proximally and placed on top of the recording mirror for further desheathing and
removal of the epi- and perineurium. After desheathing, fine strands suitable for a
single unit recording were splatted from the nerve fascicle with an ultra-fine forceps
(Moria MC40, Fine Science Tools FST, Heidelberg Germany) following the teased fibre
technique.3487

Euthanasia was performed at the end of every experiment with deepening the level of
anaesthesia with an extra bolus of phenobarbital 30mg/kg followed by a dose of 1ml/kg
of supersaturated potassium chloride solution (Sigma-Aldrich, Germany) administered
intravenously in the jugular vein.

2.4.2 Nerve Recordings

The nerve filaments were put on a golden wire magnetically attached to the recording
mirror, which was attached to a Low-Noise Voltage Preamplifier (Model 5113 Ametek
Inc., USA). The receptive field of the afferent nerve fibres was localized upon
scratching and squeezing slightly the hind limb skin, evoking a C-fibre characteristic
discharge. Within this receptive field, 2 non-insulated microneurography electrodes
(FHC Inc., USA) delivered electrical search stimuli to the skin with an intensity of 20mA,
a pulse width of 0.5ms, and at 0.25Hz using a constant current stimulator (DS7A,
DIGITIMER Ltd., UK). The electrodes were then inserted intradermally at a site where
a single action potential was elicited and appear repeatedly in the recording window
with a fixed time (time-locked action potential). The pre-amplified signals were
amplified and filtered (bandwidth 100 to 3000 Hz, Model 3364, Krohn-Hite Corp.,
Brockton, USA) and audio monitored.

DAPSYS 8.0 software package was used to display and record action potentials in
real-time and allowed for window discrimination and latency measurements. The
discrimination of action potentials performed online during the recording could also be
further refined offline using DAPSYS by manual deletion of signals other than the
action potential of the unit under study. The time of the occurrence of action potentials
stored by DAPSYS could also be compared offline with the trigger time of a certain
stimulus allowing for direct correlation between them (Fig. 10).
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Figure 10: Dapsys recording window: Dapsys allows for displaying, recording, and storing the firing
frequency of action potentials in response to different stimulus paradigms. The example shows 5 traces
(bottom) of recorded action potentials (red, inlet particular shape) evoked in response to slow
depolarizing half-sine wave stimuli (middle) of 0.2 — 1 mA intensity. The discrimination of action
potentials is performed by manual deletion of non-shaped compatible signal responses.

2.4.3 Experimental Protocol

Once a time-locked action potential was discriminated, the stimulus threshold Ir was
defined for a rectangular stimulus. A threshold was considered the minimum current
intensity at which the nerve fibre responded consistently, and the stimulation intensity
for monitoring the fibre was set at 2-fold the threshold at 0.5ms pulse duration. This
ensured activation of the fibre despite possible small fluctuations in absolute threshold.
The latency Lr was defined as the time (ms) between stimulus onset in the skin and
the time at which the response at the recording electrode was observed. The shortest
distance between the most distal recording electrode and the transcutaneous needles
was measured and divided by the latency (recorded after a 2-min interval without
stimulation) to estimate the resting conduction velocity (CV) in meters per second
(m/s). Charge gr was calculated as stimulus intensity (LA) times 1ms (duration of the
rectangular stimulus) given in pC.

Electrical current profiles at 1Hz delivered as a half-sine wave of 500ms duration and
at intensities ranging from 0.05-10mA were used together with sine wave stimulation
of 250ms duration (4Hz) pulses at intensities ranging from 0.05 — 1.2mA and applied
using a constant current stimulator (A395, WPI, US) and a pulse generator (NI USB-
6221, National Instruments, USA), the latter controlled by DAPSYS 8.0. The stimulus
was delivered via a pair of transcutaneous L-shaped blunted bipolar platinum-iridium
electrodes, with a diameter of 0.4mm separated by 2mm (Cephalon, Netherlands)
placed on the area of the receptive field (Fig. 11). For action potential recordings, single
1Hz half-sine wave pulses applied at incrementally increasing intensities were
delivered at 10s intervals.

The threshold Is (mA) for 1Hz half-sine wave stimulus was considered the minimum
stimulus intensity to generate at least three action potentials per pulse. Conduction
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delay (Lr) was the minimum time needed for an action potential to travel from the
receptive field (where a suprathreshold rectangular pulse was delivered) to the
recording electrode localized close to the dissected saphenous nerve. Latency (corLs)
(ms) was defined as the time of the 1st AP responding to a stimulus intensity in which
at least 3 APs were evoked by the half-sine wave cycle, and it was corrected to the
conduction delay.

Recording mirror

Transcutaneous
stimulation

Figure 11: Nerve recordings: The nerve filaments were put on a golden wire, magnetically attached to
the recording mirror. The receptive field of the afferent nerve fibres was localized, and 2 transcutaneous
electrodes delivered electrical stimulus to the receptive field on the skin. Lr or conduction delay (dashed
lines) stands for the minimum time the action potential required for travelling from the stimulation site in
the skin to the recording electrode following a rectangular stimulus.

Charge gs for half-sine was considered the amount of accumulated charge needed to
generate the first action potential for stimulus intensities that evoked at least 3 APs.
The equation used to calculate charge for half-sine wave stimulation was:

q(t) = ftCA.sin(w. t)

Where q defines the charge of half-sine stimulus; tc was replaced by the corrected
latency for half-sine stimulus (corLs) to determine the charge delivered up to the point
of first action potential at threshold intensity; Athe threshold current to generate at least
three action potentials; and w equals 21r*f, with f the designating frequency of 1Hz.

The number of action potentials in response to half-sine wave stimulation was
determined for each of the three stimulus intensity ranges: from (1) 0.02-0.1mA, (II) 0.2-
1mA and from (lll) 2-10mA. When a certain range of stimulus was not tested, a carry
backwards and a carry forward technique were used to allocate the response of the
recorded unit to the missing ranges. The carry backwards technique consisted of
allocating a response value of zero to all intensities in the smaller non-tested ranges,
when the unit did not respond to the lowest tested range. The carry forward technique
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consisted of allocating a response values equivalent to the maximum number of action
potentials in response to the intensities higher than the tested range.

A single 1Hz half-sine wave pulse induced (if current was sufficiently high) a burst of
action potentials. The highest, second highest and third highest action potential peak
frequencies (Hz) for the action potential burst during the half-sine wave stimulus were
averaged and grouped according to the stimulus intensity ranges described above
(0.02-0.1mA, 0.2-1mA and 2-10mA). The number and average peak frequency of
action potentials evoked by 1Hz half-sine wave stimulation were compared between
fibre types and within fibre types, before, and after, the intradermal injection into the
receptive field of specific VGSC blockers.

Regarding to sine wave stimulation, 4Hz sinusoidal pulses were applied continuously
for 1-minute and data analysed for the phase at which the first action potential occurred
in response to the continuous 4Hz stimulus determined for each stimulus intensity
(0.05, 0.1, 0.2, 0.4, 0.8 and 1.2mA). The median of the phase and the median of the
charge (LC) were calculated across all stimulus intensities among the same fibre type.
Charge for sine wave stimulus was calculated using the same formula above
mentioned in the charge calculation for half-sine wave stimulus, being t. the time from
the beginning of the stimulation up to the time of the occurrence of the first action
potential, also corrected to conduction delay. The number of action potentials in
response to the 4Hz sine wave were binned into 60 segments of 1 second bins and
corresponding numbers averaged for each stimulus intensity in all tested units of the
same fibre type. The parameters analysed for sine wave stimulation at 4Hz were also
compared between fibre type, and for the same fibre type before and after the
intradermal administration of VGSC blockers.

2.4.4 Nerve Fibre classification

The single nerve fibres with a time-locked response and a clear discrimination from
other afferents in DAPSYS, were classified either online or offline into AB- fibres, As-
nociceptors, sympathetic efferent fibres, low-threshold mechano-sensitive C-fibres
(“touch” fibres, LT), high-threshold mechano-thermal-sensitive C-nociceptors
(“polymodal” nociceptors, HT), very high-threshold mechano-thermal-sensitive C-
nociceptors (“polymodal” nociceptors, VHT), mechano-insensitive nociceptors (“silent
fibres”, CMi) and cold nociceptors (CN).

The AB- fibres, Ad-nociceptors were classified based on their low-latencies (+15-30ms)
and high conduction velocities (>2m/s) but not included in the analyses of recordings.
Sympathetic efferent fibres were also excluded from this study, and they were
classified according to their activity dependant slowing (>10%) and the response to a
twin-pulse electrical stimulus as described before.88 The ADS pattern of sympathetic
fibres is also clearly marked by a delayed onset and reversal of their conduction
slowing during 2Hz stimulation.

The different C-fibre classes were classified according to their responsiveness to
mechanical, heat and electrical stimulation. The LT fibres are sensitive to light brush,
can fire in response to 100Hz electrical stimulation and do not respond to heat stimuli.
HT and VHT also respond to 100Hz electrical stimulation. HT and VHT can be
differentiated based on their mechanical thresholds using a set of Semmes-Weinstein
monofilaments (North Coast Medical Inc., CA, US) and their response to heat
stimulation as previously described.®® Cold nociceptors (CN) cannot be activated by
mechanical stimuli, can follow 100Hz electrical stimulation, and they are activated by
application of ice on the receptive field. The mechano-insensitive fibres (CMi) were
classified based on their mechano-insensitivity and their intense slowing of conduction
to 5Hz electrical stimulation.?’
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2.5 Data and statistical analysis
2.5.1 CAP recordings

Stimulus-response curve fitting, averaging, and filtering were performed in Igor Pro 7
(WaveMetrics, Lake Oswego, OR, US). Statistical analyses were performed in Prism
9.3.1. Bonferroni post-hoc tests were used in multifactorial repeated measures ANOVA
and p<0.05 indicated statistical significance. The comparison between control
conditions and treatments were performed by two tailed t-test. Group data is presented
as mean + standard deviation (SD).

2.5.2 SNF recordings

Single fibre data were acquired and analysed using DAPSYS 8.0 software (DAPSYS;
Brian Turnquist; see {*http://www.dapsys.net’}). Statistical analyses were performed in
Prism 9.3.1. Bonferroni post-hoc tests were used in multifactorial repeated measures
ANOVA and p<0.05 was considered statistically significant. The comparison between
control conditions and treatments were performed by two tailed t-test. Group data is
presented as mean + standard deviation (SD).

2.6 Summary of methods

Protocols were designed to determining activation of unmyelinated C-fibres by slow
sinusoidal current and to examine the role of ion channels involved in the generation
of action potentials during slow (low frequency) current stimulation.

e Compound action potentials of isolated nerve fascicles “ex vivo” (Pigs and Mice):
The excitation pattern of unmyelinated afferents “ex vivo” is compared with identical
stimulation protocols delivered “in vivo” and the role of subgroups of sodium
channels are analysed after addition of the VGCS blockers TTX (leaving Nav1.8
and Nav1.9 conducting); XEN907 or ProTx Il (Nav1.7 blockers); and p-conotoxin
Pllla (Nav1.6 blocker) in the perfusion and recording bath.

e Single nerve fibre recordings “in vivo” (Pigs): The excitability parameters of
classified C-nociceptors (LT, HT, VHT, CN and CMi) are determined on slow
depolarization electrical stimulation protocols comprising a single 500ms half-sine
wave pulse and 4Hz sine wave stimuli delivered for 1min. The modulation of
stimulus-induced neuronal discharge is investigated by intradermal injection of
100pl of a specific VGSC blocker at a predefined concentration.
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3 RESULTS

3.1 Compound action potentials (CAP)

Mainly pig saphenous nerve fascicles were used to record compound potentials, but
some experiments were also performed in mouse sural nerve as previously mentioned.
The working hypothesis was that TTX sensitive (TTX-S) voltage-dependent sodium
(NaV) currents plays a crucial role in the response of C-fibres to slow depolarising sine
wave stimuli. The CAP recordings were initially performed at two different
temperatures (20 and 26°C) comparing the traditional rectangular stimulation to sine
wave 4Hz stimulus before and after the addition of TTX 1uM. The maximum amplitude
in nV; the current to generate a half-maximum C-fibre CAP in pA; the latency
(conduction delay/Lr and corrected latency corLs) in ms; the conduction velocity in m/s;
and the charge in nC were used as parameters of nerve fibre excitability. Experiments
using Nav1.7 and Navl.6 blockers were performed to investigate the specific role of
these VGSC in the electrically induced C-CAP excitability using the same stimulus
parameters above mentioned. XEN907, ProTx Il and ProTx Il were used to block
Nav1.7 channels and p- conotoxin PIIIA was used as Nav1.6 blocker.

First of all, concentration-response curves (CRC) were performed at concentrations
ranging from 1 pM-10uM for TTX, 0.1nM-200uM for XEN907, 0.1nM-10uM for ProTx
Il and 50nM-5uM for ProTx Ill. p-conotoxin PIIIA was used at a concentration of 20uM
based on the results of previously performed proof-of-concept experiments (data not
shown). The C-CAP signals were analysed, and triplicates of maximum amplitudes
(LV) were collected for each concentration tested. The curves were fitted with a
sigmoidal fit and the x-half value considered as the concentration to inhibit 50% of the
response (IC50). In total, 7 CRC were performed for TTX, 7 for XEN907, 11 for ProTx
Il and 5 for ProTx Ill. The IC50 values were averaged and presented in UM as mean +
SD (Table 3).

Toxin VGSC n IC50 (uUM)

TTX TTX-S (Navl.1,1.2,1.3,1.4,1.6,1.7) 7 0.12+0.12
XEN9O7 Navl.7 7 10.82+4.68
ProTx Il Navl.7 11 2.24+2.37
ProTx Il Navl.7 5 2.7+2.14

Table 3: IC50 values of VGSC blockers: The values were obtained by plotting triplicates of C-CAP
maximum amplitude versus the concentrations of the toxins and fitting it into a sigmoidal fit. The IC50
was considered the concentration of the toxin to determine 50% reduction on maximum amplitude. The
values are presented as mean * SD.

All toxins, except XEN907, were applied to the bath during the nerve recordings in
concentrations varying from 2 to 9-fold the IC50. XEN907 was applied at 10uM
concentration diluted in di-methyl sulfoxide (DMSO). Aiming to exclude any effect of
DMSO in the nerve fibre excitability, DMSO alone was tested before XEN907. A
concentration of 0.25uL of DMSO was applied directly into the recording bath and left
in contact with the nerve fascicle for a minimum of 3 minutes. Similar to all other
recordings, triplicates of the maximum amplitude (uV) were collected before
(2443.18+616.68) and after the addition of 0.25uL DMSO (2375.77+614.61). There
was no effect of DMSO on C-CAP maximum amplitude for rectangular stimulation
(“two-tailed paired t-test”, n=9, p=0.26).
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3.1.1 Influence of cooling on C-fibre activation

It is known that temperature modulates different factors of neuronal activity. Previous
results obtained in mice indicated that cooling increases C-CAP maximum amplitude
and less current is needed to generate neuronal responses to sine wave stimulation.
This preliminary observation appears contradictory when considering the analgesic
effects of cooling traditionally used to attenuate acute pain. On the other hand, if
confirmed, this phenomenon could provide insights on cold allodynia, reported by
chronic pain patients. To confirm the early experiments in mice, 25 fascicles of pig
saphenous nerve were recorded, and excitability parameters compared before
(26+1°C) and after cooling (20+1°C) the circulating buffer solution of the recording
bath. The recordings were performed for both rectangular and sine wave stimulus
paradigms.

