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N-methyl-D-aspartate (NMDA)
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transient receptor potential (TRP)

transient receptor potential cation channel subfamily A member 1 (TRPA1)
transient receptor potential vanilloid 1 (TRPV1)

voltage-gated potassium channels (VGKCs)

voltage-gated sodium channels (VGSCs)



1. Introduction

1.1.Pain

Pain is an unpleasant sensory and emotional experience associated with actual or potential
tissue damage, or described in terms of such damage (Aminoff et al., 2006). “Nociception” is
the sensory nervous system's response to certain harmful or potentially harmful stimuli. The
nociceptive system is functioning as a warning system; therefore, it has a threshold that is low
enough for it to be activated before actual damage has occurred. Analgesic technologies and
current postoperative pain management are primarily based on nonsteroidal anti-inflammatory
drugs, opioids or local anesthetics. Thus, they can be administrated systemically for central
medication, or regionally (epidural, topical and infiltrative analgesia) for local anesthesia
(Chrubasik et al., 1993). The use of local anesthesia during surgical procedures became
prominent during the past decade. Additionally, local anesthetics are also applied to ameliorate
unpleasant sensations associated with other procedures, such as tracheal intubation. Acute pain,

accompanying dental manipulations, can also be avoided with the application of these drugs
(Strichartz, 1987). Beside the pain relief, these drugs have a considerable effect on the motor

function as well. The action mechanism of the local anesthetics is the inhibition of the axonal
activities by the reduction or total blockade of action potentials. The primary sites of their
actions are the voltage gated sodium channels (VGSCs), which are transmembrane proteins
essential for the influx of sodium ions that subserve impulse generation and propagation in

nerve and muscle cells (Strichartz, 1987).

1.2.Peripheral nerves

In the peripheral nervous system wide variety of axons can be found with different size and
conductivity. These axons have different physiological properties, function and possible drug
targeting sites. Thus, sensory and motor axons have different hyperpolarization characteristics,
refractoriness, super- and subexcitability in the recovery cycle, and they contain VGSCs in
different percentage (Krishnan et al., 2009). Biophysical and functional differences between
these axons might have some impact on their inhibitory capabilities, too. To describe and
identify different axonal types classification systems were developed at the beginning of the



past century. Erlanger & Gasser (1937) classified vertebrate nerve fibers by their conduction
velocities, and divided them into three groups, from A to C (Table 1) (Aidley, 1998). Group A
has been subdivided into four subgroups from Aa to Ad. An alternative classification system
describes sensory axons by their diameter, containing groups from | to IV (Table 1) (Lloyd,
1943; Hunt, 1954). Still nowadays, these systems have important role as guidelines to
understand the structure of the peripheral nervous system. However, deeper and detailed
understanding of the occurrence of specific receptors and channels on different axon types were

required to identify the molecular targeting sites for selective drug effects.

Type Group Diameter Conduction Function

(um) velocity
(ms™)
Ao 15-20 50-120 Motor fibres to skeletal muscle
Ao la 15-20 70-120 Primary endings on muscle spindles
Ao Ib 12-20 70-120 Golgi tendon organ afferents
AP ] 5-10 30-70 Secondary endings on muscle
spindles, touch, pressure
Ay 3-6 15-30 Motor innervation of muscle spindles
AS i 2-5 5-25 Pressure/pain receptors
B 3 3-15 Autonomic preganglionic
0.5-1 0.5-2 Autonomic postganglionic (non-
myelinated)
C v 0.5-1 0.5-2 Pain (non-myelinated)

Table 1. Classifications of mammalian nerve fibres (Aidley, 1998).

The axons of many neurons are myelinated (Figure 1.). The glial Schwann cells are responsible
for the myelin formation in the peripheral nervous system. They acquire a protein—lipid
complex coverage by wrapping their membrane around the axon up to 100 times, forming a
sheath of myelin and providing an electrically insulating layer. The thickness of this myelin

contributes to the diameter of the axon fiber and defines its conduction velocity. This myelin



sheath fully covers the axon except at its ending and at the nodes of Ranvier (Figure 1. B). The
size of the nodes is 1 um about 1 mm apart. However, C-fibers are simply surrounded by

Schwann cells without forming a complete myelin sheath (Barrett et al., 2016).
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Figure 1. Schematic structure of the axons and the nodes of Ranvier (Barrett et al., 2016; Park
etal., 2011)

Efficient and rapid propagation of action potentials (saltatory) depends on the molecular
specialization of the nodes of Ranvier, what can be described as a unique set of ion channels,
cell-adhesion molecules and cytoplasmic adaptor proteins. The node of Ranvier is organized
into several distinct domains (nodal, paranodal and juxtaparanodal; Figure 1. C). VGSCs are
concentrated at the nodal region, which generate the spike, and mediate the fast saltatory
conduction that is thought to be the typical conduction pattern of myelinated axons (Poliak et
al., 2003; Salzer, 2002). However, recent molecular anatomy studies showed that VGSCs are
clustered on lipid rafts in C-fibers, resembling the channel organization of the nodes of Ranvier,
causing a micro-saltatory conduction fashion along the axon (Neishabouri et al., 2014). The

voltage-gated potassium channels (VGKCs) are clustered separately at the juxtaparanodal



region and contribute to the repolarization during action potential. A specialized axoglial
contact is formed between the axon and the myelinating cell at the paranodes (Poliak et al.,
2003).

Some types of peripheral nerves contain several ligand binding sites along the axonal region
(e.g. interleukin-6 receptor, y-aminobutyric acid receptor, protease-activated receptor 1,
transient receptor potential vanilloid 1 (TRPV1) and insulin receptors) providing a way to
influence their function (Corell et al., 2015; Lara-Ramirez et al., 2008; Shavit et al., 2018;
Sugimoto et al., 2000). These receptors are present primarily on C-type sensory axons and less
expressed on motor nerves. Therefore, motor nerves might be more predictable model for the
investigation of the effects of different ligands acting on voltage gated channels.

1.3.Voltage-gated channels

Channel proteins allow ions to cross the membrane bilayer. The movement of these charged
ions, such as sodium, potassium, calcium, or chloride, through these channels allows them to
produce electrical signals (Hall et al., 2016; Ruben, 2014; Strichartz, 1987). Many of the
channels are selective for one or more specific ions, which is due to their different structural
characteristics, such as diameter, shape, electrical properties and chemical bonds along its
intracellular domains. The controlled ion permeability of the channels is provided by different
gating mechanisms. Protein channels opened by binding of a chemical substance (ligand) are
named as “ligand-gated channels”. Other impacts, such as heat or mechanical deformation, can
also activate specific (thermo- or mechanosensitive) channels. VVoltage-gated ion channels have
a charged or dipolar moiety, which translates or rotates during potential changes (Hall et al.,
2016; Ruben, 2014; Strichartz, 1987). Voltage-gated ion channels are pore-forming molecules
in the lipid bilayer of most cells, which open in response to alterations in the cell's

transmembrane electrical potential (Elinder et al., 2017).

1.3.1. Voltage-gated sodium channels

VGSCs in the excitable cell membrane allow movement of the sodium ions across the bilayer.
They initiate the action potential in most of the excitable tissues such as neurons, cardiac and
skeletal muscle fibers. As suggested by their name, the activity of these channels is regulated

by the voltage difference across the membrane they span. The kinetics of VGSCs were



described by Hodgkin and Huxley in squid axon in 1952 and were part of their subsequent
model (Ruben, 2014; Hodgkin et al., 1952}.

