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ABSTRACT

The Ranvier nodes of thick myelinated nerve fibers contain almost exclusively voltage-gated sodium
channels (Nays), while the unmyelinated fibers have several receptors (e.g., cannabinoid, transient re-
ceptor potential vanilloid receptor 1), too. Therefore, a nerve which contains only motor fibers can be an
appropriate in vivo model for selective influence of Nays. The goals were to evaluate the potency of local
anesthetic drugs on such a nerve in vivo; furthermore, to investigate the effects of ligands with different
structures (arachidonic acid, anandamide, capsaicin and nisoxetine) that were proved to inhibit Nays in
vitro with antinociceptive properties.

The marginal mandibular branch of the facial nerve was explored in anesthetized Wistar rats; after its
stimulation, the electrical activity of the vibrissae muscles was registered following the perineural in-
jection of different drugs.

Lidocaine, bupivacaine and ropivacaine evoked dose-dependent decrease in electromyographic ac-
tivity, i.e., lidocaine had lower potency than bupivacaine or ropivacaine. QX-314 did not cause any effect
by itself, but its co-application with lidocaine produced a prolonged inhibition. Nisoxetine had a very low
potency. While anandamide and capsaicin in high doses caused about 50% decrease in the amplitude of
action potential, arachidonic acid did not influence the responses.

We proved that the classical local anesthetics have high potency on motor nerves, suggesting that this
method might be a reliable model for selective targeting of Navs in vivo circumstances. It is proposed
that the effects of these endogenous lipids and capsaicin on sensory fibers are not primarily mediated by
Navs.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

ligands with different structures (such as arachidonic acid: AA,
anandamide: AEA, capsaicin or nisoxetine) can inhibit Nays, but no

The nodes of Ranvier of myelinated axons have voltage-gated
sodium channels (Nays) with high density to produce saltatory
conduction (Bucher and Goaillard, 2011; Salzer, 2002). In vitro data
have proved that besides the classic local anesthetic drugs, several

Abbreviations: AA, arachidonic acid; AEA, anandamide (arachidonoyl ethanola-
mide); EMG, electromyography; TRPV1, transient receptor potential vanilloid 1;
Na,, voltage-gated sodium channel
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in vivo data are available in this respect (Hennings et al., 1999;
Lundbaek et al., 2005; Nicholson et al., 2003). Capsaicin is a potent
activator of transient receptor potential vanilloid receptor 1
(TRPV1), while AEA activates both the cannabinoid and TRPV1
receptors (Di Marzo et al., 2000; Mechoulam et al., 1995). These
receptors can be found in sensory fibers but not in motor ones;
therefore, the effects of these ligands on sensory neurons may be
the sum of the changes in the activity of these different systems
(Petsche et al., 1983; Weller et al., 2011). Nisoxetine, a nor-
epinephrine reuptake inhibitor, has a local anesthetic effect, which
might be related to its Na, blocking effect (Chen et al., 2012; Yo-
kogawa et al,, 2002). When the ligands are applied on mixed
nerves, it cannot be excluded that the motor responses were in-
fluenced by actions on sensory fibers, at least indirectly, through
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reflex arches. These ligands can also inhibit voltage-gated po-
tassium channels with very low potencies (Boland and Drzewiecki,
2008; Borchard and Drouin, 1980; Dubois, 1982). Since these
channels are required for the repolarization, their inhibition en-
hances the excitability of the nerves (Krishnan et al., 2009; Mat-
sumoto et al., 2010). Thus, a nerve having only myelinated motor
fibers (e.g., marginal mandibular branch of the facial nerve, which
controls the movement of mystacial vibrissae) can be an appro-
priate model for selective influence of Nays in vivo circumstances
(Fundin et al., 1994; Semba and Egger, 1986). Tertiary amine local
anesthetics block action potentials by inhibiting Na,s from inside
the nerve membrane (Butterworth and Strichartz, 1990; Frazier
et al.,, 1970). The hydrophilic lidocaine derivative, QX-314, is in-
capable of diffusion through the membrane lipids in myelinated
nerve fibers (Strichartz, 1973), but it can enter into the cytoplasm
through activated TRPV1 channels leading to the preferential block
of Nays in nociceptive fibers (Binshtok et al., 2007; Lim et al.,
2007). Furthermore, QX-314 can enhance the efficacy of local an-
esthetics on sensory and motor functions applied to the mixed,
perisciatic nerve (Binshtok et al., 2009; Roberson et al., 2011).
Our hypothesis was that if the local anesthetic drugs inhibit the
signal conduction in the marginal mandibular branch of the facial
nerve, this in vivo model can be used to characterize the Nays
blocking potency of different ligands. The first goal was to set up
and validate the model by three classical local anesthetics: lido-
caine, bupivacaine and ropivacaine. It was also planned to in-
vestigate the potency of QX-314 alone and in combination with
lidocaine; hereafter, to determine the effects of AA, AEA, capsaicin,
and nisoxetine in order to reveal the potential role of Na,s in their
antinociceptive properties after perineural administration.