3.1.1.1 Maximum amplitude (uV)

The effect of temperature on maximum amplitude (recorded voltage from peak to peak
of C-CAP signal) was compared before (26°C) and after cooling (20°C) between
rectangular and sine wave stimulus paradigms. The means + SD of maximum C-CAP
amplitudes induced by supra-maximal rectangular stimulation at 50uA were
1490+672.6 pV at 26°C and 1621+732.6 pV at 20°C (“two-tailed paired t-test”, n=25,
p=0.0001) (Fig. 12A). The means + SD of max. C-CAP amplitudes evoked by sine
wave stimulation were 830.5t454.9 pV at 26°C and 1115+604.5 pV at 20°C
(p<0.0001). (Fig. 12B). Cooling increased the maximal C-CAP amplitudes for both
rectangular and sine wave stimulus (Fig. 12C).
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Figure 12: Cooling effect on maximum amplitude: Comparison of C-CAP signal evoked by
rectangular stimulus at supra-maximal 50pA intensity (A) and by sine wave stimulus 4Hz (B) at tested
temperatures (26°C and 20°C). The arrows point to the measurement of signal amplitude from the
positive peak to the negative peak in uV. The pooled data of maximum C-CAP amplitude from both
stimulus paradigms is presented as means + SD (C) (“two-tailed paired t-test”, **** meaning p<0.0001
and *** p=0.0001). Cooling the recording bath from 26°C to 20°C increased maximum amplitude for both
rectangular and sine wave stimulus.
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3.1.1.2 Stimulus intensity (HA)

The stimulus intensity to generate a 50% maximal C-CAP amplitude was extracted
from stimulus-response curves at 26°C and 20°C. The stimulus intensities tested
varied from OpA to the supra-maximal 50pA for rectangular and from OpA to 30+5pA
for sine wave stimulation. For each tested intensity, corresponding C-CAP amplitudes
(LV) were collected in triplicates and normalized to the maximum C-CAP value of the
corresponding fitted curve. Data points were fitted using a sigmoidal fit in IGOR Pro
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7.1. The means £ SD of current intensities to generate a 50% C-CAP amplitude
induced by a rectangular stimulus were 7.08+3.09 YA at 26°C and 7.50+£3.04 pA at
20°C (“two-tailed paired t-test”, n=24, p=0.0086) (fig. 13A). The means + SD of current
intensities to generate a half-maximum C-CAP amplitude evoked by sine wave
stimulus were 3.72+1.67 pA at 26°C and 2.25+£0.64 pA at 20°C (p=0.0002) (fig. 13B).
The results indicate that cooling increased the current needed to generate a half-
maximum C-CAP response for rectangular stimulation, but unexpectedly, the opposite
was observed for the sine wave stimulus. The current needed to elicit a half-maximum
C-CAP amplitude under sine wave stimulation decreased by cooling from 26°C to 20°C
(Fig. 13C).

109 o 20°C e e - 109 o 20 @ Q 15 il
- 26°C - = = — 2 — gL
S T s ec , © _
= 2 by (9 z
= ?e = § % ]
o o . © 10
3 3 3o £
- 0.5 = 05— ) <
& @ , ]
S - g K =
= = 3 -
) . =
=Y [ t
£ E , § S
< < £
; 8 o
0.0 dz-—a—a= 0.0 -
I 1 T T 1 o
0 8 16 0 4 8 n=24
Stim. current (I, pA) E Stim. current (Ig, pA) I Rect. 20°C B Sine 20°C
Rect. 26°C Sine 26°C

Figure 13: Cooling effect on excitability: Comparison of stimulus-response curves of C-CAP
amplitude elicited by rectangular stimulus (A) and by sine wave stimulus (B) for two temperatures (26°C
(depicted in orange) and 20°C (depicted in blue). The arrows point to the measurement of current
intensity needed to generate a 50% C-CAP amplitude (V) for both temperatures at rectangular (Ir, HA)
and sine wave (Is, pA) stimulus paradigms. C-CAP amplitudes were normalized to the maximum value
of amplitude (100%, 1.0) for each curve. The pooled data of current intensity to generate a half-maximum
response for both stimulus paradigms is presented as means + SD (C) (“two-tailed paired t-test”,
**p=0.0086 and ***p=0.0002). Cooling the recording solution increased the required current to generate
a half-maximum C-CAP response for rectangular stimulation but decreased it for sine wave stimulation.

3.1.1.3 Latency (ms)

The values of conduction delay (Lr) for rectangular pulses and corrected latency
(corLs) for sine wave stimuli were compared before (26°C) and after cooling (20°C) the
recording bath solution. For rectangular pulses there is no relationship between
stimulus intensity and conduction delay. As expected, the time to generate a
compound potential remains similar for different stimulation intensities (Fig. 14A).
Unsurprisingly, cooling clearly increases both Lr and corLs. The means + SD for
conduction delay under rectangular stimulation were 8.44+1.31 ms at 26°C and
12.54+3.86 ms at 20°C (“two-tailed paired t-test”, n=25, p<0.0001). The means + SD
of corrected latency for sine wave stimulus were 31.18+5.64 ms at 26°C and
39.72+6.11 ms at 20°C (p=0.0013) (Fig. 14B). In contrast, latencies (Ls and corLs) for
sine wave increase with lower stimulus intensity (Fig. 14C). Moreover, this effect was
more pronounced at lower temperatures as shown in the specimen (Fig. 14D). The
very long latencies for action potential generation by sine wave stimuli at low stimulus
intensities were intriguing and suggested that the cell membrane can accumulate
charge for longer periods of time and that cooling can even facilitate such
accumulation.
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Figure 14: Cooling effect on latencies: For rectangular stimuli, conduction delay is independent of
stimulus intensity (A) but there is a clear increase in conduction delay and corrected latency after cooling
the recording bath from 26°C to 20°C. The pooled values of conduction delay and corrected latency are
presented as means = SD (B) (“two-tailed paired t-test”, n=25, ****p<0.0001 and ** p=0.0013). For sine
wave stimuli, corrected latencies increase for lower stimulus intensities (C). Two Specimen of C-CAP
recordings evoked by rectangular (left panel) sine wave stimuli (right panel) at 6, 4, 2.5 and 2pA and
26°C (left orange) and 20°C (right blue) show that the increase of corrected latency at low stimulus
intensity is more evident at 20°C than 26°C for sine wave stimulus (D).

3.1.1.4 Charge (nC)

The charge delivered by a rectangular stimulus (gr) is calculated by stimulus duration
times current intensity and equals stimulus intensity when the duration is 1ms. When
plotting gr versus C-CAP amplitudes and fitting it into sigmoidal fit, there was an
evident increase in signal amplitude as charge increased (Fig. 15A). The charge
required to evoke a half-maximum response by rectangular stimulus increased by
cooling. The means + SD of charge at 50% C-CAP were 7.08+3.0 nC at 26°C and
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7.50£3.038 nC at 20°C (“two-tailed paired t-test”, n=24, p=0.0086). In contrast, the half
maximum charge did not significantly change by cooling when sinusoidal stimulation
was used. The means + SD of charge at 50% C-CAP were 41.95+14.61 nC at 26°C
and 39.38+12.17 nC at 20°C for sine wave stimulus (Fig. 15B).

The charge delivered by sine wave stimulus was calculated by integration of the
sinusoidal stimulus profile over time up to the time of C-CAP initiation (corrected
latency). When plotting charge and C-CAP amplitudes for sine wave stimulus, there
was no evident correlation between the two parameters (and thus, no sigmoidal fit
possible as done for rectangular pulses in Figure 15A). The data suggested that a
constant amount of charge is needed to evoke the compound potentials by slow
depolarisation (Fig. 15C).
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Figure 15: Cooling effect on charge vs. amplitude: The plot of charge versus maximum amplitude
shows that cooling increased the amount of charge to elicit a half-max. C-CAP for rectangular stimuli
(A). The arrows indicate the measurement of charge (gr, NC) needed to generate a 50% C-CAP
amplitude (uV) for the rectangular stimulus. Pooled data is presented as mean + SD and shows that the
increase in charge observed for rectangular is not observed for sine wave stimulus (B) (“two-tailed
paired t-test”, n=24, **p=0.0086, ns= p>0.05). There is no effect of cooling on the amount of charge
required to elicit a sine wave 50% C-CAP (C). Besides the lack of effect of cooling, the results suggested
that a constant amount of charge is needed to induce a 50% C-CAP for sine wave stimulus.
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3.1.2 Role of TTX-S currents on sine wave evoked C-CAP

To investigate the hypothesis that TTX sensitive (TTX-S) currents play a crucial role in
the response of C-fibres to ramp currents, 9 experiments were performed to analyse
the excitability parameters of pig saphenous nerve fascicles. The maximum amplitude
in VvV, stimulus intensity in pA, latencies (conduction delay and corrected latency) in
ms, charge in nC and conduction velocity in m/s were used as excitability parameters.
The excitability parameters were extracted in triplicates and compared between
rectangular and sine wave stimulus at 20+£2°C, before and after the addition of 1uM
TTX to the recording bath. The temperature of 20+2°C was used based on the previous
results (see 3.1.1.1 — 3.1.1.4) that indicate a more prominent compound potential at
this temperature range allowing for a better signal to establish a comparison before
and after TTX.

3.1.2.1 Maximum amplitude (uV)

The blockade of TTX-S currents reduced maximal C-CAP amplitude and increased the
stimulation intensity to induce a half-maximum response. These effects are reflected
in a downward and leftward shift of the stimulus-response curves for both, rectangular
(Fig. 16A) and sine wave stimuli (Fig. 16B). The means + SD of maximal C-CAP
amplitude evoked by supra-maximal 50pA rectangular stimuli were 1414+622.5 pVv
before TTX and 319.3+186.8 uV after TTX (“two-tailed paired t-test”’, n=9, p=0.0001).
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The means of maximal C-CAP amplitude evoked by sine wave stimuli were 1023+602
MV before TTX and 208+154.5 pV after TTX (p=0.0015) (Fig. 16C).
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Figure 16: TTX effect on max. amplitude: The stimulus-response curves were generated for each
recorded fascicle of pig saphenous nerve. The maximum C-CAP amplitudes were obtained at supra-
maximal stimulus intensity for both rectangular (A, dashed square) and sine wave stimulus (B, dashed
lines) before and after the addition of TTX 1uM into the recording bath. The pooled data shows a
reduction of maximum C-CAP amplitudes after TTX (C). The maximum amplitudes are presented as
mean * SD (“two-tailed paired t-test”, n=9, ***p=0.0001 and **p=0.0015).

3.1.2.2 Stimulus Intensity (uA) and charge (nC)

The blockade of TTX-S currents increased the current to generate a half-maximum C-
CAP for both sine wave and rectangular stimulation (Fig. 17A).
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Figure 17: TTX effect on current (LA) and charge (nC): The blockade of TTX-S currents (depicted in
red) increased the current (A) and the amount of charge (B) to generate a half-maximum C-CAP for
both sine wave and rectangular stimulation. The values of stimulus intensity and charge are presented
as mean + SD (“two-tailed paired t-test”, n=9, p<0.01).
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The means + SD of rectangular constant current to evoke 50% C-CAP response were
5.28+2.37 mA before and 11.12+6.36 mA after TTX (“two-tailed paired t-test”, n=9,
p=0.0037). The means = SD of sinusoidal constant currents to evoke half-maximal
peak-peak C-CAP amplitude was 2.08+£0.63 mA before and 6.65+4.12 mA after TTX
(p=0.0080). The amount of charge at half-maximum response also increased for both
stimulus paradigms (Fig. 17B). The means = SD of rectangular gr at half-maximum
amplitude were 5.28+2.37 nC before and 11.12+6.36 nC after TTX (“two-tailed paired
t-test”’, n=9, p=0.0037). The sinusoidal gs to evoke half-maximal C-CAP amplitude
were 29.65+15.13 nC before and 87.43+£30.36 nC after TTX (n=6, p=0.0014).

3.1.2.3 Latencies (ms) and conduction velocity (m/s)

Similar to the cooling effect (see Figure 14A), TTX increased the conduction delay and
the stimulus intensity required to induce C-CAPs for rectangular stimuli and the
conduction delay was independent of stimulus intensity for rectangular stimuli (Fig.
18A). For sinusoidal stimulation, a similar increase of corrected latency at low stimulus
intensities was found (Fig. 18B) as already shown for cooling (see Figure 14C).
However, current intensities required to induce C-CAPs increased after TTX
contrasting the lower thresholds after cooling. Notably, even after TTX very long
latencies were observed in response to low stimulus intensities indicating that TTX-S
currents nevertheless are not necessary to induced C-fibore compound potentials.
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Figure 18: TTX 1uM slows C-CAP: Conduction delay is plotted versus stimulus intensity for rectangular
(A) and sine wave stimuli (B). Conduction delay is increased for both stimulation profiles (arrows).
Cumulative data indicate that TTX increased conduction delay significantly for rectangular stimulation,
but the increase of corrected latency for sinusoidal stimulation is not significant (C). The TTX slowing
effect is also observed by the reduction in rectangular stimulus evoked C-CAP conduction velocity (D).
The values of conduction delay, corrected latency and conduction velocity are presented as mean + SD

(“two-tailed paired t-test”, **p=0.0049, ***p=0.0009, ns= p>0.05).
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TTX clearly increased conduction delay for rectangular stimulus from 12.91+4.69 ms
to 27.67+6.59 ms (“two-tailed paired t-test”’, n=9, p=0.0049), but not the for sine wave
stimulus. Beyond the expected increase in latency (Ls) after blocking TTX-S currents
(data not shown) there was no additional slowing of action potential generation by the
sinusoidal stimulus as measured by the corrected latency (Fig. 18C). The means of
corrected latency for sine wave stimulus were 34.82+5.14 ms before and 40.36+£11.5
ms after TTX.

The slowing effect of TTX on the C-CAP responses to rectangular stimulus is reflected
by a massive reduction in conduction velocity (Fig. 18D). The means of conduction
velocity were 0.43+£0.16 m/s before and 0.15+0.03 m/s after TTX (“two-tailed paired t-
test”, n=9, p=0.0009).

Based on the effects observed after TTX-S currents blockade in nerve fibre excitability,
i.e. reducing maximum amplitude and conduction velocity, increasing current and
charge to generate a half-maximum C-CAP; the experiments proceeded by blocking
Navl1.7 and Navl.6 separately. The idea was to observe if the TTX-S effect in C-fibres
excitability could be attributed to one VGSC or the other.

3.1.3 Navl.6 and Nayl1.7 blockade

3.1.3.1 XEN907

XENO9Q7 is a synthetic pentacyclic spirooxindole and it was selected to be used as a
Nav1.7 inhibitor based on its specificity, low molecular weight (351.1Da) and a high
potency “in vitro”.80 Initial experiments were preformed using XEN907 at 10uM based
on the mean + SD of IC50 values obtained from pig saphenous nerve.

The addition of XEN907 to the recording bath only partially reflected the results
obtained with TTX 1uM. In agreement with previous results obtained for TTX, XEN907
at 10uM showed a significant reduction of maximum C-CAP amplitude (Fig. 19A) for
both, pig and mice nerve recordings and for both, rectangular and sine wave stimuli
(“two-tailed paired t-test”, pig n=10, mice n=7, p<0.05). An increase in stimulation
current (Fig. 19B) and in charge (Fig. 19C) for both rectangular and sine wave
stimulation at half-maximum C-CAP after XEN907, as observed after TTX blockade
(see Figure 17), was recorded only in pig experiments (mice data not shown). XEN907
reduced conduction velocity (Fig. 19D), similar to TTX, yet observed again only for pig
recordings (mice not shown). Differently to TTX results, there was no significant
increase in conduction delay for rectangular stimulus (see Figure18C) when comparing
to both pig and mouse. Moreover, the results showed a significant decrease in
corrected latency for sine wave stimulus in both mouse and pig nerve recordings (Fig.
19E). The excitability parameters are presented as means + SD in Table 4 and
organised by species and stimulus paradigm.

The comparison of XEN907 to TTX results abovementioned, especially regarding
conduction delay and corrected latency, were the motivation to perform further
compound recordings in mouse sural nerve. As experiments were initially performed
only in pig saphenous nerve, the CAP recordings were repeated in mouse sural nerve,
not only to exclude any species specificity of XEN907, but also to rule out the possibility
that diffusion barriers might prevent XEN907 from reaching its binding site. The results
comparing mouse and pig recordings (shown partially in Figures 19A and E) were
similar between the two species and therefore excluded the hypothesis that XEN907
had no effect on pig saphenous nerve or that the results were affected by diffusion
barriers. A few more experiments were repeated increasing the concentrations of
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XEN907 up to 100uM, to exclude that the differences observed in relation to TTX were
due to the use of a sub-optimal concentration. Even at 100uM concentration the
reduction on C-CAP maximum amplitude evoked by supra-maximal 50pA rectangular
stimulus was only 50% (Fig. 19F) compared to the 80% reduction of TTX 1uM on
maximum amplitude.