VGSCs have large alpha- and small beta-subunits (Figure 2. A) (Ruben, 2014). The alpha-
subunit is a single protein with 24 transmembrane segments arranged in four domains (Figure
2. B), the S5 and S6 segments of each domain and the S5-S6 linkers form a central pore (Ruben,
2014; Catterall et al., 2007). The transmembrane electric field, provided by positively charged
residues in the S4 segments, is responsible for the voltage sensitivity of the sodium channels.
The beta-subunits modulate the channel, but the alpha-subunit alone is sufficient to conduct
sodium (Ruben, 2014).

The membrane potential change alters the conformation of the channel proteins, regulating their
opening and closing (Strichartz, 1987). At the resting potential (- 70 / -90 mV) the channels are
in closed states, while upon depolarization they change to an open state, causing ion-
conduction, which inactivates them into a non-conducting state. A rapid increase in the sodium
current, caused by the fast activation of the channels, is followed by a slower decline. The
inactivation of sodium channels is not the reversal of the activation, rather it converts channels
to a temporary state that is responsible for the absolute refractory period. This inactivated state
is slowly converted back to the closed, resting form when the membrane becomes repolarized
(Strichartz, 1987).
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Figure 2. The primary sequence of the voltage-gated sodium channel (A) and the three-

dimensional arrangement of the alpha-subunit (B) (Cusdin et al., 2008)



Two distinct gene families encode 9 o subunit paralogs (SCNXA genes) and 5 B subunits
(SCNXB genes). The proteins coded by the SCNXA genes are named from NaV1.1 to NaV1.9;
those which coded by SCNXB genes, are named 1-4 (a 1B is included too). The expression
of different sodium channel isoforms is tissue-specific. NaV1.5 is the primary variant in cardiac
muscle, and NaV1.4 is in skeletal muscle. NaVV1.1, NaV1.2 and NaV1.3 are expressed primarily
in the central, and NaV1.7, NaV1.8, NaV1.9 in the peripheral nervous system (Ruben, 2014).
Nav1.6 can be found both peripherally and centrally, and it is the predominant channel subtype
in nodes of Ranvier in the peripheral nervous system (Bucher et al., 2011; Krishnan et al., 2009).
The specific localization of the different subtypes might provide a tool for selective

modification of these channels by different ligands.

1.3.2. Voltage-gated potassium channels

Potassium channels also have a tetrameric structure with four identical protein subunits around
the central pore (Figure 3. A, B). There are pore loops, which work as a narrow selectivity filter
on the intracellular domains of the channel. During the resting state, the closed channels prevent
potassium ions from passing to the extracellular space. When the membrane potential rises, the
voltage change causes a conformational opening and allows an increased outward potassium
diffusion through the channel. However, because of a slight delay, they open just at the same
time when the sodium channels are beginning to close because of their inactivation. The
decrease of sodium entry, and the simultaneous increase of potassium outflow from the cell
speed up the repolarization process, and leads to a full recovery of the resting membrane
potential (Hall et al., 2016). In 1992 Armstrong and his colleagues described the inactivation
of voltage-gated potassium channels as a 'ball-and-chain’ model in which inactivation is
produced by a mobile part of the channel protein, which swings into the inner mouth of the
open channel pore and blocks it (Figure 3. C) (Aidley, 1998).
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Figure 3. Schematic view of different structural domains of the voltage-gated potassium
channels (A,B), and the illustration of 'ball-and-chain' model (C) (Nerbonne et al., 2005)

The most diverse group of ion channels are K* channels. They are structurally divided into three
major classes: (1) one pore domain Shaker-related channels with six transmembrane segments
comprising voltage-gated K* channels (Kv); (2) one pore domain inward rectifiers K* channels
with two transmembrane segments (Kir); (3) and two pore domains with four transmembrane
segments (the largest structural class). A wide variety of K* channels are involved in modulation
of excitability of different neurones (Zagorodnyuk et al., 2002).

Several ligands can modify the action of these, or subtypes of these channels. The relatively
non-selective blocker of VGKC, 4-aminopyridine, inactivates most of the subtypes (Arancibia-
Carcamo et al., 2014; Zagorodnyuk et al., 2002). Many other ligands also affect K* channel
action and selective influence of the different types is also possible. Charybdotoxin for example
can inhibit some VGKCs as well as Ca?*-dependent K* channels. Selective large conductance
K™ channel blocker iberiotoxin and selective small conductance K* channel blocker apamin are



also well known agents (Zagorodnyuk et al., 2002). The potential clinical importance of ligands
such as a-dendrotoxin and Phrixotoxin 2 is relevant (Wang et al., 2015; Yunoki et al., 2014).
a -Dendrotoxin is selective blocker of the low-threshold sustained Kv1 channels (they regulate
subthreshold events: resting membrane potential, subthreshold oscillations, action potential
threshold, membrane excitability and firing patterns) and a potential therapeutic candidate for
the treatment of painful diabetic neuropathy. Phrixotoxin 2, acts on C-fibres, exhibits voltage-
independent inhibition of the K* currents in some subpopulations of dorsal root ganglion cells.
These channels contribute to the action potential repolarization differently in the axons of
specific afferent pathways, therefore, they can help to find suitable selective molecular targets
for termination of hyperexcitability and chronic pain (Arancibia-Carcamo et al., 2014).
However classical nerve conduction inhibition is more likely to be caused by the VGSC effect
of the different ligands than VGKC effects.

1.4.Ligands acting on voltage-gated sodium channels

A wide variety of chemical substances can alter the VGSC function. The best known groups of
them are toxins and classical local anesthetics. However, a number of different other ligands

with diverse chemical properties can also have significant effect on these channels.

1.4.1. Toxins

VGSCs are targets for a wide range of potent neurotoxins (Catterall et al., 2007) (Figure 4.).
The central ion-conducting pore can be blocked at the extracellular side, binding to the outer
mouth in a region known as site 1. These are named as pore-blocking toxins, and they
completely terminate ion conduction in single channels (Ruben, 2014; Catterall et al., 2007).
Neurotoxin receptor site 1 can be occupied by two different groups of toxins: the water soluble
heterocyclic guanidines, such as tetrodotoxin (it is produced by symbiotic bacteria species of
several aquatic animal) and saxitoxin (known from shellfish, but produced by several bacteria
and flagellates to0), and the peptidic p-conotoxins (isolated from cone snail) (Catterall et al.,
2007).

Lipid-soluble grayanotoxins (found in rhododendron and other plants of the family Ericaceae)
and alkaloids e.g. veratridine (from the family of Liliaceae), acotinine (from the plant Acotinum

napellus) and batrachotoxin (from the skin of the Colombian frog Phyllobates aurotaenia) bind
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to receptor site 2, preferentially during the activated state of the channel, leading to the block
of sodium channel inactivation.

Neurotoxin receptor site 3 of VGSCs is occupied by several groups of polypeptide toxins, like
a-scorpion toxins, sea-anemone toxins and some spider toxins, thereby delaying or completely
blocking sodium channel’s inactivation, resulting in strong stimulation.

Neurotoxin receptor site 4 may be occupied by the B-scorpion toxins. They induce a shift in the
voltage dependence of the channel activation in the hyperpolarizing direction, and reduces the
peak sodium current amplitude.