2. Material and methods

All experiments were carried out with the approval of the
Hungarian Ethical Committee for Animal Research (Registration
number: XIV/3754/2012). Wistar rats were anesthetized with an
intraperitoneally injected mixture of ketamine (72 mg/kg) and
xylazine (8 mg/kg), and facial area was shaved. The marginal
mandibular branch of the facial nerve was explored at buccal level,
and it was wrapped around with a unipolar wire electrode
(0.1 mm) for electrical stimulation to induce the whisker move-
ment. The ground electrode was placed close to the nerve and
muscle. The stimulations with rectangular biphasic pulses of
constant current were delivered through a stimulator with a su-
pramaximal stimulus (1 mA for 250 ps). Electromyograph (EMG)
activities after a single stimulus were recorded with unipolar
needle electrodes placed into the whisker area of the rats. EMG
recordings were amplified (Model 1700 Differential AC 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 run-
ning software. The maximal amplitude was determined as a dif-
ference between the highest positive and lowest negative peak of
the compound action potential. Amplitudes and peak-latencies (if
there were any) were analyzed.

2.1. Drugs

The following drugs were administered: lidocaine (MW:
234.33; Lidocaine; Egis Pharmaceuticals PLC, Budapest, Hungary),
bupivacaine (MW: 288.43; Actavis, Weston, Florida, USA), ropiva-
caine (MW: 274.40; Naropin, AstraZeneca, London, United King-
dom), anandamide (AEA; MW: 347.53), arachidonic acid (AA; MW:
304.47), QX-314 (MW: 263.40), all three from Sigma-Aldrich, Bu-
dapest, Hungary, nisoxetine hydrochloride (MW: 307.82; Tocris,
Budapest, Hungary) and capsaicin (MW: 305.40; Plantakem Kft.,

Sandorfalva, Hungary). AA was dissolved in 10% ethanol, AEA was
dissolved in 10% ethanol+4% Tween 80, and capsaicin in 10%
ethanol+ 10% Tween 80. QX-314 was dissolved in phosphate buf-
fered saline (at pH=74) (Liu et al., 2011). All the stock solutions
were further diluted with saline.

2.2. Experimental protocol

After 3 consecutive determinations of EMG activities (baseline)
with 2 min intervals, the effects of the different ligands were in-
vestigated. Drugs were administered perineurally distal to the
stimulating electrode in 20 pL volume. The applied doses were
214, 85.5, 213.7 nmol (5, 20, 50 ug) for lidocaine; 17.3, 69.3,
173.4 nmol (5, 20, 50 pg) for bupivacaine; 18.2, 72.9, 182.2 nmol (5,
20, 50 pg) for ropivacaine; 184.3, 368.5, 737.0 nmol (50, 100,
200 ng) for nisoxetine; 328.4, 656.8, 1313.6 nmol (100, 200,
400 pg) for AA; 72, 288, 576, 1152 nmol (25, 100, 200, 400 ng) for
AEA; 331.5, 663, 1326 nmol (125, 250, 500 ng) for capsaicin. As
regard QX-314, one high dose (100 pg=380 nmol) was used by
itself. Because of the solubility of QX-314 in the applied volume,
190 nmol (50 pg) was applied together with 21.4 nmol (5 pg) or
85.5 nmol (20 pg) lidocaine in combinations.