The obtained XEN907 results raised two hypotheses: 1. The blockade of Navl1.7 by
XEN907 was effective and Nav1.7 does not facilitate action potential initiation by slow
sine wave stimulus. 2. XEN907 is not an ideal inhibitor for Nav1.7, the blockade was
only partial and/or not selective to Navl.7.

To rule out the second hypotheses, the experiments were repeated using Protoxin Il
(ProTx Il) and Protoxin Il (ProTx Il), two other specific Nav1.7 blockers. In addition, p-
conotoxin PIIIA was added to the protocol to block Nav1.6 in order to observe the effect
of Navl.6 on C-CAP excitability. IC50 values of ProTx Il (2.7£2.14uM) and IlI
(2.24+2.37uM) for the pig saphenous nerve preparation did not differ significantly. The
overall results obtained from the blockade of Navl1.7 using ProTx Ill were very similar
to the results obtained with tetrodotoxin and thus could not provide us with additional
information (results not shown). Two assumptions raised from3 these observations:
either all the effect observed in the blockade of TTX-sensitive currents can be attributed
to Navl1.7, and the ProTx Ill is the most specific peptide to block Nav1.7; or ProTx Il is
not selective to Nav1.7 and other VGSC channels were also blocked (like for TTX) as
already suggested for Nav1.6 and Nav1.3.22 Further tests using ProTx Ill seemed
obsolete and the use of ProTx Il was discontinued.

35



Specific activation of nociceptor subgroups by slowly depolarizing electrical stimuli

Ctrl_Rect. XEN Pig
Rect. + XEN Pig
Ctrl_Sine XEN Pig
Sine + XEN Pig

4000

il @O0

Ctrl_Rect. XEN Mice 20001

Rect. + XEN Mice
Ctrl_Sine XEN Mice
Sine + XEN Mice

Max. Amplitude (pV)

a@a00

60+ C

-90

40 -60

20+ -30

Current at half-max. (uA)
qg at half-max. (nC)
(ou) "xew-jjey je Sb

o

)/

"‘:?If}

=
n
~

v
m

e W

0.9 I 1 I 1

*x Cor. latency (ms)

0.6 60

0.31 ? %

40

Conduction velocity (m/s)

0.0- 20

Conduction delay (ms)

Time (s)

0.04 0.06 0.08 0.10 0.12 0.14 — Control
XEN9Q7 1pM
XENSQ7 10puM

—— XEN907 100uM

| F

Figure 19: Effect of XEN907 on pig and mice nerve excitability parameters: XEN907 reduced
maximal amplitude for rectangular (“two-tailed paired t-test’, pig n=10, p=0.0004 and mice n=7,
p=0.0091) and sine wave stimulus in pig (p=0.0496) and mice recordings (p=0.0124) (A). In pig
saphenous fascicles there was a significant effect in increasing stimulation current (B) and charge (C)
at half-maximum C-CAP (p<0.05) and in reducing conduction velocity (p=0.0022) (D). The contradictory
effect of XEN90O7 in reducing corrected latency for sine wave stimulus was observed in both, pigs and
mice nerves. There was no significant effect of XEN907 in increasing conduction delay for rectangular
stimulus in both species (E). The blockade of 100uM XEN907 did not reduce maximal amplitude for
rectangular stimulus on pig C-CAP signal as much as TTX blockade did (F). Data is presented as means
+ SD (“two-tailed paired t-test”, p<0.05).
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Rectangular stimulus Sine wave stimulus
Control XEN9OQ7 Control XEN907
Max. Amp.  2235.313495.48  1410.64:349.81**  151161+493.58  1199.11¢352.22*
Current 8.19+2.29 9.04+2.34* 2.22+0.56 3.85+2.22*
Pig Charge 8.19+2.29 9.04+2.34* 39.41+9.98 46.46+10.9*
cVv 0.41+0.05 0.38+0.04** -
Cond. delay 12.46+2.29 12.60+2.29 - -
Cor. |atency - - 38.94+6.78 33.92+7.94*

Max. Amp_ 1695.15+785.44 944.26+402.87** 1271.47+650.29 890.24+439.38*

Current 4.14+0.48 4.260.72 2.61+1.21 3.142.14
Mice Charge 4.14+0.48 4.26+0.72 21.28+3.72 18.67+6.78
CVv 0.39+0.13 0.31+0.08 -
Cond. delay 12.44+4.03 14.24+3.47 - ;
Cor. latency - - 25.03+3.62 21.98+4.59

Table 4: Effect of XEN90O7 on pig and mice nerve excitability parameters to rectangular and sine
wave stimulation: Data is presented for both rectangular and sine wave stimulus as mean + SD (“two-
tailed paired t-test”, * p<0.05, ** p<0.01 and *** p<0.001). Note that charge for a 1ms rectangular
stimulus is identical to current.

3.1.3.2 Protoxin Il and p-conotoxin PIIIA

The blockade of TTX-S channels caused an increase in conduction delay that was not
reproduced by the results of XEN907 in pig saphenous nerve, as mentioned before.
To confirm XEN9O7 results, the blockade of Nav1.7 was repeated using ProTx I, a
Nav1.7 blocker with high selectivity. ProTx Il is a gate modifier and interacts mainly
with binding site 4 of the channel domain Il. The toxin causes a positive shift on the
threshold of Navl.7 activation and subsequently blockade of the channel.*® The
blockade of Nav1.6 was implemented by adding p-conotoxin PIIA (CTX) at 20uM
concentration to the experimental protocol. The p-conotoxin is a pore blocker that acts
on binding site 1 of the VGSC.”’” The A-fibres compound (A-CAP) is highly dependent
on Nav1.6 currents and therefore blockade of A-CAP served as positive control for the
effect of p-conotoxin PIIA (Fig. 20A, top panel).
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Figure 20: Effects of NaV1.6 and 1.7 blockers on A- and C-CAP: Effects of Nav1.6 blocker p-
conotoxin PIIIA at 20uM and Navl1.7 blocker Pro-Toxin Il at 5uM are shown. TTX at 1uM was used at
the end of the protocol as positive control. Specimen for the blockade of Nav1.6 abolishing the A-CAP
but leaving C-CAP amplitude unchanged (A, top panel). Time course of peak CAP levels are shown for
rectangular and sine wave stimulation (A, bottom panel). Note, that TTX 1uM did not further reduce sine
wave induced C-CAP amplitude. Cumulative data depicting that ProTx Il (B) reduces C-CAP maximal
amplitude for both rectangular (left) and sine wave (right) stimuli. The data is presented as means + SD
(“two-tailed paired t-test”, *p=0.01).

A rectangular stimulation with 0.1ms duration was applied to evoke A-CAP in pig
fascicles. 20uM p-conotoxin PIIIA was added to the recording bath and left in contact
with the nerve for 10-30 minutes. Only when the A-CAP signal was completely or
mostly inhibited, ProTx Il at 5uM was added to the recording bath for about 3-5
minutes. Tetrodotoxin at 1uM was used as positive control at the end of each
experiment. There was no perfusion (wash-out) of the recording bath in between toxins
(Fig. 20A, bottom panel). Stimulus- response curves were generated before and after
the addition of each VGSC blocker at 20+1°C.

The blockade of Navl.6 abolished the A-Fibre signal but did not affect C-CAP
maximum amplitude (Fig. 20A, top panel). The means + SD of maximal C-CAP
amplitude evoked by supra-maximal 50uA rectangular stimuli were 2751.95+1506.12
MV before and 2550.91+1239.28 uV after py-conotoxin. The means = SD of sine wave
induced maximum amplitudes were 2226.27+1289.27 puyV before and
2027.38+1264.21 pV after p-conotoxin (“two-tailed paired t-test”, n=7, p>0.05). ProTx
Il reduced the C-CAP amplitude for both rectangular and sine wave stimulation (Fig.
20B). The average of maximal C-CAP amplitude evoked by rectangular stimuli was
836.02+488.42 pV (p=0.01) and 494.26+174.15 pV (p=0.0154) for sine wave after
ProTx Il. The subsequent blockade by TTX did not further reduce the maximal
amplitude of the sine wave C-CAP, therefore one may assume that the decrease in
maximal amplitude by ProTx Il is mainly related to the blockade of Nav1.7 currents.
When looking into the latencies of C-CAP traces, the blockade of Nav1.6 did not alter
conduction delay for rectangular stimuli or corrected latency for sinusoidal stimulation.
ProTx Il reduced conduction delay (Fig. 21A) but did not consistently increase
corrected latency (Fig. 21B). The values of conduction delay were 20.47+2.40 ms
before, 18.69+2.78 ms after p-conotoxin and 34.98+19.44 ms after ProTx Il. The
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values of corrected latency were 31.89+5.61 ms before, 32.18+5.63 ms after p-

conotoxin and 42.12+ 9.30 ms after ProTx Il (“two-tailed paired t-test”, p>0.05).

The results obtained were very similar to previous results with TTX and the increase
in corrected latency for the sinusoidal stimulation did not reach a statistically significant
level. The exponential increase of corrected latency at low stimulus intensities seen for
sine wave stimulation (see Figure 18B) was conserved in ProTx Il experiments (data
not shown). To further investigate the effect of Navl.7 blockade in the corrected
latency, the exponential function generated by plotting corrected latency versus
stimulus intensity was converted into a linear function by plotting latency against the
reciprocal of stimulus intensity. This approach facilitates comparisons, in particular for
conditions with different stimulus intensities. Moreover, it allowed to check for
excitability changes occurring specifically at low or high stimulus intensities. Since
Navl.7 can hypothetically act as an amplifier for weak depolarization, one might expect
blockade of Navl.7 to be particularly effective for such stimuli. Accordingly, at low
stimulus intensities, the blockade Nav1.7 should increase the time needed to initiate
an action potential under slow depolarizing sine wave stimuli (Fig. 21C). Thus, one
would expect that Nav1.7 block increases the latency for weak sinusoidal stimulation
that is on right side of the reciprocal axis in Figure 21C and thereby the linear fit should
be steeper. However, no significant difference between the slope of the linear fit before
and after the addition of p-conotoxin and ProTx Il was found. The slope values were
41.21+19.37 before, 46.09+15.48 after p-conotoxin and 52.67+23.15 after ProTx I
(“two-tailed paired t-test”, p>0.05). In contrast, there was a significant increase on the
intercept values after the addition of ProTx Il (“two-tailed paired t-test”, n=6, p=0.0415)
when comparing with the linear functions before and after p-conotoxin (Fig. 21D). The
values of intercept were 15.24+4.61 before, 14.54+3.83 after p-conotoxin and
22.54+6.46 after ProTx Il. The intercept reflects the minimum delay for supra-threshold
intensities. Our results therefore suggest that Nav1.7 accelerates the initiation of action
potentials for sinusoidal stimulation at higher stimulus intensities.

There was no effect of p-conotoxin on stimulus intensity, charge, or conduction
velocity, when comparing with the control condition (Table 5). ProTx Il increased the
amount of current and charge to generate a half-maximum C-CAP for rectangular
(“two-tailed paired t-test”, n=7, p=0.0487), but not for sine wave stimulus (p=0.8904).
In contrast to the XEN907 and TTX results, half-maximum current was not increased
by ProTx Il for sine wave stimulus (see Figure 19B and C) yet charge at half-maximum
amplitude appeared increased albeit with high variability (p=0.074). In agreement with
XEN907 and TTX results, ProTx Il reduced conduction velocity of pig saphenous nerve
(p=0.0129). The conduction velocity, stimulus intensity and charge at 50% C-CAP for
rectangular and sine wave stimulation are presented as mean = SD (Table 5).

39



Specific activation of nociceptor subgroups by slowly depolarizing electrical stimuli

Al " B
800 Rectangular Stimulus Sine-wave Stimulus
I 1 I 1
400
90+ -90
0
Control
g
= . | <]
, = 9 60§
800" ! & Latency r 5
> hs g
' £ H]
o G]
400 = <
L] g El
: o°
0 ‘ s 307 -30 2
! o
(]
ProTx Il
(5um)
0.00 0.04 008 0.12s
0- -0
seconds
3 Ctrl_Rect. E Cirl_Sine
[ Rect. + CTX E2 Sine + CTX

Rect. + ProTx Il Sine + ProTx Il

C n==6 D

80 —
w . .
E 60 — Sine-wave Stimulus
e
g 40 — 60- *
]
5 20+ 2
(& ]
ns
0- w i
| T T T T 1 E 40
00 02 04 06 08 1.0 2
]
1/Stim. Intensity (pA-1) E
T J
60 = = 2
n
E 454
oy
& 30— 0-
] .
5 s E Ctrl_Sine
© E3 Sine + CTX
0 - Sine + ProTx Il

I 1 | I | 1
00 03 06 09 12 15

1/Stim. Intensity (uA-1)

Figure 21: Effect of CTX and ProTx Il on pig saphenous nerve latencies: The blockade of Nav1.6
(CTX) did not affect either conduction delay (LR) or corrected latency (corlLs), but the C-CAP signal
dislocate to the right after ProTx Il as seen in the specimen of a C compound (A). Even though, no
overall effect in increasing conduction delay and corrected latency was observed by the blockade of
Navl.7 (ProTx Il) (B). There was a tendency of increasing corrected latency at lowest stimulus intensities
(high reciprocal values) after Nav1.7 blockade (yellow), but this was only present for some but not all C-
fibre compound potentials recorded (C). The intercept was consistently higher after the addition of ProTx
Il at 5 uM to the recording bath (D). The values of conduction delay, corrected latency and intercept are
presented as mean + SD (“two-tailed paired t-test”, p<0.05).
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Pig Saphenous Nerve

Control H-conotoxin ProTx Il
PIIA
Current 5.28+2.54 5.24+1.49 7.80£1.95*
Rectangular Charge 5.28+2.54 5.24+1.49 7.80£1.95*
CVv 0.28+0.04 0.28+0.06 0.18+0.06*
Sine wave Current 2.81+0.86 3.1+0.20 2.89+1.32

Charge 32.90+£10.91 34.87+6.30 55.49+23.65

Table 5: Excitability parameters before and after p-conotoxin and ProTx II: Conduction velocity,
the amount of current and charge to generate a 50% C-CAP are listed for both rectangular and sine
wave electrical stimulus and compared to the values obtained after the addition of 20uM p-conotoxin

and 5 uM ProTx Il to the recording chamber. Excitability parameters are presented as mean + SD (“two-
tailed paired t-test”, *p<0.05).

The disparity of the TTX, XEN907 and ProTx Il results might be linked to the
differences in their specificity of VGSC blockade or could be related to limitations of
our approach to analyse excitability parameters. Supposing that the main function of
Navl.7 is amplifying weak depolarisations and thereby facilitating action potential
initiation, the basic parameters of latency, stimulus intensity and charge at half-
maximal response might not be optimal. Instead, analysis of these parameters at
threshold, when a small but clear C-CAP signal was first recorded, might be more
sensitive to detect effects of specific Navl.7 blockers and are depicted in Figure 22.
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Figure 22: Effect of ProTx Il on pig saphenous nerve latencies at threshold: The blockade of Nav1.6
by p-conotoxin and Navl1.7 by ProTx Il did not affect conduction delay for rectangular stimulus (Lr) at
threshold. ProTx Il increased latency for sine wave stimulus (Ls) at threshold stimulus intensity
comparing to control condition and after the addition of p-conotoxin to the recording bath. When
correcting the latency values for sine wave stimuli to Lr conduction delay, no significant change was
induced by p-conotoxin and ProTx Il. Data is presented as means + SD (asterisks indicate p<0.05 for

Ls; “two-tailed paired t-test”).

- 50

(sw)H1 3e S7400
Kauaje| "109

41



Specific activation of nociceptor subgroups by slowly depolarizing electrical stimuli

As observed at half-maximum response, when looking into the conduction delay at
threshold intensity for C-CAP response to rectangular stimuli, there was no significant
difference before and after the addition of p-conotoxin. ProTx Il increased conduction
delay for rectangular stimulation, but this effect was not statistically significant. The
means + SD of conduction delay were 23.48+14.82 ms before, 18.87+3.15 ms after p-

conotoxin and 35.14+27.51 ms after ProTx Il (“two-tailed paired t-test’, n=7, p>0.05).
The latency of the C-CAP initiated by sinusoidal stimulation increased following ProTx
Il compared to control condition and the C-CAP after p-conotoxin (p=0.0267). The
means of latency £ SD for sine wave were 65.20+13.20 ms before, 70.02£11.33 ms
after p-conotoxin and 90.81+18.07 ms after ProTx Il. However, when corrected to
conduction delay, no statistically significant differences were found. The means of
corrected latency + SD for sine wave were 48.40+10.67 ms before, 51.13+13.24 ms
after p-conotoxin and 55.71+14.62 ms after ProTx Il (Fig. 22) (“two-tailed paired t-test”,
n=7, p>0.05).