The lipid-soluble brevetoxin and ciguatoxin (originating from the dinoflagellates Karenia
brevis and Gambierdicus toxicus, respectively) enhance activity of these channels by binding
to neurotoxin receptor site 5 causing a shift in the activation to more negative membrane
potential and a block of inactivation similarly to the toxins targeting receptor site 2 (Catterall et
al., 2007). All of these toxins alter the excitability of nerves and muscles, but they can also
cause death in large doses, thus, the clinical relevance of their perineural application is strongly

limited.

[ site1
' Site 1
Site 2
Site 3
Site 4
Site 5

NHNEE

+H3N

COy

Figure 4. Neurotoxin receptor binding sites on voltage-gated sodium channels are illustrated
by different colours (Catterall et al., 2007)
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1.4.2. Local anesthetics

The modification of sodium channel’s activity is a major issue in pharmacology, as it was
discussed above, these channels are targets for a variety of small molecules and peptides.
Several classes of ligands act by blocking ion conduction through the channel’s central pore
(Ruben, 2014). Some of these molecules are drugs, producing reversible inhibition of nerve
conduction when applied to the peripheral nerve fibers. In addition to inhibition of pain
processing, they produce numbness due to blocking sensory, motor and autonomic nerve
functions (Butterworth et al., 1990).

The first clinical application of cocaine to induce local anesthesia took place in Vienna, in 1884
by Koller (Ruben, 2014). The local anesthetics in clinical use are tertiary amines (with the
exception of the neutral compound benzocaine) (Butterworth et al., 2009; Frazier et al., 1970).
Lidocaine (2-(diethylamino)-N-(2,6-dimethylphenyl)acetamide; Figure 5. A), bupivacaine (1-
butyl-N-(2,6-dimethylphenyl)-monohydrochloride, monohydrate; Figure 5. B) and ropivacaine
((2S)-N-(2,6-dimethylphenyl)-1-propylpiperidine-2-carboxamide; Figure 5. C) are the most
widely used ones (Nakagawa et al., 2013). These drugs, under physiological conditions, exist
in a mixture of protonated and neutral, uncharged forms (Table 2.) (Butterworth et al., 2009;
Frazier et al., 1970). The uncharged hydrophobic form can penetrate through the lipid layers of
the neuronal cell membrane (Frazier et al., 1970).

Guarded receptor hypothesis suggests that local anesthetics can only access their binding site
if the channel gate is open. Meanwhile, the modulated receptor hypothesis explains the state
dependence of their binding by a different model: local anesthetic binding stabilizes the opened
or inactivated states, which in turn binds local anesthetics with higher affinity than resting
closed states (Ruben, 2014).Once they access to the local anesthetic binding site on the
cytoplasmic side of the conducting pore of the VSCGs, the protonated form appears to be more
potent than the neutral one (Butterworth et al., 1990; Frazier et al., 1970). Then amino acid

residues create a three-dimensional drug receptor site in the inner surface of the S6 segments,
thus they completely block ion conduction through the pore (Ruben, 2014; Catterall et al.,
2015).
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SO et

Figure 5. Chemical formula of lidocaine (A), bupivacaine (B), ropivacaine (C) and QX-314

(D).

Drug Q74 po P+
Ropivacaine 115 775 0.46
Bupivacaine 346 2565 15
Lidocaine 43 310 0.061
QX-314 0.306 (no exist) 0.306

Table 2. The octanol:buffer distribution coefficient (Q7.4), the octanol:buffer partition

coefficient of the neutral (PO)and protonated (P+) drugs (pH 7.4 and 25°C) (Strichartz et al.,
1990; Taheri et al., 2003).
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The axon types have different susceptibility to local anesthetics. Gasser and Erlanger have
found that cocaine reduces the compound action potential of slower-conducting (smaller
diameter) fibers more rapidly than those of faster-conducting (larger) fibers (Gasser et al.,
1929), however, it seems that most of the commonly used local anesthetics do not follow this
pattern (Gokin et al., 2001; Jaffe et al., 1996; Nakamura et al., 2003). The block of all sensory,
motor and autonomic fibers may be acceptable in some settings, such as during surgery, but
there are many clinical situations where a selective inhibition of some but not other axons would
be desirable. One notable example of this is in labor analgesia, where the selective sensory
blockade would allow the parturient to push effectively without feeling pain (Roberson et al.,
2011; Sagie et al., 2010). There are recent reports of local anesthetic formulations with varying
degrees of sensory selectivity, albeit of relatively brief duration. Block of nociceptors to
produce analgesia without a loss of proprioception, motor or autonomic function may help early
mobilization of patients following knee or hip joint replacement. Therefore sensory-selective
local anesthesia has long been a key goal in drug development (Binshtok et al., 2007; Courtney,
1975; Roberson et al., 2011; Sagie et al., 2010; Starmer et al., 1986).

Strichartz firstly described in 1973 that the hydrophilic quaternary lidocaine derivative
lidocaine N-ethyl bromide (QX-314) (Figure 5. D) is incapable of diffusion through the
membrane lipid bilayer of myelinated nerve fibers (Strichartz, 1973). Subsequently, it was
shown that QX-314 could enter into the cytoplasm through activated TRPV1 channels (e.g.,
induced by capsaicin) leading to the preferential block of VGSCs in nociceptors producing a
selective antinociception (Binshtok et al., 2007; Kim et al.,, 2010; Lim et al., 2007).
Furthermore, QX-314 seems to be able to interact with local anesthetics enhancing their effect
on sensory and motor functions applied to the mixed, perisciatic nerve (Binshtok et al., 2009;
Brenneis et al., 2014; Roberson et al., 2011). However, in mixed nerves the motor responses
can be influenced by actions on sensory fibers, at least indirectly, through reflex arches.

It should be mentioned that besides the classical local anesthetics, several other drugs could
also influence VGSCs (Catterall et al., 2015). Thus, different sodium channel blockers inhibit
action potential generation in the depolarized and rapidly firing cells that are responsible for
pain, epilepsy, and arrhythmia without complete block of action potential generation in
normally functioning cells. Some antiepileptic drugs (e.g. diphenylhydantoin, carbamazepine,

and lamotrigine) prevent seizures in the brain; some antiarrhythmic drugs (such as quinidine
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and flecainide) interrupt and prevent cardiac arrhythmias by blocking cardiac sodium channels.
Their higher doses cause major unwanted side effects, including complete loss of sensation in

sensory nerves, sedation, coma or cardiac arrest in the heart (Catterall et al., 2015).

1.4.3. Nisoxetine

Nisoxetine ((RS)-3-(2-methoxyphenoxy)-N-methyl-3-phenylpropan-1-amine), Figure 6.) is a
drug used in the therapy of affective disorders as a potent norepinephrine reuptake inhibitor
(Yokogawa et al., 2002). It also suppresses the nicotine-evoked increase of hippocampal
noradrenaline release by influencing the function of nicotinic acetylcholine receptors. Some
data suggest that nisoxetine also induces an inhibition of the VGSCs in vitro circumstances
(Chen et al., 2012; Hennings et al., 1999; Leung et al., 2013). The structure of nisoxetine and
local anesthetics share important moieties, namely, a lipophilic structure at one end and an
amine at the other, thus, it is not entirely unexpected that nisoxetine blocks VGSCs (Leung et
al., 2013). Thus a recent study found that nisoxetine has a local anesthetic effect after infiltrative
cutaneous administration that might be related to its VGSC blocking potency (Chen et al.,
2012). Nisoxetine also produced dose-dependent spinal (central) anesthesia with a partially
sensory-selective action over motor blockade (Leung et al., 2013).