The measurements were repeated 30, 60, 90, 120 s after the
administration, and then in 2 min intervals for 30 min in total. The
mean values between 0.5-2, 4-10, 12-20 and 22-30 min intervals
were analyzed as 1st, 2nd, 3rd and 4th time periods. The number
of animals in the different groups was 6-10.

2.3. Statistical analysis

Data are presented as means + S.E.M. Amplitudes of EMG ac-
tivity 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 of EMG activity (%)=(observed amplitude/
baseline amplitude) x 100.

Therefore, 100% means no 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 cal-
culating the area during the 30 min period following the injection
to construct dose response curves for the different ligands. AUC i,
(0) value would mean the complete disappearance of EMG re-
sponses, while AUC.x (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 effective dose 50 (EDsg) values with 95%
confidence intervals, which is equivalent to the dose that yielded
50% decrease in the amplitude of action potentials for the whole
period ([AUCpin+AUCnmax|/2=1400).

The time-course effects were examined by repeated measure-
ment of ANOVA. The post-hoc comparison was calculated by using
the Newmann-Keuls test (P value <0.05 was considered sig-
nificant). 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.

3. Results

Marginal mandibular motor nerve stimulations produced EMG
activity with visible whisker movements. The latency and the
amplitude of EMG responses were stable during the investigated
period in the vehicle treated groups (Fig. 1A). The latency of the
first positive peak appeared at 1.9+ 0.02 ms, while the second
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Fig. 1. Electromyography (EMG) activities after vehicle or local anesthetic drug application. EMG activity after the application of different vehicles (A). Time response effects
of different doses of lidocaine (B), bupivacaine (C), or ropivacaine (D) on EMG activity. Each curve represents the mean + S.E.M. of relative amplitude of EMG activity (%). The
1st, 2nd, 3rd and 4th time periods refer to the time intervals between 0.5-2, 4-10, 12-20 and 22-30 min. *P < 0.05 compared with the saline-treated group using Newmann-

Keuls post-hoc test, following significant results of repeated measurement of ANOVA.

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 drug, i.e.,
peak latencies were not influenced significantly by any treatment
(data are not shown); thus, only the amplitude changes were
analyzed.

Regarding the effects of lidocaine, significant effects of doses
(F337=33.6; P<0.001) and time (F5111=8.3; P<0.001) were ob-
served (Fig. 1B). ANOVA also showed significant effects of doses
(F328=17.0, P<0.001), time (F584=20.8; P <0.001) and interaction
(Foga=10.0; P<0.001) in case of bupivacaine administrations
(Fig. 1C). Similarly, in case of ropivacaine administrations ANOVA
also showed significant effects of doses (Fs;37=24.3, P<0.001),
time (F351=9.8; P<0.001) and interaction (Fgg1=9.0; P<0.001)
(Fig. 1D). All of these drugs produced prolonged EMG depression in
higher doses. The linear regression curves of AUC data showed
slight potency differences among these local anesthetic drugs
(Fig. 2); thus, the EDsq value was the highest for lidocaine [75.9 (CI:
61.0-93.3) nmol], while bupivacaine [34.7 (CI: 21.1-58.1) nmol] and
ropivacaine [36.3 (ClI: 23.0-72.3) nmol] had slightly higher potency.