Based on the results obtained it is possible to assume that the blockade of Nav1.6 and
Navl.7 does not increase the time to initiate an electrically evoked response to the sine
wave stimulus (at both threshold and 50% half max intensities). When the TTX-S
VGSC were blocked by TTX, there was an increase in conduction delay that, however,
could not be reproduced as a significant augment by blocking Nav1.6 and Navl.7
separately. It is not possible to exclude that other TTX-S channels were blocked by
TTX and contributed to the increase in conduction delay observed initially, for instance
Nav1.3.

Therefore, an attempt to block Nav1.3 was made during the compound action potential
recordings using ICA121431, but the substance showed problems with solubility.
ICA121431 was partially diluted in DMSO, but the substance precipitated in the stock
solution and particularly later when added to the water-soluble HEPES buffer into the
recording bath. The experiments were set aside, and no results are presented in this
work regarding the blockade of Nav1.3.

Another possible explanation for the discrepancy among results of TTX, XEN907 and
ProTx Il related to conduction delay for rectangular stimulus could be the low number
of experiments to point out such differences. What is possible to conclude -- based on
all experiments performed using TTX, XEN907 and ProTx Il -- is that the blockade of
Navl.7 did not affect corrected latency for sine wave stimulation.

3.1.4 Summary of Compound Action Potentials

Based on the results observed in “ex vivo” recordings, the following conclusions were
inferred:

e Cooling the recording bath temperature from 26° to 20°C increased the amount of
current and charge required for CAP generation under rectangular 1ms electrical
stimulus paradigm. In contrast, less current was required to evoke a C-CAP using
sinusoidal 125ms stimuli. There was no difference in the amount of charge to
generate a sine wave evoked response by cooling as the time to induce an action
potential increased. The experiments demonstrated that cooling facilitates
accumulation of depolarizing charge during sine wave stimulation. The closure of
cold-sensitive K* channels, reducing leak currents and additionally increasing the
membrane resistance might explain this phenomenon.

e The blockade of TTX-S currents reduced the maximum amplitude, increased the
amount of current and charge to generate a half-maximum compound action
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potential, increased conduction delay and reduced conduction velocity for all the
pig saphenous nerve fascicles tested. No significant difference in corrected latency
of sine wave induced C-CAPs was observed before and after TTX.

e The Navl.7 blockade affected sine wave evoked C-CAP maximal amplitude, but
the results related to stimulus intensity, charge and latencies were not consistent
when comparing the data obtained from the two Nav1.7 inhibitors tested (XEN907
and ProTx Il). Overall, the data suggests that specific blockade of Nav1.7 did not
alter the amount of current and charge needed to generate a compound action
potential in pig saphenous nerve both by sinusoidal stimulation at threshold and at
half-maximum amplitude. It seems that the blockade of Nav1.7 alone was also not
sufficient to increase the time the C-fibres needed to respond to both rectangular
and sine wave stimuli. The results of XEN907 even show an opposite result, with a
significant reduction in corrected latency after the blockade of Nav1.7.

e The additional Nav1.6 blockade abolished the response of A-fibres to electrical
rectangular 0.1ms stimulation, but as expected, there was no effect on C-Fibres
excitability parameters analysed for all nerve fascicles tested.

3.2 Single nerve fibre recordings (SNF)

In total, 80 fibres were analysed for sine wave 4Hz stimulation: 27 C-touch fibres (LT),
34 polymodal nociceptors (HT), 8 very-high threshold nociceptors (VHT), 7 silent
nociceptors (CMi), and 3 cold nociceptors (CN). The C-fibre responses to sine wave
stimulus were compared between fibre types for number of action potentials, phase
(1) and charge (1C). Due to the low number of CN tested for sine wave, the results for
this fibre type were excluded from the analysis. The number of action potentials would
be equivalent to the result of maximum amplitude and the phase the equivalent of
latency obtained before on compound action potential recordings.

The half-sine wave stimulus was tested in 96 fibres, 29 LT fibres, 36 HT, 13 VHT, 6
CN and 12 CMi nociceptors. The half-sine wave response was compared to the
traditional rectangular 1ms duration stimuli. The C-nociceptors response to half-sine
wave were compared between fibre types for number of action potentials, peak
frequency (H), stimulus intensity (mA), charge (uC), action potential latencies (ms) and
conduction velocity (m/s).

All the tested fibres were submitted to the injection of TTX 100 pL at a concentration
of 1uM on the receptive field. It was expected that the injection of TTX would affect C-
fibres excitability in a similar fashion obtained in the “ex vivo” recordings. Compared to
CAP recordings, the single nerve fibre recordings could also provide us with additional
information on how specific fibre types respond to ramp currents and possible further
clarify some mechanisms involved in this response.

The “in vivo” recordings using pig saphenous nerve applied rectangular, sine wave and
half-sine wave stimulus, but the results are organised by type of electrical depolarising
stimulus. The response of different fibre types to the low depolarising stimuli were
analysed, followed by the comparison of response before and after TTX. Sine wave
results are presented first as it allows for a direct comparison to CAP recordings.
Following, the result on half-sine wave stimulus paradigm is presented, and it is
compared with the traditional rectangular stimulus.

3.2.1 Sine wave 4Hz 1-minute

3.2.1.1 Number of action potentials and stimulus intensity
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The overall number of action potentials in response to sine wave 4Hz across 60
seconds for all stimulus intensities tested and for each specimen was compared
between the different fibre types. The sine wave 4Hz 1-minute was applied at six
current intensities: 0.05, 0.1, 0.2, 0.4, 0.8 and 1.2mA. The stimulus intensities were
increased step by step from a point in which small or no response was obtained to a
point in which a vigorous response in each specimen was observed.

In general, higher currents were needed to activate VHT and CMI compared to LT
fibores and HT nociceptors. Within the same fibre type, an intensity-dependent
response was observed, with more action potentials for higher stimulus intensities.
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Figure 23: Intensity-dependant response to sine wave: An intensity-dependent response from all
C-fibre types was observed to sine wave stimulus. The higher the stimulus intensity, the higher the
number of generated action potentials. The number of action potentials are presented as means. Note
that 1.2 mA was only tested for very few fibres (particularly HT n= 3, VHT n=2 and CMi n=2, indicated
by the dashed square) as those did not respond to lower intensities.

The average numbers of action potentials across all stimulus intensities did not differ
significantly between LT fibres and HT nociceptors. HT and LT fibres produced more
action potentials as compared to CMi nociceptors (Repeated measures one-way
ANOVA, Bonferroni post-hoc test). The means = SD of action potentials across all
intensities were 103.6+41.11 for LT (p<0.01), 85.35+44.72 and for HT (p<0.05), and
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14.07+15.15 for CMi. Also, the average number of action potentials of VHT 52.99+48.5
was significantly smaller (p<0.05) when compared to HT nociceptors (Fig. 23).

We also analysed the time course of activation during the 4Hz 1-minute stimulus for all
fibre classes (Fig. 24). The number of action potentials per second was averaged for
all fibre types. This analysis not only shows the number of action potentials for each
fibre type in response to sine wave 4Hz 1-minute, but also provides us with an overall
idea of which fibre types show an accommodation pattern of the response during the
continuous 60 second stimulation. In general, fibres reveal most prominent response
within the first 10 seconds, followed by a plateau in the remaining 50 seconds.

The results showed that LT, most HT and some VHT nociceptors start responding at
current intensities as low as 0.05mA. At0.1mA, a very modest response was observed
for VHT, and CMi nociceptors did not respond. The firing of VHT nociceptors at 0.05
and 0.1mA is not consistent along the 60 seconds of stimulation. The best intensities
to make a comparison between all the fibre types are 0.2mA and 0.4mA, once most of
the fibres responded at these current intensities. At 0.2mA, LT and HT nociceptors
showed a clear response while VHT and CMi nociceptors responded in a modest
fashion. At 0.4mA, CMi start responding to sine wave 4Hz and VHT increase its
response further. LT and HT C-nociceptors kept responding in a similar fashion. The
stimulus intensities of 0.8mA and 1.2mA appear to be supra-threshold for all fibre types
and were tested only occasionally. Besides this, an accommodation pattern was
observed along the 60 seconds for all fibres at supra-threshold current intensities. At
0.05mA and 0.1mA the accommodation is already evident for LT fibres and HT and
became even clearer for current intensities above 0.2mA. The accommodation is clear
for VHT above 0.2mA and for CMI nociceptors above 0.4mA intensity. The results for
LT, HT, VHT and CMi are in accordance with the accommodation pattern described
previously in human microneurography®-°2 and the pain accommodation phenomenon
reported in human psychophysics.?® In these studies, the highest pain ratings occurred
in the initial 10 seconds of stimulation, similar to our findings in single nerve fibre
recordings, where the most vigorous response seems to happen during this time
window.
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Figure 24: Fibres response (AP numbers/sec) to sine wave stimulation: While LT and HT start
responding to sine wave current intensities as low as 0.05mA and 0.1mA, the responses of VHT is only
clear after 0.2mA and the responses of CMi is only clear after 0.4mA. The intensities of 0.8mA and
1.2mA are supra-threshold for all fibre types and a clear response was observed for all fibre types (left
panel). The accommodation pattern of the response during 1min stimulation (middle) is evident for LT
and HT even at currents as low as 0.05mA. From intensities above 0.2mA for VHT and 0.4 for CMI
nociceptors the accommodation pattern became evident with a prominent response in the first 10 (right
panel) seconds followed by a plateau-like response. The number of action potentials are presented as
means.
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3.2.1.2 Phase

Typically, the 4 Hz sinusoidal stimulation provoked one action potential per complete
sine, i.e. 4 action potentials per second when each stimulation was successful. Based
on the results obtained for latency in CAP experiments, it would be interesting to
analyse at which time of the sinusoidal cycle (“phase”) the fibres were activated and if
an increase in stimulus intensity would reduce this time. To calculate this, the time at
which the first AP occurred (provided by Dapsys software) was collected for each
specimen at all intensities and converted into the correspondent phase on the positive
sine wave cycle (1) after subtracting the conduction delay. The value of phase was
averaged for all observations of the occurrence of the first action potential within the
same fibre type at a certain stimulus intensity. The results pointed to an overall
tendency in decreasing the phase when the stimulus intensity increases (Fig. 25A).
This tendency is clearly seen in HT, VHT and CMi nociceptors, but not in LT fibres.
When the median value of phase from all action potentials at a certain stimulus
intensity was calculated for each fibre type, this tendency become evident even for LT
fibres (Fig. 25B). It was observed that median phase is reduced when stimulus intensity
increases. Those results agree with those observed in “ex vivo” CAP recordings in pig
saphenous nerve, where latency decreases with stronger stimulation when sine wave
was applied.
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Figure 25: Occurrence of AP during phase of sine wave: It is observed an overall tendency to
reduce the phase of the occurrence of the first action potential (A) as stimulus intensity increases for
HT, VHT and CMi nociceptors. When focussing on the median phase of all action potentials at a certain
stimulus intensity (B), the tendency to have a decrease in phase as stimulus intensity increases become
more evident, across all fibre types including LT fibres.

3.2.1.3 Charge

Based on previous CAP recordings, it was expected that the amount of charge at the
first action potential would remain constant, as the phase is reduced when the stimulus
intensity increases. The relative increase of charge was calculated in relation to the
previous stimulation intensity by division. In total, 24 LT, 28 HT, 8 VHT and 4 CMi were
analysed, excluding a specimen when only one stimulus intensity was recorded. The
results show a more or less constant value of charge for all fibre types (Fig. 26A). There
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was no significant difference in fold charge above 1 across stimulus intensity
(Repeated measures one-way ANOVA, Bonferroni post-hoc test, p>0.05).
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Figure 26: Fold-change of charge applied to initiate first action potential by sine wave
stimulation: charge required to initiate the first action potential was in general constant even with the
increase in stimulus intensity for each fibre type. There was no significant difference above 1 across
stimulus intensities (Repeated measures one-way ANOVA, Bonferroni post-hoc test, p>0.05). Fold-
changes of charge are presented as means.

3.2.1.4 TTX effect on C-nociceptor responses to sine wave stimulation

Similar to what was presented above for sine wave induced responses in C-fibres when
performing “in vivo” recordings, the number of action potentials, median phase and
charge were compared before and after the injection of TTX 1uM into the receptive
field of the recorded units. Of note, there was no observation of the effect of TTX in the
parameters of CMi excitability possible, as these nociceptors stopped responding to
sine wave stimulation after blockade of TTX-S currents.

When TTX 1uM was injected into the receptive field, there was a significant reduction
in the number of action potentials in response to sine wave for LT fibres (“two-tailed
paired t-test”, p=0.0043), HT (p=0.0058) and VHT nociceptors (p=0.0415) (Fig. 27).
The means £ SD of action potentials across all intensities after TTX were significantly
reduced to 22.32+15.43 for LT, 14.82+10.37 for HT and 1.81+3.22 for VHT when
compared to control condition.
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Figure 27: Effect of TTX on number of action potentials: After TTX was injected into the receptive
field, there was a reduction in the overall number of action potentials across all stimulus intensities of
sine wave 4Hz 1-minute for LT fibres, HT and VHT nociceptors (red lines) when compared to the AP
numbers prior to injection (grey lines). There was no response of CMi nociceptors after TTX. The number

of action potentials are presented as means (“"two-tailed paired t-test”, p<0.05).

The results of median phase, obtained after TTX was injected into the receptive field,
show that there was an increase on phase for LT fibres across all intensities (“two-
tailed paired t-test”, p=0.0463), but not for HT and VHT nociceptors. In total, 7 LT’s, 9
HT’s and 2 VHT'’s were still responding after TTX (Fig. 28).
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Figure 28: TTX on median phase of the action potentials: There was an increase on the median
phase of action potentials across all stimulus intensities for LT fibres after TTX injection into the receptive
field. This result was not observed for HT and VHT nociceptors. The median phase is presented as

means (“two-tailed paired t-test”, LT n=7, HT n=9 and VHT n=2, p<0.05).

The results obtained for median phase are consistent with the lack of effect of TTX in
increasing corrected latency for sine wave stimulus in CAP recordings (see Figure
18C).

Based on the results obtained previously “in vitro”, it was also expected that the
injection of TTX 1uM in the receptive field in pig skin “in vivo” would increase the
amount of charge needed to generate the first action potential (see Figure 17B).
However, there was no difference comparing the fold charge across stimulus
intensities in those specimen that responded before and after TTX 1uM (Two tailed
paired t test, p>0.05), but the number of observations was low for all fibre classes (LT
(n=5), HT (n=5), especially for VHT (n=1) and CMi, in which no comparison was
possible (Fig. 29). It is noteworthy that fibres that stopped responding after TTX were
disregarded in this comparison, and also those that had been tested for only one
stimulus intensity had to be omitted.
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Figure 29: TTX on charge of the first sine wave induced AP: There was no difference comparing the
fold charge across intensities to induce an action potential by sine wave 4Hz stimulation before and after
TTX 1uM for LT, HT and VHT’s. The fold charge is presented as means and only for responding fibres

(LT n=5, HT n=5 and VHT n=1, “two-tailed paired t-test”, p<0.05).

As mentioned previously, all fibre types were also submitted to half-sine wave electrical
stimulation. The results of half-sine wave stimulus in single nerve fibre recordings were
used to establish a direct comparison to electrical rectangular stimulation and are
presented below.

3.2.2 Half-sine wave stimulation

3.2.2.1 Number of action potentials and stimulus intensity

Instead of provoking one action potential per sinusoidal stimulation, the long-lasting
half-sine stimulation (500ms) typically induced a burst of action potentials. The number
of action potentials per half-sine stimulation were compared for each fibre type in three
ranges of stimulus intensities: (low) 0.02 to 0.1mA, (medium) 0.2 to 1ImA and (high)
2-10mA. As mentioned previously, cold nociceptors or CN are included in the analysis
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of half-sine wave. The number of action potentials were also compared between
different fibre types and at the three stimulus intensity ranges (Fig. 30).