O/

H
_N 0

Figure 6. Chemical formula of nisoxetine

1.4.4. Capsaicin, arachidonic acid and arachidonoyl ethanolamide
Capsaicin (8-methyl-N-vanillyl-6-nonenamide, Figure 7. A) is a well-known vanilloid
substance. It is the pungent agent in hot chili peppers, and perhaps one of the most enigmatic

molecules ever produced by plants. It evokes a sharp burning pain sensation in contact with
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mucous membranes of mammals (Jancso et al., 1990; Jancso et al., 1968; Nagy et al., 2004).
Capsaicin and other vanilloids (e.g. the resiniferatoxin found in Euphorbia resinifera)
selectively and specifically activates the peptidergic non-myelinated, pain sensitive
subpopulation of primary sensory fibers, leading to the pain sensation (Jancso et al., 1983;
Porszasz et al., 1959). Capsaicin-sensitivity is quickly reduced following its large dose
exposure, and it produces long-lasting regional, thermal and chemical analgesia without
affecting non-nociceptive sensory, autonomic and motor nerves (Jancso et al., 1983; Porszasz
et al., 1959). Capsaicin causes these effects through actions on transient receptor potential
cation channel subfamily V member 1 (TRPV1) receptors found on nociceptive afferents,
leading to the disturbance of the cellular trafficking of specific molecules. Binding studies
showed that the TRPV1 receptors localize not only in the peripheral and central terminals of
these fibers, but the perineural treatment with vanilloid compounds also cause inhibition of
evoked action potentials (Jancso et al., 1983; Szallasi, 1994). Analgesia develops within hours,
however nerve degeneration appears only several weeks after treatment (Mutoh et al., 2000;
Oszlacs et al., 2015; Sann et al., 1995), suggesting that the TRPV1 receptors can be found on
the other part of axons.

Some in vitro data proved that capsaicin can also influence the activity of VGSCs (Cao et al.,
2007; Duan et al., 2007; Lundbaek et al., 2005). Furthermore, the application of capsaicin on
mixed nerves caused a temporary inhibition of the compound action potentials (Petsche et al.,
1983; Pettorossi et al., 1994). It also prolonged the tetrodotoxin-evoked motor impairment
(Kohane et al., 1999). In these cases, it cannot be excluded that the disturbed sensory function
influenced the motor performances, but nerves, contain only motor fibers, may avoid any
indirectly evoked secondary responses.

Other lipid soluble ligands, polyunsaturated fatty acids (PUFAS) e.g. arachidonic acid (AA;
Figure 7. C), and their derivatives also may have significant effect on VGSCs. Anandamide
(arachidonoil-etanolamide: AEA; Figure 7. B), an AA derivative, is an endogenous ligand of
cannabinoid (CB) and TRPV1 receptors (Di Marzo et al., 2000; Mechoulam et al., 1995). Thus,
AEA activates the TRPV1 receptors leading to similar effects as were detected after capsaicin
administration, however CB1 receptor activation also contribute to the effects of AEA
administration (Dux et al., 2016). Functional studies suggest that CB receptors can be found in

the sensory fibers but not in motor ones; therefore, the effects of these ligands on sensory
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neurons may be the sum of the changes in the activity of these different systems (Weller et al.,
2011). Some in vitro data showed that both AA and AEA can inhibit the VGSCs’ activity, but
in vivo data are not available in this respect (Al Kury et al., 2014; Boland et al., 2008; Duan et
al., 2008; Hong et al., 2004; Lee et al., 2002; Nicholson et al., 2003).

The effects of PUFAs on voltage-gated ion channels was recently summarized (Elinder et al.,
2017). Na" and Ca** channels are generally inhibited by PUFAs, which changes their
conductance and opening kinetics. In contrast VGKCs, which are less affected by steady-state
inactivation at resting potential, are typically activated by them. PUFASs can also either increase
or decrease conductance at positive voltages. In many cases, both mechanisms are involved.
The opening kinetics are sometimes faster and the closing kinetics slower in the presence of
PUFAs. There are also results showing that PUFAs induce an acceleration of channel
inactivation. Hydrophobic interaction between fatty acids and VGSC can be an important action
mechanism that develops much faster after intracellular application, suggesting an intracellular
site of action. However, some other studies did not find any difference between their intra- or
extracellular application (Elinder et al., 2017).
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Figure 7. Chemical formula of capsaicin (A), anandamide (B) and arachidonic acid (C)
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1.4.5. Kynurenic acid

Degradation of the essential amino acid, tryptophan, along the kynurenine pathway yields
several neuroactive intermediates (kynurenines) including kynurenic acid (4-oxo-1H-
quinoline-2-carboxylic acid, KYNA; Figure 8.). It is synthesized in the central nervous system,
including the spinal cord, predominantly by glial cells and it is found in low concentrations (10-
150 nM) both centrally and peripherally (Bohar et al., 2015; Moroni et al., 1988; Nemeth et al.,
2005; Pawlak et al., 2000; Schwarcz et al., 2002; Turski et al., 1988; Urbanska et al., 2000;
Vecsei et al., 1991). Kynurenines participate in immunoregulation, inflammation and possess
pro- or anti-excitotoxic properties, also their involvement in oxidative stress has been
suggested. Kynurenines have been closely related to neurodegenerative diseases, such as
Alzheimer’s, Parkinson’s and Huntington’s diseases, amyotrophic lateral sclerosis and multiple
sclerosis. However, KYNA is generally thought to have neuroprotective properties (Bohar et
al., 2015). KYNA interacts with a multitude of molecular targets in the central nervous system.
It is an excitatory amino acid receptor antagonist with preferential activity at the N-methyl-D-
aspartate (NMDA) receptors, acting at the glycine (half-maximal inhibitory concentration: ICso
~20 uM) and the NMDA recognition sites (ICso ~200 uM) (Carpenedo et al., 2001; Ganong et
al., 1983; Hilmas et al., 2001; Prescott et al., 2006; Rozsa et al., 2008; Stone, 1993; Stone, 2000;
Vecsei et al., 2013). In higher concentrations (0.1-1 mM) it also antagonizes the a-amino-3-
hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) /kainate receptors. KYNA is a potent
noncompetitive antagonist at alpha 7 nicotinic acetylcholine receptors (ICso ~7 uM), too
(Hilmas et al., 2001; Prescott et al., 2006; Stone, 1993; Stone, 2000). Finally, with ECsxo in the
micromolar concentration range, KYNA also activates the orphan G-protein receptor 35
(GPR35) (Cosi et al., 2011; Moroni et al., 2012; Szalardy et al., 2012; Wang et al., 2006).
Earlier data showed that intrathecal (IT) administration of KYNA caused antinociception
accompanied with a reversible, dose-dependent motor impairment similarly to the local
anesthetics (Horvath et al., 2006; Kekesi et al., 2002; Raigorodsky et al., 1990; Yaksh, 1989;
Yamamoto et al., 1992; Zhang et al., 2003). Since its effect on VGSC has not yet been
investigated, therefore, it cannot be excluded that these effects were produced, at least partially,
by VGSC blockade.
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Figure 8. Chemical formula of kynurenic acid

1.5.Methodological background

As it was discussed above, the motor nerves have primarily VGSCs and VGKCs at the node of
Ranvier, while sensory fibers have several other ligand binding sites as well, which can
influence the excitability of these neurons. Therefore, models containing only motor fibers may
provide a simple way for the in vivo modulation of the voltage gated channels involved in the
action potential, especially VGSCs. Marginal mandibular branch of the facial nerve in rats, that
controls the muscle activity of the vibrissae, contains only motor fibers. Even muscle spindles
are lacking in vibrissae muscles (Fundin et al., 1994; Semba et al., 1986), therefore it can be an
appropriate model for moderately selective influence of these channels (Figure 9. A).