Regarding the effect of QX-314 (380 nmol) by itself, it did not
produce any effect on EMG activity (data are not shown); however, co-
administration of 190 nmol QX-314 potentiated and prolonged the
effects of lidocaine administrated in 21.4 and 85.5 nmol doses (Fig. 3A
and B). ANOVA showed significant effects of interaction (F575=7.03;
P < 0.001) in case of the lower dose combination, while treatment was
close to significant (P=0.051). ANOVA showed significant effects of
time (F351=6.6; P < 0.001) and interaction (F35,=4.3; P<0.01) in case

——m Lidocaine EDsp=759 nmol=17.8 ug
3500
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2500 E‘
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Fig. 2. Area under the curve (AUC) values of local anesthetic drugs. Linear
regression curves of AUC values for lidocaine, bupivacaine, ropivacaine and
nisoxetine. Each line represents the mean + S.E.M. of AUC values.

of the higher dose combination.

Regarding nisoxetine treatment, ANOVA showed significant
effects of doses (F530=3.5, P <0.05), time (F390=12.0; P <0.001)
and interaction (Fgg0=4.6; P<0.001) (Fig. 4). The linear regres-
sion curves of AUC data showed that nisoxetine had very low
potency [ED50: 580.7 (Cl: 206.5-1633.1) nmol] compared to the
classical local anesthetic drugs (Fig. 2).

Regarding the effects of AA, it did not produce significant in-
hibition on the evoked action potentials even in high doses
(Fig. 5A). ANOVA showed significant effects of doses (F428=2.7,
P<0.05) after AEA application; thus, 567 nmol produced about
50% inhibitory tendency, but the post-hoc analysis did not show
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significant differences between the vehicle and AEA at any time
points (Fig. 5B). In case of capsaicin treatment, ANOVA showed
significant effects of doses (F3,5=4.4, P<0.05), time (F375=4.7;
P <0.005) and interaction (Fg75=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 appli-
cation in the latest time period (Fig. 5C). The linear regression
analysis did not show significant dose response for these ligands;
therefore, EDsq values could not be calculated.

4. Discussion

Our data demonstrated that perineural injection of classical
local anesthetic ligands has high potency on nerves containing
only motor fibers, suggesting that our model might be a reliable
and simple test to investigate the in vivo effects of different mo-
lecules via primarily on Nays. Furthermore, nisoxetine had very
small efficacy in this model, and QX-314 did not produce any effect
on motor fiber function by itself, but it slightly potentiated the
effect of lidocaine in agreement with earlier behavioral studies
(Binshtok et al., 2009; Brenneis et al., 2014). Our data first revealed

the in vivo effects of two unsaturated lipid derivatives on EMG
activity of motor fibers. AA was ineffective, while AEA and cap-
saicin had a modest blocking effect in high but not in the maximal
applied dose suggesting that they do not have significant effects
on Nays in vivo circumstances in moderate doses.

It is well-known that the myelin sheath is periodically inter-
rupted by the nodes of Ranvier, regions with a high density of
Nays, which generate the spike, and they mediate fast saltatory
conduction (Salzer, 2002). Local anesthetics are drugs that produce
reversible inhibition of nerve conduction acting on Na, in different
types of nerve fibers (Butterworth and Strichartz, 1990). Presently,
the local anesthetics in clinical use are mainly tertiary amines, and
these drugs, under physiological conditions, exist in a mixture of
protonated and neutral, uncharged forms (Butterworth and Ox-
ford, 2009; Frazier et al., 1970). The uncharged hydrophobic form
can penetrate through the lipid layers of the neuronal cell mem-
brane (Frazier et al., 1970). Once they gain access to the local an-
esthetic binding site on the cytoplasmic side of the conducting
pore of Nays, the protonated form appears to be more potent than
the neutral one.