In the low 0.02-0.1 and middle 0.2-1mA intensity ranges, there is no difference in the
number of action potentials fired by LT and HT upon half-sine wave stimulus. Only at
the highest range, 2-10mA, the number of action potentials is higher for LT fibres
compared to HT nociceptors (Repeated measures one-way ANOVA, Bonferroni post-
hoc test, LT n=29, HT n=36, p = 0.0123). The number of action potentials of LT fibres
was also higher than VHT (VHT n=13, p=0.0015), CMi (CMi n=12, p<0.0001) and CN
nociceptors (CN n=6, p=0.0408) at 0.2-1mA and CMi at 2-10mA (p<0.0001). Also, the
number of action potentials of HT was higher than CMi at middle (p=0.0003) and higher
ranges of stimulus intensity (p<0.0001). There were no differences in the half-sine
induced action potentials for VHT, CN and CMi at all stimulation ranges.
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Half-Sine: number of AP's
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Figure 30: Half-Sine number of action potentials: LT fibres and HT nociceptors start responding to
half-sine wave stimulus at the lowest intensity range (0.02-0.1mA) while VHT, CN and CMi nociceptors
only showed a prominent response at the highest stimulus intensity range (2-10mA). The number of
action potentials are presented as mean = SD (columns) along with each individual recording (symbols).

The number of action potentials for current intensity range of half-sine wave pulses are
summarized as means + SD for all fibre types in Table 6. LT and HT nociceptors have
shown an increase in the number of action potentials when comparing 0.02-0.1 to 0.2-
1mA (Repeated measures one-way ANOVA, Bonferroni post-hoc test, LT p=0.020 and
HT p=0.0002) and 0.02-0.1 to 2-10mA (p<0.0001). LT fibres have also shown a
significant increase in the number of action potentials when comparing 0.2-1 to 2-10mA
(LT p=0.0038). VHT nociceptors also presented a current intensity dependent increase
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in the number of action potentials when comparing 0.02-0.1 to 2-10mA (p<0.0001) and
0.2-1mA to 2-10mA (p=0.0245). There is no evidence of such intensity-dependent
firing for CN and CMi nociceptors as no difference in the number of action potentials
was seen when comparing low, medium and high intensity ranges.

Half-sine: Number of action potentials

0.02-0.1mA 0.2-1ImA 2-10mA
LT 3.90+3.78 8.31+5.67** 12.57+5.64****
HT 2.23+2.48 2.61+2.93*** 8.80+3.56****
VHT 0.21+0.62 0.28+0.06 8.26+4.76%***
CN 0.07+0.23 0.55+0.93 3.75+2.37
CMi 0.00+0.00 2.09+2.46 6.631+6.78

Table 6: Number of action potentials: MeantSD of number of action potentials for each fibre type
tested at half-sine wave intensity ranges of 0.02 to 0.1mA (low), 0.2 to 1mA (medium) and 2-10mA (high)
(Repeated measures one-way ANOVA, Bonferroni post-hoc test, LT n=29, HT n=36, VHT = 13, CMi =
12, CN =6, **p=0.002, ***p=0.0002, ****p<0.0001).

These results obtained upon half-sine wave stimulation confirm what was previously
observed for sine wave 4Hz with respect to LT and HT that responded vigorously at
low intensity ranges and VHT and CMi that needed higher stimulus intensities to
respond. When analysing the current intensity required to generate a minimum
response of 3 action potentials (which is defined here as “threshold” intensity to evoke
a response), LT fibres start responding at 0.69+1.42 mA, HT 0.40+1.02 mA, VHT
1.56£1.77 mA, CN 2.44+£3.16 mA and CMi 4.75£3.58 mA. There is no significant
difference in the half-sine threshold comparing LT, HT and VHT fibres (Repeated
measures one-way ANOVA, Bonferroni post-hoc test, p<0.05), yet LT (p<0.0001), HT
(p<0.0001) and VHT (p=0.0009) thresholds of activation were significantly lower than
CMi nociceptors.

As mentioned before, in many experiments LT fibres and HT nociceptors were not
tested for higher stimulus ranges, as soon as they responded already vigorously to
stimuli of lower intensity. In these cases, the “carry-forward” technique was applied to
allow valid comparison between LT and HT with other fibre types responding only at
those high stimulus intensities. For the same reason, the “carry backwards” technique
was performed for some specimen of VHT, CN and CMi responding at high current
intensities only, as explained previously.

3.2.2.2 Peak Frequency

The peak frequency was calculated by Dapsys software, based on the occurrence of
action potentials (“burst”) during the 500ms half-sine wave cycle, and it is presented
as a harmonic mean (H) in Hz within the same fibre type into a certain intensity range
(Fig. 31A). Obviously, the results presented here did not include the carry forward and
carry backwards techniques used for the number of action potentials, as a peak
frequency cannot be assumed to stimulus intensities that had not been tested or during
which conduction block occurred. This can be seen clearly when looking into the
highest intensity range (2-10mA), where the harmonic means of peak frequencies in
LT fibres and HT nociceptors are smaller than the medium stimulus intensity (0.2-
1mA). In this case, the reduction is due to the fact that only a few LT and HT fibres
were tested at the highest intensity range, in particular those with absent or mild
responses to weaker stimuli. The same can be seen for VHT, CN and CMi at the lowest
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intensity range (0.02-0.1mA), but this had a lower impact on the results, as very few
VHT, CN and CMi nociceptors responded to these intensities anyway. Overall, the
middle range provides the most accurate comparison between all fibre types, since all
fibores were tested with this intensity range. Peak frequencies at 0.2-1mA are
35.54+£26.88 Hz (harmonic mean = SD) for LT fibres, 23.22+19.19 Hz for HT,
4.54+11.26 Hz for VHT, 0.15£0.03 Hz for CN and 0.12+0.15 Hz for CMi nociceptors.
The peak frequency of LT is significantly higher than VHT for the middle half-sine
intensity range (Repeated measures one-way ANOVA, Bonferroni post-hoc test,
p=0.0151), but not different compared to all other fibre types. There is no difference in
peak frequency among the different fibre types for the lowest and highest intensity
ranges. There was also no difference between the peak frequency when comparing
the different intensity ranges within the same fibre type.
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Figure 31: Peak frequency to half-sine wave stimulation: The harmonic mean (H) of the peak
frequency of LT fibres is significantly higher than VHT nociceptors at 0.2-1mA, but not different to all
other fibre types (A). There was no difference in peak frequency among the different fibre types for the
lowest (0.02-0.1mA) and highest (2-10mA) intensity ranges and when comparing the different intensity
ranges for the same fibre type. If only specimens with discharge frequencies above 10 Hz are compared,
LT fibres have a higher discharge frequency than HT fibres at middle intensity range of stimulus (B).
Peak frequencies are presented as mean * SD (dots indicate individual recordings).

Comparisons were made also at middle intensity range for fibres only with harmonic
mean discharge frequencies above 10 Hz (Fig. 31B). Thereby, LT fibres have a higher
discharge frequency than HT fibres at 0.2-1mA. Also, the difference among LT and
VHT became non-significant, once only one VHT has a discharge frequency above 10
Hz at this middle intensity range (“two-tailed paired t-test”, LT n= 16, HT = 18, VHT =
1, p=0.0002).

3.2.2.3 Threshold and charge

The half-sine current intensity at threshold was compared with the amount of current
needed to generate a time-locked response evoked by a supra-threshold rectangular
1ms duration stimulus. As defined above, half-sine wave threshold was considered the
amount of current needed to generate a minimum number of three action potentials.
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Thresholds for half-sine stimulation were lower than thresholds of rectangular stimuli
for HT units (“two-tailed paired t-test”, p=0.0004), but higher for half-sine compared to
rectangular stimuli for CMi nociceptors (p=0.0366). No significant differences were
observed for VHT, CN and CMi units (Table 7).

Thresholds of fibre types [mA]

Rectangular 1ms 500ms Half-sine wave
LT 1.04+0.7 0.69+1.42
HT 1.37+1.02 0.40+1.02***
VHT 1.87+0.86 1.56+1.77
CN 2.88+2.95 2.44+3.16
CMi 2.06+1.22 4.75+3.58*

Table 7: Nerve fibre activation thresholds for rectangular and half-sine wave stimulus: Mean %
SD of stimulus intensity thresholds for each fibre type tested across all intensity ranges (“two-tailed
paired t-test”, *p=0.0366, ***p=0.0004).

When analysing the thresholds of different fibre types, it was noticed that more current
is needed to activate CMi nociceptors compared to LT (Repeated measures one-way
ANOVA, Bonferroni post-hoc test, p=0.0011) and HT (p=0.0059) using rectangular
stimuli (Fig. 32A).
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Figure 32: AP activation threshold and charge for half-sine wave stimuli: More current is needed
to generate CMi action potentials in comparison to LT and HT for rectangular pulses (A); and similarly,
more current is needed to activate CMi when comparing with LT, HT and VHT thresholds for half-sine
wave stimulus (B). The amount of charge to initiate a response in CMi upon a half-sine wave stimulus
is bigger comparing to LT and HT (C). The values of threshold and charge are presented as mean + SD
(Repeated measures one-way ANOVA, Bonferroni post-hoc test, **p<0.01, ***p<0.001, ****p<0.0001).
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Similarly, regarding to half-sine wave stimulation, more current is needed to activate
CMi nociceptors compared to LT (Repeated measures one-way ANOVA, Bonferroni
post-hoc test, p<0.0001), HT (p<0.0001) and VHT nociceptors (p=0.0009) (Fig. 32B).
There was no difference in the thresholds of CN and CMi for both electrical stimulation
paradigms. One possible explanation for the differences in threshold could be the
different depths of the fibre types in the skin, an issue that will be further explored in
the discussion section.

The values of charge for a rectangular stimulus are equal to stimulus intensity, once
the rectangular stimulation has 1ms duration. In general, more charge was needed to
initiate a response from CMi nociceptors compared to LT and HT. For half-sine wave
stimulation, it was also observed that more charge is needed to initiate a response
from CMi in comparison to LT (Repeated measures one-way ANOVA, Bonferroni post-
hoc test, p=0.0001) and HT (p<0.0001) (Fig. 32C). The means = SD of charge were
0.09+0.17 uC for LT, 0.07£0.14 pC for HT, 0.33+0.57 uC for VHT, 0.22+0.18 uC for
CN and 0.67+£0.53 uC for CMi nociceptors.

3.2.3.4 Latency and conduction velocity

The latencies for rectangular and half-sine wave stimuli, as well as the conduction
velocity for rectangular stimulus, were analysed and compared between all tested fibre
types. The latency for 1ms rectangular stimulation (conduction delay) was considered
as the time from the stimulation of the unit within the receptive field to the time of the
recording of the action potentials, which was calculated by Dapsys in (ms) once atime-
locked response was observed for each fibre type. The corresponding conduction
velocity (m/s) was calculated considering the distance between the receptive field
stimulation and the recording electrode divided by the latency. Like CAP recordings,
the time needed from the electrical stimulation to travel from the receptive field on the
distal hind limb to the recording site (conduction delay) was subtracted from the latency
of the half-sine stimulus at threshold. Therefore, the latency of the half-sine wave
stimulus (corrected latency) was the difference between the time when the 500ms
electrical stimulation was triggered to the time when the first of three or more action
potentials were recorded. No difference between the fibre types in this conduction
delay was observed for rectangular or corrected latency for half-sine wave stimulus
paradigm. The means + SD of conduction delay (rectangular pulses) were 89.21+28.31
ms for LT, 109.7+30.86 ms for HT, 110.3+39.40 ms for VHT, 107.5+50.32 ms for CN
and 97.39+52.70 ms for CMi (Fig. 33A). The means + SD of corrected latency for half-
sine wave stimuli were 99.21+72.72 ms for LT, 115.9+101.7 ms for HT, 117.6+108.6
ms for VHT, 108.9+£41.08 ms for CN and 101.3+71.53 ms for CMi (Fig. 33B).

The results also show that the conduction velocity (assessed upon rectangular
stimulation) is higher for LT fibres when compared to HT (Repeated measures one-
way ANOVA, Bonferroni post-hoc test, p=0.0035) and VHT nociceptors (p=0.0148).
The other fibre types tested seem to have a similar conduction velocity (Fig. 33C). The
means + SD of conduction velocity were 1.25+0.51 m/s for LT, 0.88+0.20 m/s for HT,
0.92+0.42 m/s for VHT, 1.20£0.44 m/s for CN and 0.95+0.42 m/s for CMi.
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Figure 33: Response latency for rectangular and half-sine wave stimulation: There was no
difference in conduction delay for rectangular stimuli (A) and initiation delay (latency) for half-sine pulses
at thresholds (B) between the different fibre types. (C) The conduction velocity of LT fibres is higher
compared to HT and VHT nociceptors (Repeated measures one-way ANOVA, Bonferroni post-hoc test,
**p=0.0035 and *p=0.0148). The values of latency and conduction velocity are presented as mean *

SD.

The fact that the conduction velocity is higher for LT fibres and the observation that
this fibre type is abundant and occasionally most prevalent in the nerve fascicle could
allow for one hypothesis regarding the C-CAP signal in compound recordings: it
suggests that LT dominates the initial part of the C-CAP positive rising peak. The
implications of this will be later discussed.

3.2.3.5 TTX effect on C-nociceptor responses to half-sine wave stimulation

After the injection of TTX 1uM into the receptive field, a total of 12 LT fibres, 17 HT, 9
VHT, 4 CN and 2 CMi nociceptors were still responding to rectangular electrical
stimulation delivered with intracutaneous needle electrodes. This observation most
likely is due to the fact that stimulus intensity could be increased until action potentials
were elicited even more proximally potentially skipping the TTX block. The number of
action potentials evoked by half-sine wave stimulation after the blockade of TTX-S
currents are presented for each intensity range (0.02-0.1, 0.2-1 and 2-10mA) before
and after the injection of TTX (Fig. 34).

One relevant point to the results obtained here, is the fact that at the lowest intensity
range, VHT, CN and CMi responded scarcely to half-sine wave at control condition. As
expected, those responses were even more scarce after the blockade of TTX-S
currents. Moreover, responses of LT and HT fibres are virtually abolished for
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stimulation intensities up to 1mA, but not for very strong stimulation (10mA) that might
excite axons proximal of the TTX block.
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Figure 34: C-fibres responses to half-sine wave stimulation: LT fibres and HT nociceptors start
responding to half-sine wave stimulus at the lowest intensity range (0.02-0.1mA) while VHT, CN and
CMi nociceptors only showed a prominent response at the highest stimulus intensity range (2-10mA)
under control condition prior to TTX injection (Ctrl). After TTX 1uM the number of APs significantly
reduced for all C-fibre types analysed, being completely abolished for VHT, CN and CMi nociceptors.
TTX reduced the number of action potentials for LT fibres and HT nociceptors at all intensity ranges;
and for VHT at medium and high intensities. The reduction in action potential numbers for CN and CMi
nociceptors was not significant. The number of action potentials (n° of AP’s) are presented as mean +
SD (“two-tailed paired t-test”, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).

The number of action potentials after the blockade of TTX-S currents are presented as
mean + SD (Table 8). The results show that TTX significantly reduced the number of
action potentials for LT and HT at all intensity ranges and for VHT nociceptors at 0.2-
1 and 2-10mA. As expected, there is an obvious reduction in the number of action
potentials by TTX for those fibres which have shown a prominent response to half-sine
wave at control conditions (LT, HT and VHT at medium and high intensity ranges). The
response of CN after TTX was insignificant and there was no difference in the response
before and after TTX even at the highest intensity range. CMi nociceptors did not
responded to half-sine wave after TTX.

58



Specific activation of nociceptor subgroups by slowly depolarizing electrical stimuli

Half-sine: Number of action potentials after TTX

0.02-0.1mA 0.2-1ImA 2-10mA
LT 0.93+2.04* 2.00+3.98** 2.90+4.81%***
HT 0.03+0.14** 0.89+2.10*** 3.08+4.72**
VHT 0.00+0.00 0.18+0.37* 0.91+1.40**
CN 0.00+0.00 0.00+0.00 1.00+1.62
CMi 0.00+0.00 0.00+0.00 0.00+0.00

Table 8: HS- number of action potentials after TTX: Mean + SD of number of action potentials for
each fibre type tested at all intensity ranges before and after injection of TTX 1uM into the receptive field
(“two-tailed paired t-test”, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).