Since facial nerve innervation in humans and rodents or lagomorphs is similar, rats and rabbits
have often been used as model systems for studying its function and regeneration (Angelov et
al., 2005; Guntinas-Lichius et al., 2005; Heaton et al., 2008; Ozcan et al., 2018). The facial
nerve provides innervation of superficial muscles of the face, including those surrounding the
mouth and eyes. Whisker excursion, or “whisking,” is the most readily measurable facial
movement in the rat. It is produced by the combined action of extrinsic whisker pad muscles
and intrinsic “sling” muscles attached to each of the approximately 25 dynamically controlled
vibrissae within the pads (Figure 9. B). Whisker pad muscles are innervated by the buccal and
marginal mandibular branches of the facial nerve. Both branches are capable of supporting
dynamic whisking (Heaton et al., 2008; Hohmann et al., 2014). The sensory innervation of the
vibrissal pad is provided by the trigeminal nerve, mainly by the infraorbital nerve (Gao et al.,
2001; Rhoades et al., 1983).
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The whisker muscles are easily accessible in these animals, and their movements could provide
useful information about nerve functioning and regeneration; therefore, they have been
frequently used for these goals (Heaton et al., 2008). However, it is supposed that this nerve

can also be applied to test in vivo effects of different ligands acting primarily on the VGSCs.

Post.
Auricular

Post. Digastric
Stylohyoid

A Cervical |

Intrinsic
Muscles

il B g '- S »
,f T 0 Sensory Nerve

Caudal Rostral

Figure 9. Anatomical background. A) A schematic anatomic illustration of the facial nerve and
its branches. The marginal mandibular branch, the subject of our study, is shown in the lower
facial region (Henstrom et al., 2012). B) The musculature and follicular anatomy of the

vibrissal pad (Dorfl, 1982).
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The histological and functional patterns of the mandibular branch of the facial nerve of Wistar
rats were described by Bento et al. (Bento et al., 2017). Mattox and Felix were the pioneers of
stimulating the facial nerve in multiple segments (trunk, buccal and mandibular branches),
thereby registering the responses with subcutaneous electrodes located on the upper and lower
lips of rats (Mattox et al., 1987).

This model was chosen for our electrophysiological study, because the mandibular branch has
a number of desirable qualities that makes it ideal for the surgical protocol: (1) It passes below
and not inside the parotid gland simplifying its surgical exposure. The easy visualization of the
nerve makes it possible to exclude animals with anatomical variations, such as branches to the
upper lip, or anastomosis between the stimulus and the drug administration site, which could
lead to bypass stimuli compromising the results of the electrophysiological tests. (2) The
mandibular branch is a purely motor extratemporal segment of the facial nerve, having a 10 to
12 mm long path before splitting compared with the facial nerve trunk’s 6 mm length. (3) It
shows homogeneous histology with (4) less complex anatomy compared with the temporal and
zygomatic branches. (5) It resemblance to the human facial nerve thus promoting a highly
reproducible test (Bento et al., 2017).

Electrodiagnostic studies, originated in the 19th century, are consistently used over the past 30—
40 years. The most common tests are nerve conduction studies (NCS) and electromyography
(EMG).

Conventional goal of NCS is to provide information about the electrical response of the muscle
in order to determine the characteristics of nerve responses in the clinical practice. NCS are
performed by placing electrodes on the skin and stimulating the nerves through electrical
impulses. To study motor nerves, electrodes are placed over a muscle that receives its
innervation from the tested (stimulated) nerve that helps to differentiate the malfunctioning part
of the neuromuscular unit (Heaton et al., 2008; Hohmann et al., 2014).

EMG is the process by which electrode is inserted into a particular muscle and the electrical
activity of that muscle is registered. This electrical activity comes from the muscle itself —
electric impulse is not used to stimulate the muscle. The EMG does not involve actually testing
nerves, but it provides information indirectly about them (Weiss et al., 2004).

EMG and NCS are clearly two different electrodiagnostic methods, however, both of them are

often referred to as just EMG, thus EMG as an umbrella term was used in our study, too.
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. Goals

e The first aim of this study was to evolve an in vivo model, appropriate for examining
VGSC-mediated effects on nerves containing only motor fibers, and for testing different
drugs with different chemical properties (Fundin et al., 1994; Semba et al., 1986).

e The second goal was to test the reliability of the model by testing the efficacy of three
classical local anesthetics (lidocaine, bupivacaine, ropivacaine) on motor nerve
function.

e The third goal was to investigate the in vivo potency of the permanently charged sodium
channel blocker QX-314 on motor fibers. The possible drug interactions of the
combination of QX-314 with lidocaine, as a new way for local anesthesia, was also
examined.

e Additionally, the effects of nisoxetine on VGSC and its conduction blocking efficacy in
our animal model were also investigated.

e The next aim was to provide in vivo results regarding the VGSC blocking capability of
capsaicin, AA and AEA.

e Since intrathecally administrated KYNA produced effects similar to classical local

anesthetics’, our last goal was to provide information about its potency on VGSC.
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3. Methods

3.1. Animals and drugs

All experiments were carried out with the approval of the Hungarian Ethical Committee for
Animal Research (Registration number: XI1V./3754/2012). Wistar rats were anesthetized with
an intraperitoneally injected mixture of ketamine (72 mg/kg) and xylazine (8 mg/kg).

The following drugs were administered perineurally: lidocaine (MW: 234; Lidocaine; Egis
Pharmaceuticals PLC, Budapest, Hungary), bupivacaine (MW: 288.43; Actavis, Weston,
Florida, USA), ropivacaine (MW: 238.9; Naropin, AstraZeneca, London, United Kingdom),
AEA (MW: 347), AA (MW: 304.5), QX-314 (MW: 263) (all three drugs from Sigma-Aldrich,
Budapest, Hungary), nisoxetine (MW: 307) and KYNA (MW: 189) (both ligands from Tocris,
Budapest, Hungary), and capsaicin (MW: 377; Plantakem Kft., Sandorfalva, Hungary). AA
was dissolved in 10% ethanol, AEA in 10% ethanol + 4% Tween 80, and capsaicin in 10%
ethanol +10% Tween 80. QX-314 was dissolved in phosphate buffered saline (PBS; at pH =7.4)
(Liu et al., 2011). KYNA, was dissolved in 0.1 M NaOH and the excess NaOH was back-
titrated with 0.1 M HCI to neutral pH. All the stock solutions were further diluted with saline.

3.2. Experimental setup

The facial area of the anesthetized animals was shaved, an “L”-shape incision was made and
the skin was gently elevated to expose the marginal mandibular branch of the facial nerve at
buccal level (Figure 10.). Both the buccal and marginal mandibular branch had to be explored
to exclude areas containing anastomosing braches. The proximal part was wrapped with a
unipolar wire electrode (0.1 mm) for electrical stimulation to induce the whisker movement.
Unipolar needle (26-gauge) electrodes were placed into the whisker area of the rats to
investigate muscle activity (Figure 11.). The visual finding had to be consistent with the
electrophysiological data seen on the computer screen. The ground electrode was placed
subcutaneously, close to the nerve and the muscle. The revealed area was protected against
drying-up by continuous coverage of paraffin film dropped onto the surgery site. The
stimulations with rectangular biphasic pulses of constant current were delivered through a
stimulator with a supramaximal stimulus (1 mA for 250 us), and EMG activities after repeated

single stimuli were recorded. EMG recordings were amplified (Model 1700 Differential AC
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Amplifier, A-M Systems, Carlsborg, WA), sampled at 20 kHz with an A/D board, filtered (100
Hz to 5 kHz), and stored on a computer running software. The maximal amplitude was
determined as a difference between the highest positive and lowest negative peak of the
compound action potential (Figure 12.). Amplitudes and peak-latencies (if there were any) were
analyzed.

Figure 10. Surgical exposure of the marginal mandibular branch of the facial nerve. “L”-

shape incision to expose the facial nerve at buccal level.
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Figure 11. Positions of stimulating (A) and registration (B) electrodes.

A SRS PR R AR e S PR A A AP P e P AR
i 121 151 181 211 241 271 301 331 361 391 421 451 481 511 541 571 601 631 661 691

Figure 12. An EMG recording of the compound action potential.
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3.3.Experimental protocol

After 3 consecutive determinations of EMG activities (baseline) with 2 min intervals, the effects
of the different ligands were investigated. Drugs were applied perineurally distal to the
stimulating electrode in 20 uL volume. A 26-gauge stainless steel needle was attached via a
polyethylene tube (PE 20) to a 50 ul Hamilton syringe (Hamilton Co., Bonaduz, Switzerland)
that was operated manually. The different doses of the applied drugs are shown in Table 3.
Because of its lower solubility, 190 nmol (50 pg), the half of the original OX-314 dose, was
applied together with 21.4 nmol (5 ug) or 85.5 nmol (20 pg) lidocaine in combination studies.
KYNA was applied only in a high dose (528.6 nmol; 100 pg), because IT administration of this
dose caused total flaccid paralysis (Verberne et al., 1990).

The number of the animals in the different groups were between 6-10. The measurements were
repeated 30, 60, 90, 120 s after the drug administration, and then in 2 minute intervals for 30
min in total (Figure 13.). The mean values between 0.5-2, 4-10, 12-20 and 22-30 min intervals
were analyzed as 1%, 2", 3" and 4" time periods.

Perineural drug

application

6 -4 2 0 2 10 20 30 min
I 1 O I I A I
e rrrrrrrrrrrr

S (- L ' ] L ' ] l ' )

baseline 0.5-2 min 4-10 min 12-20 min 22-30 min
1" period 2" period 3" period 4" period

Figure 13. Timeline of the experimental protocol
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Applied doses

Drugs ng nmol
) 21.4

lidocaine 20 85.5
50 213.7

) 17.3

bupivacaine 20 69.3
50 173.4

5 18.2

ropivacaine 20 72.9
50 182.2

QX-314 100 380
lidocaine + QX-314 >0 24+ 190
20 + 50 85.5 + 190

50 184.3

nisoxetine 100 368.5
200 737.0

125 3315

capsaicin 250 663
500 1326

100 328.4

AA 200 656.8
400 1313.6

25 72

AEA 100 288
200 576

400 1152

KYNA 100 528.6

Table 3. The doses of applied drugs.

Abbreviations: KYNA — kynurenic acid; AA - arachidonic acid; AEA - anandamide
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3.4.Statistical analysis

Data are presented as means = SEM. Amplitudes were normalized by calculating the percentage
change from baseline (mean of the 3 baseline values) for each post-injection data point by the

following formula:
Relative Amplitude (%) = (observed amplitude/baseline amplitude) x 100

Therefore, 100% means no any effect of the drug on the amplitude of EMG activity, while 0%
means that there is no EMG response after the stimulus.

The area under the curve (AUC) values were obtained by calculating the area during the 30 min
period following the injection to construct dose response curves for the different ligands.
AUChnin (0) value would mean the complete disappearance of EMG responses, while AUCmax
(2800) would mean the 100% value of the amplitudes of action potentials (no drug effect). The
mean AUC values were used for linear regression analysis (least square method) to determine
the EDso values with 95% confidence intervals (ClI), which is equivalent to the dose that yielded
50% decrease in the amplitude of action potentials for the whole period (JAUCmintAUCmax]/2
= 1400).

The time-course effects were examined by repeated measurement of ANOVA. The post-hoc
comparison was calculated by using the Newmann-Keuls test (p value <0.05 was considered
significant). Statistical analyses were performed with STATISTICA for Windows version 12
(Statistica Inc., Tulsa, Oklahoma, USA) and GraphPad Prism (GraphPad software Inc. La Jolla,

California, USA) softwares.



28

4. Results

Marginal mandibular motor nerve stimulations produced action potentials (Figure 12.) with
visible whisker movements. Both the latency and the amplitude of EMG responses were stable
during the investigated period in the vehicle treated groups (Figure 14.). The latency of the first
positive peak appeared at 1.9 = 0.02 ms, while the second negative one at 2.9 + 0.04 ms. The
mean baseline amplitude was 2.8 + 0.1 mV. The analysis of the peak latencies (if any response
was detected) did not reveal significant effects of any drugs, i.e., peak latencies were not
influenced significantly by any treatment (data are not shown); thus, only the amplitude changes

were analyzed.
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Figure 14. EMG activity after the application of different vehicles.
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4.1. Classical local anesthetics

Regarding the effects of lidocaine, significant effects of doses (F337=33.6; p< 0.001) and time
(F3,111= 8.3; p<0.001) were observed (Figure 15. A). ANOVA also showed significant effects
of doses (Fs2s =17.0, p< 0.001), time (Fsgs= 20.8; p<0.001) and interaction (Fegs= 10.0;
p<0.001) in case of bupivacaine administrations (Figure 15. B). Similarly, ANOVA showed
significant effects of doses (Fz27 =24.3, p< 0.001), time (F3g:1= 9.8; p<0.001) and interaction
(Fo,81= 9.0; p<0.001) in case of ropivacaine administrations (Figure 15. C). All of these drugs
produced prolonged EMG depression in higher doses. The linear regression curves of AUC
data showed dose dependent effects of all ligands with slight potency differences among them
(Figure 16.); thus, the EDso value was the highest for lidocaine [75.9 (CI: 61.0-93.3) nmol],
while bupivacaine [34.7 (Cl: 21.1-58.1) nmol] and ropivacaine [36.3 (Cl: 23.0-72.3) nmol]
had slightly higher potency. The post-hoc analysis showed that both 85.5 and 213.7 nmol of
lidocaine treatment had significant effect during all time periods. Bupivacaine (69.3, 173.4
nmol) and ropivacaine (182.2 nmol) blocked significantly the nerve conduction from the 2" to
the 4" time period, while the lower dose of ropivacaine (72.9 nmol) showed similar effect in all
time periods. Regarding their effects at the 1 period lidocaine was more effective than the other
two drugs, indicating its faster effect. However, the effect of lidocaine slightly decreased during

the 4'" period, while ropivacaine and bupivacaine resulted in a prolonged anesthesia.
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Figure 15. Time response curves of different doses of lidocaine (A), bupivacaine (B) and
ropivacaine (C) on EMG activity. The * symbol signs significant difference (p<0.05) compared

to the saline-treated group on the time response figures.
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Figure 16. Linear regression curves of AUC values for lidocaine, bupivacaine, ropivacaine
and nisoxetine.