The thresholds to induce half-sine wave action potentials differed before and after the
addition of TTX delivered at a concentration of 100nM and thereafter at 1uM
concentration, as demonstrated in the following example of a specimen of HT
nociceptor (Fig. 35). As mentioned previously, a clear response of the unit was defined
as three or more action potentials. Accordingly, the threshold of activation was
considered the amount of current to generate such response.

Polymodal-Half-sine wave d

1ms

o.u::: i / \ / \

Control T1X 100zM
0.02

0.04

0.06 1
0.08 fg— 0s
. - t—rt

02 fptt——+ —t—t
04 .

{
0.6 f
08 i
1.0 f

[ i I - i :
0 50 s 0 il lms 0 50 §00us

Figure 35: Specimen of HT fibre response to half-sine wave stimulus before (control) and after
TTX: The thresholds for fibre activation upon half-sine wave stimulus increased tetrodotoxin dose-
dependently after TTX was injected into the receptive field at concentrations of 100 nM and 1 pM.

The HT unit started responding at 0.06mA and the threshold of response was 0.08mA
before TTX (control). After the injection of TTX at 100nM, the threshold increased to
0.2mA. After TTX at 1uM, only four action potentials were induced at 4mA, however,
6, 8 and 10mA stimuli were negative. Similarly, all other tested fibre types also stop
responding to the initial threshold intensity of half-sine wave pulses and more current
was needed to generate a similar or at last only scarce response after TTX (for detail
see results below).

We first assessed the activation thresholds to rectangular stimuli. Thresholds to
activate LT fibres and HT nociceptors increased significantly after TTX 1pM was
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injected into the receptive field (“two-tailed paired t-test”, LT p=0.0082 and HT
(p=0.0075). In contrast, no difference was observed on the amount of current needed
to discharge VHT, CN and CMi nociceptors before and after TTX (p>0.05) (Fig. 36A),
but the low number of VHT, CN and CMi responding after the blockade of TTX-S
currents might have influenced the statistical results obtained for those fibres. The
means = SD of stimulus current to trigger the fibres after TTX were 20.53£25.43 mA
for LT, 18.67+27.26 mA for HT, 2.81+2.52 mA for VHT, 41.33+42.15 mA for CN and
13.25+£11.60 mA for CMi nociceptors.
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Figure 36: TTX effects on activation thresholds: There was an increase in the current thresholds for
activation of LT fibres and HT (“two-tailed paired t-test”, LT p=0.0082 and HT (p=0.0075), but not for
VHT, CN and CMi nociceptors after TTX 1uM upon rectangular (A) and half-sine wave (B) stimuli
(Repeated measures one-way ANOVA, Bonferroni post-hoc test, LT p=0.0276 and HT p=0.0037). There
was no difference in the amount of charge at threshold for half-sine (C) for LT, HT and VHT nociceptors
before and after TTX. Too few CN and CMi nociceptors responded to half-sine stimulus after TTX. The
values of threshold and charge are presented as mean + SD.

Similar results were obtained for half-sine wave stimulation. The threshold to trigger a
minimum of three action potentials increased for LT fibres (Repeated measures one-
way ANOVA, Bonferroni post-hoc test, p=0.0276) and HT (p=0.0037) after TTX 1uM,
however not for VHT nociceptors (Fig. 36B). Only 2 VHT and 1 CN were still
responding to half-sine wave after TTX 1uM. No CMi responded to half-sine after the
blockade of TTX-S currents. Hence, it was not possible to obtain results for CN and
CMi, due to the lack of response of those nociceptors after TTX. The means £+ SD of
thresholds for half-sine after TTX were 2.86+4.34 for mA LT, 2.49+2.06 mA for HT,
2.81+2.52 mA for VHT, and 3.00+1.41 mA for CN.

60



Specific activation of nociceptor subgroups by slowly depolarizing electrical stimuli

There was no significant difference in the amount of charge at threshold for all tested

nociceptors (“two-tailed paired t-test”, p>0.05) (Fig. 36C). It was not possible to
establish a comparison of charge before and after TTX for CN and CMi, as only 1 CN
and no CMi nociceptor responded to half-sine after the blockade of TTX-S currents.
The means = SD of charge after TTX 1uM were 0.05+0.09 uC for LT, 0.18+0.20 uC for
HT, 0.15+0.17 pC for VHT.

The blockade of TTX-S currents significantly increased conduction delay to rectangular
pulses for LT fibres (“two-tailed paired t-test”, p=0.0055), HT (p<0.0001) and VHT
nociceptors (p=0.0363), but not for CN and CMi (Fig. 37A). The means + SD of
conduction delay after TTX 1uM were 90.32+25.6 ms for LT, 128.1+41.48 ms for HT,
136.6+34.07 ms for VHT, 111.0+£41.1 ms for CN and 117.5£78.37 ms for CMi. Notably,
the increase in conduction delay for CN and CMi nociceptors could be influenced by
the scarce number of fibres still responding to electrical stimulation after TTX 1uM was
injected.
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Figure 37: TTX effect on latency and conduction velocity: There was an increase in conduction
delay to rectangular pulses for LT fibres (“two-tailed paired t-test”, p=0.0055), HT (p<0.0001) and VHT
nociceptors (p=0.0363), but not for CN and CMi nociceptors after TTX 1uM was injected into the
receptive field (A). There was no difference in half-sine wave latency at threshold after TTX for any fibre
type analysed (B). The conduction velocity to rectangular pulses decreased after TTX for LT fibres (“two-
tailed paired t-test”, p=0.0195), HT (p=0.0002) and VHT nociceptors (p=0.0236), but not for CN and CMi
nociceptors (C). The values are presented as mean * SD.

Conduction velocity (m/s)

HE BE AR

After TTX 1uM, only 4 CN and 4 CMi nociceptors were still responding to the
rectangular electrical stimulus compared to 6 CN and 12 CMi recorded at control
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condition. Moreover, the number of CN and CMi fibres drop even further when
analysing half-sine wave stimulus following the rectangular pulse assessments, i.e.
some fibres that responded to rectangular pulses after TTX, did not respond to half-
sine wave stimulation. Therefore, it was not possible to establish a comparison for
latency at threshold before and after TTX for CN and CMi response to half-sine wave.
LT, HT and VHT nociceptors showed no difference on latency at threshold before and
after TTX (“two-tailed paired t-test”, p>0.05) (Fig. 37B). The means = SD of latency at
threshold for half-sine wave after TTX 1uM were 105.3+87.94 ms for LT, 91.68+30.63
ms for HT and 77.70+12.16 ms for VHT.

The conduction velocity assessed upon rectangular stimulation reproduces the results
obtained for conduction delay and show a decrease in conduction velocity for LT fibres
(“two-tailed paired t-test”, p=0.0195), HT (p=0.0002) and VHT nociceptors (p=0.0236)
but not for CN and CMi (Fig. 37C). The means = SD of conduction velocity after TTX
1puM were 0.85£0.96 m/s for LT, 0.82+0.2 m/s for HT, 0.85+0.50 m/s for VHT,
1.01+0.25 m/s for CN and 0.91+0.30 m/s for CMi. As mentioned before, the reduction
of conduction velocity for CN and CMi nociceptors seem to be underestimated by the
scarce number of fibres still responding to rectangular electrical stimulation after TTX
1M was injected into the receptive field.

3.2.3 Summary of single nerve fibre recordings

e All fibre types respond to both sine wave and half-sine wave in an intensity-
dependent manner, the higher the stimulus intensity the higher the number of action
potentials. Additionally, along 60 seconds of continuous sine wave stimulation, the
fibres show an accommodation of response after 10 seconds and a plateau-like
response is seen in the remaining 50 seconds. After TTX was injected into the
receptive field of the recorded unit, there was a clear effect in reducing the number
of action potentials for LT fibres, HT and VHT nociceptors. This effect could not be
seen in CN and CMi nociceptors, but the number of fibres still responding to half-
sine wave were insignificant after TTX, making it impossible to establish a
comparison. The reduction in the number of action potentials reflects the reduction
in maximum signal amplitude obtained in CAP recordings.

e The magnitude of current to evoke a response in LT, HT and VHT is smaller
compared to CMi nociceptors. LT and HT nociceptors also show an increase in the
threshold for fibre activation upon both rectangular and half-sine wave stimulus
after TTX. This increase was also evident in CAP recordings. An increase could not
be seen for VHT, CN and CMi but this can be explained by the fact that only few
fibres able to respond to a current inferior to 10mA could be analysed for the slow
depolarising currents for technical reasons. The stimulator used for sine and half-
sine wave stimulus could not deliver currents above 10mA, and this technical
limitation may explain why responses could not be elicited after the blockade of
TTX-S currents for those fibre types.

e Similar to CAP recordings, it seems that the amount of charge to generate a
response is constant under sine wave stimulus. Surprisingly, there was no
difference in charge of the first action potential for sine wave and charge at
threshold for half-sine wave responses across all C-fibre types before and after the
addition of TTX.

e In CAP recordings the blockade of TTX-S currents only increased conduction delay
and reduced conduction velocity for rectangular stimulus. In single nerve fibre
recordings, the blockade of TTX-S currents prolonged conduction delay for LT, HT
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and VHT fibres for rectangular stimuli, but did not affect corrected latency for half-
sine wave stimulation in any fibre type. Similarly, median phase upon sine wave
4Hz stimuli was only increased for LT fibres, but not for HT, VHT and CMi
nociceptors. The increases in latency observed for LT, HT and VHT upon
rectangular stimulus in single nerve fibre recordings is consistent with a
concomitant reduction in conduction velocity. It seems reasonable, based on the
latency results presented both “in vivo” and “ex vivo” for all applied stimulus profiles,
to attribute any delay of C-nociceptor responses upon TTX blockade to a reduction
in conduction velocity.
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4 DISCUSSION

Data from early studies on the relationship between axonal diameter and conduction
velocity have already implied the usefulness of short duration rectangular electrical
stimuli in generating a synchronous compound potential. The initial aim was to cluster
different types of fast myelinated fibres according to their typical conduction
velocities.?® Indeed, short depolarising rectangular pulses are most adequate to
activate myelinated neurons. It was later understood that this response is due to the
high expression of Nav1.6° in myelinated axons. Nav1.6 channels have a fast closed
state inactivation, which inhibits action potential generation by slow depolarising
electrical stimuli.>® In addition, a rectangular pulse with rapid onset of activation
provides a good setting for studies targeting axonal conduction. However, it fails to
contribute with functional information regarding action potential initiation in sensory
endings; a point of great interest when investigating the pathophysiology of nociceptors
sensitization contributing to chronic pain.

First attempts to activate afferent neurons with a slow depolarising stimuli date back to
1987, when this stimulus was first proven useful in the screening of patients with painful
neuropathy.®®> As previously mentioned, hyperexcitability in unmyelinated C-
nociceptors is highly correlated with neuropathic pain.'®?° Not until the last decade,
this type of electrical paradigm began to be more widely used in experiments
investigating small diameter unmyelinated neurons.

4.1 Why slow depolarising stimulation?

Slow depolarizing electrical stimuli have been shown more specific for the activation of
unmyelinated C-nociceptors using single nerve fibre recordings in pigs, live cell
imaging in mice, compound action potential recordings “in vitro” of human nerve
fascicles, “in vivo” microneurography and human psychophysics in healthy volunteers
as well as neuropathic pain patients.?6% |n particular, sinusoidal stimulation of 4 Hz
and single half-sine stimulation (1Hz, 500ms) were proved efficient for C-fibre
activation. Both stimulation profiles mimic more physiologically relevant depolarization,
however, the mechanisms behind the response to those paradigms is yet unclear.
The pathophysiology of spontaneous activity, a common symptom in neuropathic pain
patients, may be better understood with a deeper knowledge of how action potentials
are initiated. The generation of action potentials using mild tonic depolarization has
been attributed to the capacity of sodium channels in generating ramp currents. It was
described that some VGSC would act as amplifiers of weak stimuli and are
fundamental to action potential initiation.>>°” Based on the kinetics of VGSC, both
Navl.3 and Navl.7 can generate ramp currents due to a slow transition into the
inactivated state (closed state inactivation) upon slow depolarising stimuli.>®> Nav1.3 is
expressed in sensory afferents only during foetal development or following nerve
injury®®56 and it is unlikely to be expressed in naive mature neurons recorded during
this study. As Nav1.7 is highly expressed in peripheral C-fibres,? including epidermal
free endings?, this would qualify the isoform as the primary candidate to explain the
responses of unmyelinated axons to slow depolarising stimuli.

4.1.1 C-fibres respond to slow depolarizing electrical stimuli (SDES)

Recordings from single unmyelinated C-fibres innervating human and pig skin
demonstrated that 4Hz sinusoidal current of low intensity (<0.2mA) is able to activate
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cutaneous C-fibres, whereas higher currents (>0.6mA) are required for activation of
sympathetic C-fibres and A-fibres.%1% The C-fibre activation by cutaneous sine wave
current is evidenced by the accompanying sensation of burning pain,®® even during A-
fiore compression block,°t and an axon-reflex flare development around the site of
stimulation,'? the latter a phenomenon attributed to the activation of mechanically
insensitive (“silent”) C-nociceptors (CMi).103

The description of compound potential generation in isolated peripheral nerves by
means of sine wave stimulation was originally described in human, pig and mouse
nerves?® and further explored successfully in depth in this work using nerve fascicles
of pig saphenous nerve. Moreover, single units of pig saphenous nerve were recorded
‘in vivo” following the well-described technique of single nerve fibre recordings in
anesthetized pigs3*+8%0 introducing the slow depolarising type of stimulus. In this study
a total of 80 fibres were analysed for sine wave 4Hz stimulation (27 LT, 34 HT, 8 VHT,
3 CN and 7 CMi) and 96 fibres were recorded applying half-sine wave stimulus (29 LT,
36 HT, 13 VHT, 6 CN and 12 CMi).

Consistent with our observations based on the frequency at which LT single units were
found in pig SNF recordings, LT seem to represent a large population of neurons. LT
fibres are described as predominantly innervating hairy skin in rodents with endings
projecting longitudinally with the hair follicles and arborising in the epidermis.%4
Another study conducting microneurography from the human peroneal nerve in the leg,
found that the majority of C-fibres in distal limbs are HT or polymodal nociceptors
(45%).2” These axons were also very frequently found during single unit recordings of
pig saphenous nerve. It was also described that human HT fibres receptive fields are
large (106mm?),19 a fact that would explain the frequency with which these fibres were
identified during receptive field searches in the hind limb of pigs and recorded herein,
confirming the great congruency of skin structure and neuronal innervation between
these species.1%

Both LT and HT nociceptors responded vigorously to sine wave and half-sine wave
stimulation at very low intensity ranges compared to VHT, CN and CMi nociceptors.
The responsiveness of C-fibres to slow depolarising stimuli were quantified by the
number of action potentials. The responsiveness to SDES was similarly high for LT
and HT for sine wave stimuli. VHT and CMi responded with a smaller number of action
potentials compared to HT nociceptors. Regarding half-sine wave slow depolarising
stimulus, the number of action potentials were higher for LT fibres compared to VHT,
CMi and CN nociceptors above 0.2mA. The LT fibres response to half-sine were higher
than the response of HT nociceptors at stimulus intensities above 2mA, but at lower
half-sine intensities (0.02-0.1mA), the number of action potentials were similar for LT
and HT. In summary, both low-threshold mechano-responsive fibres and polymodal
nociceptors are equally sensitive to slow depolarising stimulus. The current thresholds
of activation of LT fibres and HT nociceptors are similar and significantly smaller
compared to the other C-fibre types. Overall, the fibres respond to both, sine wave and
half-sine wave in a current intensity-dependent manner.