4.2. QX-314

Regarding the application of QX-314 (380 nmol) by itself, it did not produce any effect on
EMG activity (data are not shown). Comparing the effect of the 21.4 mmol lidocaine with the
lidocaine-QX-314 combination revealed significant interaction (Fs 7= 7.03; p<0.001), and
close to significant effect of treatment (p=0.051; Figure 17. A). The higher dose combination
(190 nmol QX-314 with 85.5 nmol lidocaine) caused significant effects of time (Fzs1= 6.6;
p<0.001) and interaction (Fzs51= 4.3; p<0.01; Figure 17. B). The post-hoc analysis showed that
the lower dose combination (190 nmol QX-314 with 21.4 nmol lidocaine) was significantly
more effective in the 4™ time period compared to the 21.4 nmol lidocaine alone. The significant

interactions indicate that QX-314 prolonged the effects of lidocaine in both combinations.
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Figure 17. EMG activity after lidocaine application in low (21.4 nmol) dose alone and
combined with QX-314 (A); and in high (85.5 nmol) dose alone and combined with QX-314

(B). The * symbol signs significant differences (p<0.05) from the lidocaine-treated group.

4.3. Nisoxetine

Regarding the nisoxetine treatment, ANOVA showed significant effects of dose (Fs 30 =3.5, p<
0.05), time (F390=12.0; p<0.001) and their interaction (Fgg0= 4.6; p<0.001) (Figure 18.). The
post-hoc analysis showed significant effect only in the highest 737.0 nmol dose compared to
the control group in the 4™ time period. The linear regression curve of nisoxetine revealed that



33

it had very low potency [EDso: 580.7 (Cl: 206.5-1633.1) nmol] compared to the classical local
anesthetic drugs (Figure 16.).
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Figure 18. The time-response curves of different doses of nisoxetine on EMG activity. The *
symbol signs significant difference (p<0.05) from the saline-treated group.

4.4, Capsaicin, arachidonic acid and arachidonoyl ethanolamide

As regards the capsaicin treatment, ANOVA showed significant effects of dose (F325=4.4, p<
0.05), time (F3,75= 4.7; p<0.005) and their interaction (Fo75= 4.5; p<0.001); thus, 663 nmol
produced about 50% inhibition, and the post-hoc analysis showed significant differences
between the vehicle and capsaicin application in the 3 and 4™ time periods (Figure 19. A).
ANOVA showed significant effects of treatment (F428 =2.7, p< 0.05) after AEA application;
thus, 567 nmol produced about 50% inhibition, but the post-hoc analysis did not show
significant differences between the vehicle and AEA at any time points (Figure 19. B).
Regarding the effects of AA, it did not produce significant inhibition on the evoked action
potentials even in high doses (Figure 19. C). The linear regression analysis did not show
significant dose response for these ligands; therefore, EDso values could not be calculated.
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4.5. Kynurenic acid

The perineural administration of high dose KYNA (528.6 nmol, 100 pg) that resulted motor
impairment and antinociception at the spinal level, did not influenced the evoked responses
(Figure 20.).
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Figure 20. The time-response curve of kynurenic acid (KYNA) on EMG activity.
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5. Discussion

The present results revealed that this in vivo model can provide reliable data, for at least half an
hour, about the motor nerve excitability, since the responses to repeated stimuli did not change
during this period, and none of the vehicles caused changes in the stimulus-response curves.

5.1. Local anesthetics

We showed that classical local anesthetics inhibited the evoked action potentials with high
potency in a nerve containing motor fibers exclusively. In accordance with previous
observations (Sisk, 1992), slight potency differences were found between these ligands.
Bupivacaine and ropivacaine had almost the same potency on EMG activity, and this was
moderately higher compared to lidocaine. Furthermore, the effects of lidocaine developed faster
with shorter duration compared to the other two drugs. These results are in agreement with data
obtained in human subjects, and partially, with their lipid solubility; i.e., the octanol/buffer
partition coefficient of lidocaine is the lowest, which might lead to its lower potency (Strichartz
etal., 1990) (Table 2.).

Furthermore, it was revealed that QX-314 did not produce any effects on motor fiber function
by itself, but it slightly prolonged the effect of lidocaine in agreement with the earlier behavioral
studies, which described a potentiated motor paralysis after perisciatic co-administrations of
QX-314 with bupivacaine or lidocaine (Binshtok et al., 2009; Brenneis et al., 2014; Roberson
et al.,, 2011). As it was mentioned in the Introduction, QX-314 can produce selective
inactivation of VGSCs in sensory neurons by entering the cells through TRPV channels
(expressed only in the sensory fibers), therefore, its topical administration alone does not
influence the motor functions (Binshtok et al., 2007; Binshtok et al., 2009; Kim et al., 2010;
Shen et al., 2012). Until now only one study has recorded the EMG activity from the digastric
muscle to painful stimuli of the dental cavity after QX-314 (and/or capsaicin) administration
(Kim et al., 2010). The inferior alveolar nerve, as a sensory afferent, and the mylohyoid motor
nerve, as a motor efferent were tested separately. QX-314 and capsaicin together blocked the
inferior alveolar nerve, which expresses TRPV1 channels, but not the motor nerve lacking them.
However, it was found that perisciatic (mixed nerve) application of QX-314 in very high doses
can produce temporary motor impairments (Lim et al., 2007; Roberson et al., 2011). Regarding
the action mechanism of the effect of QX-314 and lidocaine co-administration, several
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possibilities can be suggested. Since the QX-314 cannot influence the VGSC extracellularly,
pharmacokinetic interaction between the two ligands such as their binding to plasma proteins
can modify the elimination of lidocaine (Taheri et al., 2003). Furthermore, it has been recently
shown that bupivacaine and lidocaine can cause QX-314 accumulation in cells, which do not
express TRPV1 or transient receptor potential cation channel subfamily A member 1 (TRPA1)
channels, and it also induces a prolonged block of C-fibers of isolated sciatic nerves in TRPA1-
TRPV1 double knockout mice (Brenneis et al., 2014). Additionally, the analgesia and motor
block produced by the co-application of bupivacaine and QX-314 to rat sciatic nerve was not
abolished by ruthenium red (TRP channel blocker). It is suggested that the mechanism of this
potentiation is not confined to TRP channel activation; however, this phenomenon most likely
relies on the interaction of the local anesthetics and the lipid bilayer itself (Brenneis et al., 2014).
Most local anesthetics can affect the physical structure of membrane bilayers by interaction
with cholesterol, e. g. lidocaine decreases lipid density in membranes and lowers membrane
thickness in model membranes, and interestingly even QX-314 fluidizes phosphatidylserine-
containing nerve cell model membranes (Brenneis et al., 2014; Yi et al., 2012). Thus, further
experiments are required to reveal the exact mechanism of their interaction with the lipid

bilayer.
5.2. Nisoxetine

Our results revealed that the noradrenaline reuptake inhibitor, nisoxetine, had a low potency in
this model. Some data show that nisoxetine inhibits VGSCs in vitro models, and also produces
dose dependent blockade during spinal anesthesia in rats (Hennings et al., 1999; Leung et al.,
2013). Chen et al. have compared the local anesthetic effect of nisoxetine as infiltrative
cutaneous analgesic to lidocaine in cutaneous trunci muscle reflex. In contrast to our results,
nisoxetine had high inhibitory potency, suggesting that it inhibits the VGSCs (Chen et al.,
2012). The controversy might be due to the differences in the applied model as the earlier study
investigated only the sensory functions (Chen et al., 2012), and the multiple differences between
the motor and sensory fibers could have led to decreased potency in motor fibers (Krishnan et
al., 2009).
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5.3. Capsaicin, arachidonic acid and arachidonoyl ethanolamide

Our data firstly revealed the in vivo effects of the polyunsaturated fatty acid (AA), its derivative
(AEA) and capsaicin on EMG activity, showing that AA was ineffective, while AEA and
capsaicin had a modest blocking effect in high, but not in the maximally applied dose. Thus, in
contrast to the in vitro results, our data suggest that they do not have significant effects on
VGSCs in moderate doses.

As it was mentioned in the Introduction, functional studies suggested that TRPV1 and CB
receptors are expressed peripherally on (primarily unmyelinated) sensory fibers (Bernardini et
al., 2004; Domoki et al., 2003; Gamse et al., 1982; Sann et al., 1995; Santha et al., 2003; Sauer
et al., 2009; Szigeti et al., 2012; Tominaga et al., 1998). Therefore, perineural capsaicin and the
endogenous lipid, AEA, can influence the activity of these fibers by acting on these receptors.
Since most of the peripheral nerves (e.g., the sciatic nerve) contain both sensory and motor
fibers, it would be difficult to distinguish between the effects on TRPV1/CBL1 receptors and
VGSCs. There is no direct proof about the presence of TRPV1 or CB receptors on motor fibers,
although a few studies have reported that perineural application of capsaicin did not influence
the activity of myelinated fibers (Brenneis et al., 2013; Petsche et al., 1983; Weller et al., 2011).
Earlier in vitro studies showed that AA and AEA can inhibit VGSC in high doses by a
hyperpolarizing shift of the steady-state inactivation voltage independently of CB1 and CB2
receptor activations (Al Kury et al., 2014; Boland et al., 2008; Fang et al., 2011; Lee et al.,
2002; Nicholson et al., 2003). Other studies have extended these observations by demonstrating
that AEA is associated preferentially with an inactivated state of the sodium channel complex,
and it can inhibit both the tetrodotoxin sensitive and insensitive sodium channels (Kim et al.,
2005). It was also suggested that the AEA-induced antinociception in CB1 receptor knockout
mice might have been due to the state-dependent inhibition of sodium currents in sensory
neurons (Di Marzo et al., 2000). Intracellular AA application reversibly suppressed the Na*
current of squid giant axon with little effect on K* current (Elinder et al., 2017). In contrast to
the in vitro results, our in vivo data showed that the AA did not produce any effects on the motor
nerve activity, which might be due to its low potency at VGSCs and/or fast metabolism.

In vitro studies have presented that capsaicin also inhibits the VGSCs at a high concentration
(>10 uM) (Cao et al., 2007; Duan et al., 2007; Lundbaek et al., 2005; Nicholson et al., 2003;
Wang et al., 2007; Yamanaka et al., 1984). These effects could be observed in TRPV1 KO mice
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and TRPV1 antagonist independent manner, even the TRPV1 receptor antagonist, capsazepine
causes similar effects as capsaicin (Cao et al., 2007; Lundbaek et al., 2005; Wang et al., 2007).
Both AEA and capsaicin caused a slight inhibition on EMG activity in high doses (capsaicin:
663 nmol; AEA: 576 nmol), but their largest applied doses (capsaicin: 1326 nmol; AEA: 1152
nmol) were ineffective. This U shape dose-effect curves can be observed after administration
of different peptide ligands, and it was not expected with these lipids. We cannot give an exact
explanation for this phenomenon, but these ligands might alter the lipid bilayer elasticity; thus,
a stiffening of the membrane can cause conformational changes in the channel proteins leading
to alteration in the function of VGSCs in special doses (Duan et al., 2007; Jiang et al., 2012;
Lundbaek et al., 2005). Another possible explanation can be, that some of the actions, described
in the introduction, are active simultaneously causing a sum of effects that is detectable;
furthermore, these cumulative effects might be dose-dependent. However, since the effective
doses were very high, their pharmacological utilization is questionable. Furthermore, as it is
reported PUFAs has an effect on VGKCs, we cannot call our model selective for VGSC in the
case of AA and AEA.

5.4. Kynurenic acid

IT administration of KYNA produces antinociception in different pain models, but its effective
doses also caused motor impairment similarly to the classical local anesthetics (Horvath et al.,
2006; Kekesi et al., 2002; Raigorodsky et al., 1990; Yaksh, 1989; Yamamoto et al., 1992; Zhang
et al., 2003). As mentioned in the Introduction, KYNA interacts with a multitude of molecular
targets in the central nervous system, but the roles of the different receptors that may be
influenced by KYNA in this phenomenon have scarcely been investigated, and the effect on
VGSC should be excluded. As KYNA had no effects at high (100 pg) dose on the motor nerve
function, therefore, we suggest that the anesthetic effects of KYNA at the spinal level might
not be due to the inhibition of VGSCs, but do the receptor antagonist effect at the NMDA
receptors (Carpenedo et al., 2001; Ganong et al., 1983; Hilmas et al., 2001; Rozsa et al., 2008;
Stone, 1993; Vecsei et al., 2013). These results show that KYNA is an ideal ligand with high
bioavailability for the attainment of perfect, reversible spinal anesthesia (i.e. motor paralysis

with no sensation) which might be beneficial during surgery (Kekesi et al., 2002).
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5.5. Clinical relevance

The selective blockade of sensory fibers is an important goal in the clinical practice. Since these
fibers, besides the VGSCs and VGKGCs, are rich in different binding sites, the targeting of these
sites can provide a way for the discerning influence of these neurons. Since most of these
binding sites are missing from motor fibers (have only VGSCs and VGKCs), our laboratory
introduced a method for the separate investigation of voltage gated channels to exclude and/or
disclose the in vivo effects of different ligands on them.

It was proved that the marginal mandibular branch of facial nerve, containing exclusively motor
fibers, is an appropriate model for this goal, and it can provide reliable data for at least half an
hour about the motor nerve excitability, and the classical local anesthetics inhibited the evoked
action potentials with similar potencies as known from the clinical practice.

The low potencies of some of the investigated ligands (nisoxetine, capsaicin, arachidonic acid,
anandamide) in this model suggest that the inhibition of these voltage gated channels have no
significant role in their antinociceptive effects, therefore, these substances will not produce
significant motor impairments. The ineffectiveness of kynurenic acid applied on the motor
nerve revealed that its flaccid paralytic effects during IT administration might not be due to the

block of these voltage gated channels.
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Summary

We introduced an in vivo animal model for the evaluation of the effects of different
ligands on nerves containing primarily motor fibers.

It has been demonstrated that perineural application of classical local anesthetic
ligands have high potency on nerves containing only motor fibers, suggesting that
our model might be reliable and simple test for the investigation of the in vivo effects
of different molecules primarily on the VGSCs. In agreement with previous studies,
some degree of potency differences between the classical local anesthetics were
found, thus lidocaine had slightly lower potency compared to the other two local
anesthetics.

QX-314 by itself did not influence the EMG activity, however, co-administration
with lidocaine resulted a prolonged effect. This potentiation indicates some kinds of
interaction between lidocaine and QX-314 in motor nerves.

The low potency of nisoxetine on motor fibers suggests that there might be a great
difference in its blocking potency on different axons types. This selective effect
might be beneficial in many clinical situations (e.g. labor analgesia; early
mobilization after knee or hip joint replacement).

AA did not influence nerve conductivity, but both AEA and capsaicin caused a slight
inhibition on EMG activity in high doses, but their largest applied doses were
ineffective. These results suggest that the local administration of these ligands will
not modify nerve activity through voltage gated ion channels.
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