4.1.2 Different responses to sine and half-sine stimuli

It is important to stress a crucial difference in the response pattern of C-fibres when
activated by sine wave or a half-sine wave stimulus, respectively. The sensory neurons
respond to half-sine wave with a burst of action potentials during and shortly after onset
of the 500ms stimulus, while a single action potential is fired time locked to a certain
phase in each cycle of sine wave 4Hz pulses. These synchronized responses to the
4Hz stimulation are the prerequisite for successful recordings of compound action
potentials (CAP). Thus, the results obtained in the “in vivo” single nerve fibre recordings
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are in agreement with the results obtained by “ex vivo” compound action potential
recordings when comparing responses to electrical sine wave stimulation at 4Hz. In
particular, the time required to initiate an action potential is directly comparable
between corrected latency in the CAP recordings and the phase in single fibre
recordings. The advantages of the “ex vivo” compound action potential are optimum
control of stimulation site and intensity, simultaneous recording of many dozens of
fibres and stable stimulation and recording conditions. The advantages of the single
fibre recordings are access to the sensory endings, defined functional classes, and
analysis of multi-spike responses. Both approaches provide a corresponding measure
for the time to initiation of the action potential. Moreover, the amplitude on CAP
recordings reflects the number of synchronously activated axons and thus would be
equivalent to percentage of fibres being activated on single nerve fibre level. In
contrast, analysis of non-synchronized bursts of action potentials to half-sine wave
pulses requires single fibre recordings, that also allow to differentiate responses of
functional C-fibre classes.

4.1.3 Differential axonal properties of C-fibre classes

The capacity to intensely respond to slow depolarising stimuli (observed for LT fibres
and HT nociceptors) seems to correlate with the ability to follow a repetitive 2Hz 3-
minutes stimulus, along with low or intermediate activity dependent slowing (ADS)
characteristic for these C-fibre types. It was previously described that LT fibres are
almost unaffected by ADS (<15%), while HT fibres have an intermediate ADS (15-
23%) and CMi a high ADS (>20%) upon 2Hz stimulation.8® VHT nociceptors resemble
CMi fibres at very low stimulus frequencies (0.1 Hz), but for higher stimulation
frequencies such as 5Hz behave like HT nociceptors.1%” In addition, CN nociceptors
appear not much affected by ADS (<10%) in agreement to what was previously
published.?® The activity-dependent slowing phenomenon is caused by progressive
slow inactivation of VGSC, intracellular accumulation of sodium ions and
hyperpolarization of unmyelinated fibres upon repetitive action potential generation.1%8
The authors suggest that the varying expression of sodium channels and their different
slowing activation kinetics could be the cause of differences in ADS observed for C-
fibres in pigs.®® Reinforcing evidence comes from a study using Nav1.7 knockout mice,
which demonstrated that the absence of the isoform did not alter ADS when compared
to recordings from wild-type HT fibres.'%® Accordingly, slow inactivation of Nav1.8 and
its high expression in CMi fibres might contribute to the high ADS observed in these
nociceptors.109.110

In our studies, activity-dependent excitability changes were mainly investigated by
accommodation of responses during the 1-minute of sine wave stimulation. Obviously,
ADS will contribute to excitability changes that determine this accommodation.
However, the long duration sine wave 4Hz stimulus induced an accommodating
response in all fibres tested at supra-threshold current intensities, as previously
demonstrated.?® Thus, the characteristic differences in ADS between fibre classes did
not translate into a corresponding accommodation pattern in the 4Hz 1-minute
stimulation paradigm. However, our findings of fibore accommodation are in-line with
the accommodation of pain ratings observed psychophysically and are in accordance
with earlier in human microneurography studies.®:%2

4.2 Role of TTX-s channels for C-fibre excitability
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Thanks to the Nobel prized Toshio Narahashi and its 1964 publication, tetrodotoxin
(TTX) became available for the study of neuronal excitability, and the research of many
other drugs and toxins that modulates ion channels function were only possible
following his discovery.!'! As previously stated, TTX is a sodium channel blocker that
acts ontheisoforms 1.1-1.4, 1.6 and 1.7. NaV1.5, 1.8 and 1.9 are known to be resistant
to TTX up to a mM range.®4° In this study, tetrodotoxin was applied with the purpose
of blocking NaV1.6 and NaV1.7 (assuming NaV1.3 is not expressed in the mature
recorded units) on primary sensory afferents, based on the known expression of these
VGSC in C-fibres.1? More specifically, we investigated the role of sodium channels in
the activation of C-nociceptors to slow depolarizing stimuli that occurs with intriguingly
long latencies at low stimulus intensities. Recordings were performed from naive and
TTX-treated single C-fibres “in vivo” as well as axons of pig saphenous nerve “ex vivo”.
Specific Navl.7 and Navl.6 inhibitors and/or blockers were also applied and
investigated in compound potential recordings.

4.2.1 TTX impairs C-fibre firing

The TTX injection into the receptive field of single LT, HT and VHT units induced an
overall reduction in the number of action potentials when applying slow depolarising
stimuli. This finding was consistent with the reduction in maximum amplitude and
increased half-maximum current observed in compound action potential recordings
after TTX blockade.

LT fibres have a high expression of Nav1.1, 1.6 and 1.7*'2 and polymodal nociceptors
are also known to have a big component of TTX-S VGSC based on their modest
slowing-dependent activity under high frequency electrical stimulation.'*? Therefore, a
reduction in the number of action potentials in LT and HT nociceptors was expected
after TTX was injected into the receptive fields of these fibre classes. We further
observed that the blockade of Nav1.6 by p-conotoxin was effective in abolishing A-fibre
signals in compound potential recordings yet did not affect maximum amplitude in C-
fibores compound potentials. These data provide evidence that Nav1.6 does not play a
crucial role in the response of C afferents to slow depolarising stimuli.

Compatratively, silent and CN nociceptors are assumed to have a large component of
tetrodotoxin resistant (TTX-R) VGSC, and more specifically CMi nociceptors to have a
pronounced slow activity-dependency.114112115 Accordingly, CMi and CN might be
expected to keep responding to SDES after TTX, and thus independently of the
blockade of both Navl1.6 and 1.7. We observed a weak response of CMi and CN
nociceptors to both slow depolarising stimuli in control conditions but a more or less
complete blockade of response in these fibres when TTX was injected into the
receptive field. However, some of the silent fibres could still be electrically activated by
intradermal rectangular pulses at higher stimulus intensities after TTX (mean + SD:
13.25+11.6mA), whereas their responses to SDES were blocked. Unfortunately, the
sine wave and half-sine wave stimuli could not be increased beyond 10mA. We
therefore conclude that excitability and conduction of CMi nociceptors is facilitated by
currents sensitive to TTX (TTX-S), but TTX-R currents are sufficient to ensure action
potential initiation and conduction. TTX-S also contribute to CMi activation by SDES,
but it is unclear whether TTX-R currents were sufficient as higher current intensities
could not be tested. However, our TTX results in the CAP recordings clearly suggest
that TTX-R currents are sufficient to sustain activation by SDES (see Figure 16) even
though we cannot directly link the CAP results to CMi nociceptors. Thus, the most
probable explanation for abolished SDES responses of these nociceptors after TTX is
the limited stimulation intensity (maximum 10mA) in our study. This is of particular

67



Specific activation of nociceptor subgroups by slowly depolarizing electrical stimuli

relevance for “silent” fibres as the location and geometry of C-fibre terminals in the skin
determines their response to electrical stimuli. The shorter the distance between an
axon and the stimulating electrode, the lower the required stimulus amplitude to excite
the nerve ending.'® This feature also may explain low excitability of deeper located
CMi nociceptors upon transcutaneous SDES.

Setting aside the reservations regarding the translational value of classifying human
neurons into peptidergic and non-peptidergic,'*’ a study in rodents has shown that
peptidergic neurons (CGRP+, responsive to noxious heat and capsaicin) terminate in
the stratum spinosum of the epidermis while non-peptidergic neurons (IB4+,
responsive to mechanical pain) extend to the outermost layer of the epidermis, the
stratum granulosum.!®119 Reinforcing the abovementioned idea of a spatial
differentiation of nociceptors in the skin, it was demonstrated that rat neurons with
superficial receptive fields are mostly 1B4 positive.'?° Even if the classification into
peptidergic and non-peptidergic is not exactly applicable to human neurons, and
supposedly to pigs either, the previous attempt to topographically localize these fibres
among the epidermal layers indicated that a differential distribution exists. In this
sense, the more superficial the fibres, the better these fibres will respond to
transcutaneous electrical stimulation. It has been previously described that IB4 binding
is associated with wide action potentials and large TTX-R expression of Nav1.8 and
Nav1.9, while peptidergic neurons would have shorter duration action potentials and
lower expression of Nav1.8 in rat dorsal root ganglia (DRG’s).*?! Following the
abovementioned hypothesis, the neurons with higher expression of TTT-R NaV
channels (non-peptidergic) are the ones distributed in the most superficial layers of the
skin. Along this line, our experimental observations suggest VHT, CN and silent
nociceptors are located deeper in the epidermis based on their low responsiveness to
transcutaneous stimulation, and clear responses in few experiments when using an
intracutaneous needle for applying SDES (data not shown). Nevertheless, no
experiments were performed in this study to provide anatomical evidence that VHT,
CN, CMi, HT and LT C-fibres have a differential distribution in the epidermal layer of
pigs. The lack of anatomical data specifically differentiating unmyelinated fibres might
relate to the absence of specific markers and technical limitations in terms of high-
resolution approaches required for single axons with diameters less than 1um.

CMi and cold nociceptors are thought to present a higher expression of TTX-R
currents.'? To our knowledge there is no information referring to VGSC expression in
unmyelinated afferents named here very-high threshold (VHT) nociceptors.

On the other hand, our observations are in accordance with the correlation of
mechanical and TTX-sensitivity, as LT fibres present the lowest mechanical threshold
of activation and a high TTX-S component.''® Based on our observations, we might
speculate that the TTX-S component is progressively reduced in HT, VHT, CN and
CMi nociceptors as the mechanical threshold increases.

HT nociceptors have a receptive field around 1.95cm? compared to 0.35cm? of CMi
when electrically stimulated at 10mA in human skin. When the rectangular electrical
stimuli are increased from 10 to 50mA, the receptive field of HT fibres was enlarged to
3.08cm? while the receptive field of CMi showed a 15-fold increase compared to the
smaller current, suggesting much larger receptive fields of CMi compared to HT
nociceptors.'?? It was also described that the thresholds of activation are very
heterogeneous within the receptive field of silent fibores compared to homogenous
thresholds in HT.195123 Considering CMi have a small receptive field for currents under
10mA and high heterogeneity in the activation thresholds,'?? we could simply infer the
maximal intensity of 10mA applied for SDES in the pig skin by means of
transcutaneous stimulus was not strong enough to activate them after TTX. Hence, the
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apparent complete blockade to SDES could have been overcome by higher stimulus
intensities, but these cannot be delivered by our constant current stimulator.

Previous work describing VHT nociceptors!?” has found similar functional results and
could provide indirect evidence for the expression of TTX-S VGSC in those sensory
neurons. The experimental results obtained in this study indicate that VHTSs constitute
a separate sub-class of C-nociceptors, rather than being silent nociceptors.3° Here, we
identified VHT fibres with markedly higher mechanical thresholds than HT nociceptors,
when stimulated with Semmes-Weinstein monofilaments (VHT 39.33+21.92 g; HT
5.45+3.5 @), but with a similar electrical threshold (VHT 2£0.94 mA; HT 1.39+1 mA).
The electrical threshold of CMi nociceptors (3.12+2.93 mA) differs significantly from
HT but not from VHT nociceptors. Furthermore, of the 13 VHT fibres analysed in this
study, 1 was not tested and 6 responded to tonic thermal stimulation (i.e. 5s, 49°C,
data not shown). The response pattern of these 6 units resembled the “slow C-fibre”
(SC-) response to heat’® and it may be argued that these VHT units belong to those
mechanical high threshold “SC-units”. However, a more sophisticated differentiation
may be achieved by modern approaches based on single cell RNA-sequencing and
PCR-expression patterns, which identified more than 10 types of dorsal root ganglion
(DRG)* and perhaps future understanding of the functional properties of new sub-
classes will improve the current classification of C-fibre types.

In our study, VHT fibres, similar to CMi and CN nociceptors, were also heavily affected
by TTX: 9 units responded only with 1 or no action potential to half-sine wave stimulus
at higher intensity ranges and the other 4 units could not be recorded from after the
blockade. As those fibres have high mechanical as well as electrical thresholds of
activation, it is likely that the apparent blockade after TTX in fact increased excitation
threshold beyond the maximum output of our stimulator (10mA).

4.2.2 Role of TTX-S currents on C-fibre excitability

The blockade of TTX-sensitive currents reduced conduction velocity in compound
potential recordings. This was reproduced as an overall reduction in conduction
velocity (CV) in LT, HT and VHT observed at the single fibre level upon rectangular
stimulus, albeit in the few CMi and CN nociceptors no significant change was found.
Considering LT fibres have a higher conduction velocity than the other nociceptors*
and they are abundant in the pig saphenous nerve fascicles, they should dominate the
initial rising phase of the C-compound action potential.

Our results concerning the block of Navl.6 were straight forward. p-conotoxin Pllla
completely abolished A-fibre compound potentials, yet the C-fibre latency was not
affected by the Nav1.6 blockade. This result confirms the crucial role of Nav1.6 for A-
fibore conduction and also underpins its minor functional role in C-nociceptors.'24

The results from CAP recordings using specific VGSC-blockers have shown no effect
in reducing CV by blocking Nav1.6, but the blockade of Nav1.7 by both XEN907 and
ProTx Il caused slowing in conduction velocity for rectangular stimuli. Those results
also speak in favour of an involvement of Nav1.7 in facilitating C-fibre conduction. For
the recordings obtained upon slow depolarization, an increase in corrected latency
could not be seen; C-CAPs were still induced after blockade of TTX-S currents and
had a very long latency. Based on the kinetics and distribution of Nav1.7, this isoform
appears the main candidate for the generation of action potentials for slow
depolarization of C-nociceptors at peripheral nerve endings.*?® In view of this, it was
expected that the blockade of Navl.7 would increase corrected latency for SDES.
Nav1.8 would still conduct the compound potential in the absence of Nav1.7, but more
time would be necessary to initiate the response to sine wave considering a threshold
of NaV1.8 activation of about 35-60mV more depolarised than Nav1.7.1% However, the
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result of the generation of the first action potential by SDES at around 50ms suggests
that the main determinants are biophysical membrane properties i.e. time constant and
membrane resistance. In this respect, the long latencies obtained upon low-intensity
sine wave stimulation were per se very intriguing: they suggest that the neuronal
membrane can accumulate charge for dozens of milliseconds. C-fibres have a
membrane time constant in the order of hundred milliseconds??” allowing weak but
tonic currents to effectively change membrane potential. Our cooling experiments
convincingly show that increasing the membrane resistance increases the ability of C-
nociceptors to accumulate charge and thereby the response to SDES is sensitized,
even though the cooling considerably slows down Nav1.7 activation. Thus, our results
support a crucial role of the biophysical membrane properties of C-fibres for the
initiation of the first action potential to the sine wave stimulation. The blockade of TTX-
S currents in pig saphenous nerve “ex vivo” recordings increased the amount of current
and charge independently of the stimulus paradigm applied. The blockade of Navl1.7
by specific Nav1.7 blockers (XEN907 and ProTx Il), however was not consistent, with
a XEN9O07 effect in increasing current and charge for both rectangular and sine wave
stimulus but ProTx Il Nav1.7 blockade causing an increase in current and charge only
for rectangular stimulation. Thus, there appears to be a redundancy among the VGSCs
for the initiation of the action potential following slow depolarisation such that an
isolated block of Navl.7 might be partially compensated by other low threshold and
TTX sensitive sodium channels.

When looking at the “in vivo” single fibre recordings, the amount of charge to initiate a
single action potential upon sine wave stimulation remained more or less constant as
current increased from 0.05 to 1.2mA. There was no significant TTX-driven increase
in the amount of charge to evoke a sine wave action potential or in the charge at
threshold for half-sine wave stimulus in any fibre type tested. These results confirm our
CAP recordings suggesting that biophysical characteristics of the C-fibore membrane
are crucial to determine the required charge for the first action potential and that there
is also some redundancy between sodium channels for its initiation. Previous data in
mice already attributed these long latencies to the time needed for the neuronal
membrane to accumulate charge when stimulated with weak currents.*?® Contrary to
this previous result, no significant increase in C-CAP latency was caused by 1uM TTX
when nerves were stimulated with sine wave 4Hz.

In an attempt to validate the function of Nav1.7 as an amplifier of sine wave induced
C-fibre response, the exponential curves linking stimulus intensity and corrected
latency were linearized by plotting the latencies to the reciprocal stimulus intensity.
There was a significant increase in the intercept after ProTx Il, but this is more related
to the shorter latencies caused by higher stimulus intensities (and thus rectangular-like
evoked responses) rather than the long latencies we aimed to investigate by
linearization.

4.2.3 Burst responses to 500ms half-sine stimulation

While the results of corrected latency in the CAP recordings were similarly found in the
“‘phase” on single nerve fibre level, as discussed above, major differences were found
for the responses to the 500ms half-sine stimulus. As mentioned previously, the fibres
respond to such a stimulus with a burst of activity that can outlast the electrical stimulus
(“after-stimulus discharges”). Moreover, the latency to the first action potential was
much more variable and did not show the same inverse relation to intensity as
observed during the 4Hz sinusoidal stimulus. This indicates that the action potential
initiation by the half-sine stimulus is determined less by the transferred charge. Time-
dependent secondary membrane mechanisms, such as opening of voltage-sensitive
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calcium channels, may contribute considerably to this phenomenon. TTX did not
significantly affect the latency at threshold of LT fibres for the half-sine stimulus and
even reduced the latency for HT and VHT nociceptors. On the other hand, the
threshold for action potential generation was considerably increased and number of
action potentials was massively reduced. This result suggests that TTX-S currents
facilitate action potential generation upon the 500ms depolarizing pulse but an
increase in stimulation intensity can rescue the activation after TTX. While such
increase will lead to some discharge, the full-blown tonic supra-threshold discharge
pattern as observed under control conditions is not re-established. Thus, TTX-S
currents apparently are crucial for sustained bursts of action potentials following half-
sine stimulation.

As mentioned above, LT fibres have a high expression of Nav1.1, 1.6 and 1.7'*3 and
polymodal nociceptors are known to have a big component of TTX-S currents based
on their modest activity-dependent slowing under high frequency electrical
stimulation.''?2 Our TTX-results do not allow to link a certain sodium channel subtype
to the sustained bursts of action potentials. In general, the repriming kinetics of sodium
channels will determine the maximum discharge frequency. Nav1.6 has a particularly
fast repriming and its high expression in A-fibres has been linked to their high maximum
discharge frequencies, whereas the slow repriming of Nav1.7 can explain the lower
discharge frequencies recorded in C-fibres.'?® However, the exact Nav1.7 expression
pattern of functional C-fibre classes is not yet known and moreover, 3-subunits or other
auxiliary proteins*3° can modify sodium channel kinetics — apart from the fact that major
species differences additionally complicate translation of structure function relations.13!
Altogether these results confirm a major role of TTX-S currents to facilitate action
potential generation in A- and C-fibres. They also facilitate the activation of C-
nociceptors by slow depolarizing pulses, but increasing stimulus intensity can
compensate for the lack of TTX-S currents, at least to some extent. In contrast, TTX-
S currents appear to be crucial for burst-firing of C-fibres induced by 500ms half-sine
depolarisations.

4.3 Clinical implications: cold allodynia

In addition to pharmacologically blocking sodium channels we also used cooling, which
slows down their activation kinetics, to modify neuronal firing. In contrast to the
expected inhibition of pain, cooling the skin of volunteers from a neutral temperature
of 32°C to 18°C actually increased pain ratings to cutaneous 4Hz sinusoidal current
stimulation. The enhanced pain ratings during cooling in humans was paralleled by a
larger fraction of unmyelinated axons responding to a sinusoidal current at 20°C
compared to 32°C in mice CAP “ex vivo” recordings.?8

The current study using pig saphenous nerve focussed on supplementing the initial
observations generated in mice CAP recordings. The results confirmed that cooling
isolated pig saphenous nerve fascicles also rendered C-fibores more prone to
discharge, and a larger fraction of axons was activated at lower temperatures. Not only
were higher amplitudes of C-CAP signals obtained, but fibres were also activated by
lower stimulus intensities at 20°C upon sine wave stimulation in contrast to activation
thresholds for rectangular stimuli which were increased by cooling. Remarkably, at
lower temperatures, C-fibres responded to low intensity sinusoidal current stimulation
after several tens of milliseconds, as recorded herein in both mice and pig neurons.
This suggests that C-fibres can accumulate charge over several tens of milliseconds
under cold conditions. The average electrical charge required to evoke action
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potentials in C-fibres increased in rodents with cooling,'*? yet the results obtained in
pig saphenous nerve have shown no significant difference in the amount of charge
required to generate action potentials in C-fibres after cooling. The increased amount
of charge after cooling would speak in favour of a loss in excitability and is consistent
with the anaesthetic action of cooling.

The shift of dynamic sensitivity in C-fibres to lower current intensities during cooling
may contribute to the everyday experience of enhanced pain experienced on a frosty
morning to mild mechanical stimuli. Evidence suggests that mild cooling can result in
increased C-fibre responsiveness to slow modulations of membrane potential and
thereby can contribute to enhanced sensitivity to mechanical**® and chemical3413>
stimuli. While activation of sodium channels is generally slowed down by cooling
resulting in a reduced excitability, there are also effects that increase their excitability:
cooling does not shift the activation threshold of Nav1.7 but increases ramp currents
and delays its deactivation.36

Our results suggest that the main sensitizing effect of cooling on slow depolarizing
stimuli in nociceptors is based on an increased membrane resistance via closure of
cold-sensitive potassium channels and thereby facilitates accumulation of charge. K*
leak currents are essential for maintaining a negative membrane potential and
decrease neuronal excitability.*3” Double-KO mice of the cold-sensitive potassium
channels TREK1 and TAAK developed cold hypersensitivity at temperatures of 15°C
and 20°C,*®® particularly in the nociceptor population not responsive to menthol.3°
Additionally, a reduction in leak currents at cold temperatures (14°C) has been shown
in recordings of small DRG neurons compared to 30°C,%4° associated with a decrease
in action potential rheobase and an increase of excitability in nociceptive-like neurons
accompanied by an increase in membrane resistance.!4!

These complex changes of nociceptor excitability by cooling are already interesting
under physiological conditions. However, they become much more important under
pathological conditions in patients with chronic pain. In particular for neuropathic pain,
in which mild cooling stimuli can provoke intense burning and stabbing pain, a
symptom termed cold allodynia. This effect is not mediated by the typical cold sensitive
receptors on skin afferents, such as TRPM8 and TRPAL, because activation of these
receptors by topical application of their agonists (e.g. menthol, cinnamon oil) do not
provoke pain in cold allodynia patients.4%143 Accordingly, recent C-CAP responses to
slow depolarization were not affected by menthol or icilin, supporting that cold-specific
transduction is not involved.'?8

Rather than activation of specific nociceptive receptors, spontaneous depolarizations
of nociceptors have been shown of major clinical importance in patients with painful
neuropathy.'#4 When sufficiently strong, such depolarizations incite action potentials
and are driving spontaneous activity in nociceptors that ultimately results in ongoing
pain. Importantly, the higher the axonal membrane resistance the more depolarization
will be induced by a given depolarizing inward current. Thus, our experimental model
of slow depolarization at varying temperatures mimics the pathophysiologic
spontaneous depolarizations. If these spontaneous depolarizations are subthreshold
at normal skin temperatures, mild cooling will increase the membrane resistance by
closure of cold sensitive potassium channels and thereby amplify the depolarizing
effect, eventually leading to suprathreshold activation. Thus, mild cooling can demask
subthreshold depolarizations in nociceptors and evoke cold allodynia.

We therefore posit that cooling can enhance the sensitivity in C-nociceptors to slow
changes in membrane potential either experimentally by sinusoidal stimulation or
pathophysiologically by spontaneous depolarizing fluctuations. Mechanistically,
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alterations in voltage-gated channels that are active around resting membrane
potential are of main interest. For example, the expression of Navl.7 is increased
following paclitaxel induced neuropathy*4> while following both inflammation and nerve
lesion Nay1.9146:147.133 and HCN2148 expression are both dysregulated. Under such
conditions, cooling can render enhanced endogenous subthreshold currents more
effective and thereby may contribute to both spontaneous pain and cold allodynia.
Indirect experimental evidence for such a cooling effect is provided by phasic cooling
of a histamine iontophoresis site, which transiently increased itch ratings two-fold in
both healthy volunteers and chronic itch patients suffering atopic dermatitis.34147
Clinical evidence for a link between cold allodynia and the occurrence of paroxysmal
pain has also been provided in patients with complex regional pain syndrome!“® and
this is consistent with our experimental findings. Further clinical studies will be
intriguing to confirm whether cold allodynia in patients could be used as diagnostic sign
for superficial hyperexcitable nociceptors and that might favour therefore a topical
treatment approach.

4.4 Limitations

e The higher current amplitudes obtained during the initial phase of experiments by
cooling the circulating bath solution to 20°C motivated the maintenance of a
temperature of 20+£2°C for all following “ex vivo” experiments exploring neurotoxins
for VGSC modulation. Nevertheless, it is not possible to exclude the influence of
cooling in the kinetics of VGSC and how this might have altered the overall
excitability parameters during the C-CAP recordings and consequently the
interpretation of the obtained results.

e By increasing rectangular electrical current using an intracutaneous needle in
single nerve fibre recordings after the injection of toxins into the receptive field of
the recorded units, it is not possible to exclude that the high current needed to
induce a response caused a spreading of current and thereby activating a more
proximal site of the axon that potentially had not been reached by the injection. In
this case, to minimise false positive responses, units with significant changes in
conduction latency upon high current stimulation after administration of toxins were
omitted from the analyses, which reduced the overall number of observations.

e Itis not possible to exclude that the increase in threshold of activation during single
nerve fibre recordings were caused by a spatial change of the nerve fibres within
the cutaneous layer due to the injection bleb caused by the administration of the
toxin.

e The difficulties in diluting ICA121431 and the problems with the specificity of A-
803467, NaVvl1.3 and NaV1.8 blockers respectively, limited the experimental
approach. Many of the available toxins have poor water solubility and/or specificity
for the target VGSC (e.g. lack of NaV1.7 specificity of ProTx Ill) and this impairs
the interpretation of the results obtained by sodium channel modulation.

e Occasionally, we observed a second earlier peak appearance in the in-vivo C-fibre
recording signal at higher current intensities (Fig. 38, APPENDIX). The second
peak could provide indirect evidence that not only the number of action potentials
rise as current intensity increases, but also another branch of the unit or even
different class of nociceptor with higher thresholds of activation for sine wave 4Hz
were additionally recruited.
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45 Conclusions

The activity dependent slowing (ADS) observed in C-fibres during rectangular pulse
stimulation with 2Hz for 3 min (LT<HT<<CMi (VHT)) are likely to be related to a TTX-
R component (i.e. most prevalent in CMi). All fibre types seem to respond to both sine
wave and half-sine wave electrical stimuli in a current intensity-dependent manner,
with a clear accommodation of the response after 10 seconds of an ongoing 1-minute
4Hz sine wave stimulation. However, LT fibres and HT nociceptors seem to be
particularly sensitive to this type of stimulus and therefore represent ideal fibres to
study action potential initiation upon slow depolarisation.

In CAP recordings, as well as SNF recordings, higher current intensity led to shorter
latencies (corrected latency in CAP recordings and phase in SNF recordings).
Thereby, charge required to initiate an action potential remains constant, suggesting
that membranes of unmyelinated neurons can accumulate charge over tens of
milliseconds in order to generate an action potential. It seems that Nav1.7, based on
its capacity to generate ramp currents, plays an important but not imperative role in the
C-fibre responses to slow depolarising stimulus. Evidence for the effects of Nav1.7 and
for a redundancy between sodium channels is supported by several results in this
thesis. First, the amount of current to evoke a sine wave response in LT and HT is
smaller compared to VHT, CN and CMi nociceptors. Second, LT and HT have a high
component of TTX-S channels whereas CMi are thought to mostly express TTX-R
VGSC. Third, sine wave evoked C-CAP could still be recorded after TTX and cooling,
and finally, blockade of Navl.6 did not affect C-fibre excitability parameters, but
abolished A-fibre components in CAP recordings.

Notably, even if Nav1l.3 is unlikely to be expressed in naive peripheral sensory
afferents, Navl.7 may not suffice in explaining the C-fibore response to slow
depolarising stimuli. As the blockade of TTX-S currents does not affect the time to
incite a response using slow depolarising stimuli, TTX-R currents and Nav1.8 channels
in particular could be a candidate to explain these responses.

The present experiments furthermore demonstrate that cold temperatures interfere
with neuronal excitability, and less current is required to evoke a CAP by sine wave
stimuli at lower temperatures. Facilitated accumulation of depolarizing charge can
explain longer delays of action potential initiation at low current intensities. Apart from
bio-physical properties potentially contributing to this observation, another possible
explanation for this phenomenon includes the closure of K* channels sensitive at lower
temperatures, with reduction in K* leak currents and an increase in membrane
resistance. In context of pathologic cold hypersensitivity (cold allodynia), it will be of
interest to study in patients the relevance of these channels to their symptoms and
correlate the patient’'s sensitivity to slow depolarizing electrical stimulation with
successful topical anaesthetic treatment in future.
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5 SUMMARY

Slow depolarising stimuli represent a more suitable type of electrical stimulation to
activate unmyelinated C-fibres, excluding myelinated A-fibre responses, and
preferential activation of C-nociceptors provides a useful tool for clinical trials involving
chronic pain patients. In this study we applied slow depolarising stimuli, as well as the
traditional rectangular stimuli for comparison, to record compound action potentials
and responsiveness of characterized single nerve fibres in presence of specific
voltage-gated sodium channel blockers.

Our results indicate a higher sensitivity of low threshold mechanosensitive (LT) fibres
and polymodal (HT) nociceptors to sine wave 4Hz and half-sine wave 500ms stimuli
compared to mechano-insensitive (CMi) “silent” and cold sensing (CN) nociceptors.
This sensitivity was attributed to the presence of tetrodotoxin-sensitive (TTX-S) Na*
channels. The data also suggests that the presence of TTX-S, specifically Nav1.7, is
especially relevant in the response to high intensity and high frequency types of
electrical stimulus. The TTX-induced blockade of Nav1.7 and Nav1.6 separately shows
that Nav1.7 alone determines a slowing in conduction velocity without affecting the
time needed to generate a C-fibre response to slow depolarising stimulus. LT fibres
and HT nociceptors still responded after TTX albeit at about ten-fold higher current
intensities. Thus, either the Nav1.8 component in LT and HT fibres can carry a
depolarisation upon long duration depolarising stimulations or current spread to a more
proximal non-blocked area of the axon initiates the action potential. Moreover, it cannot
be ruled out that the contribution of other voltage gated channels, such as K* Ca*and
Ca* dependent CI- channels for instance, as well as the biophysical properties of the
neuronal membrane, influenced the response of C-afferents to slow depolarising
electrical stimulation.

The participation of K* channels in the response of C-fibres to slow depolarising
stimulus, rendering the nociceptors particularly sensitive to this type of stimulus at
colder temperatures, provided further evidence for the relevance in studying these
channels, but also shed some light on the mechanisms leading to spontaneous activity
and cold hypersensitivity in neuropathic pain patients.

The development of more specific Nav1.8 blockers as well as studying other neuronal
membrane channels will be crucial to clarify why unmyelinated axons seem to be
particularly prone to respond to slow depolarising stimulus. The knowledge about the
mechanisms of peripheral activation can possibly contribute to the understanding of
the pathophysiology of cold allodynia in neuropathic pain patients, providing more
accurate targets for the treatment of painful neuropathy in the future.
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Figure 38: High stimulus intensity induced 2" C-CAP Peak: Three specimens of C-CAP signal
B90905B (top panel), CO0604A (middle) and CO0618A (bottom panel) recorded from saphenous
nerve fascicles upon sine wave stimulus. The appearance of a 2" peak become evident as stimulus
intensity increased from 1.5 to 6A during the stimulus-response curves generation. The second peak
might be indirect evidence for the recruitment of C-fibres with higher thresholds of activation and slower
conduction velocities. The specimens were recorded in different days and from different pigs.
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