Lidocaine [2-(diethylamino)-N-(2,6-dimethylphenyl)acetamide],
bupivacaine [(RS)1-butyl-N-(2,6-dimethylphenyl)piperidine-2-car-
boxamide] and ropivacaine [(S)-N-(2,6-dimethylphenyl)-1-pro-
pylpiperidine-2-carboxamide] are widely used local anesthetic
drugs (Nakagawa and Hiura, 2013). We found slight potency dif-
ferences between these drugs; i.e., bupivacaine and ropivacaine had
almost the same potency on EMG activity, and this was slightly
higher compared to lidocaine (Sisk, 1992). These results are in
agreement with data on human subjects, and partially, with their
lipid solubility; i.e., the octanol/buffer partition coefficient of lido-
caine is the lowest, which might lead to its lower potency (Stri-
chartz et al., 1990). Since other class 1 antiarrhythmic drugs such as
quinidine also inhibited the evoked compound muscle action po-
tentials, we suppose that our model might be capable to display
some intermediate degree of actions mediated by Na,s (Cheng et al.,
2014).

As it was mentioned in the Introduction, QX-314 can produce
selective inactivation of Na,s in sensory neurons by entering the
cells through TRP channels; therefore, its topical administration
alone does not influence the motor functions (Binshtok et al.,
2007, 2009; Kim et al.,, 2010; Shen et al., 2012). However, its
perisciatic application in very high doses can produce temporary
motor impairments (Lim et al., 2007; Roberson et al., 2011). Until
now only one study has recorded the EMG activity from the di-
gastric muscle to painful stimuli of the dental cavity after QX-314
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administration: QX-314 did not influence the mylohyoid motor
nerve activity, which is perfectly agreement with our results (Kim
et al,, 2010). Regarding the effects of QX-314 with bupivacaine or
lidocaine, a prolonged motor paralysis has been observed after
their perisciatic (mixed nerve) administrations (Binshtok et al.,
2009; Brenneis et al., 2014; Roberson et al., 2011) similarly to our
present results. Since QX-314 cannot influence the Na, extra-
cellularly, pharmacokinetic interaction between the two ligands
such as their binding to plasma proteins can modify the elimina-
tion 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 TRPA1
channels, and it also induces a prolonged block of C-fibers of iso-
lated sciatic nerves in TRPA1-TRPV1 double knockout mice
(Brenneis et al., 2014). Furthermore, the analgesia and motor block
produced by the co-application of bupivacaine and QX-314 to rat
sciatic nerve is not abolished by ruthenium red (TRP channel
blocker). It is suggested that the mechanism of this potentiation is
most likely relies on the interaction of the local anesthetics and
the lipid bilayer itself (Brenneis et al., 2014), but further experi-
ments are required to reveal the exact mechanism of their
interaction.

Some data show that nisoxetine, [(RS)-3-(2-methoxyphenoxy)-
N-methyl-3-phenylpropan-1-amine], inhibits Nays in vitro models
and also produces dose dependent blockade during spinal an-
esthesia in rats (Hennings et al., 1999; Leung et al., 2013). Chen
et al. (2012) have compared the local anesthetic effect of nisox-
etine with lidocaine in the cutaneous trunci muscle reflex, and
nisoxetine had high inhibitory potency, suggesting that both drugs

inhibit Na,s on sensory axons. In contrast to these findings, we
found very low potency of nisoxetine on motor fibers, which is in
agreement with the in vitro results (Hennings et al., 1999; Leung
et al.,, 2013). 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). It might be supposed that the
structural differences between the motor and sensory fibers could
result in decreased potency in motor fibers, which might be ben-
eficial in clinical circumstances (Krishnan et al., 2009).

Functional studies suggest that TRPV1 and cannabinoid receptors
are expressed peripherally on (primarily unmyelinated) sensory fi-
bers (Bernardini et al., 2004; Domoki et al., 2003; Gamse et al., 1982;
Sann et al,, 1995; Santha and Jancso, 2003; Sauer and Reeh, 2009;
Tominaga et al., 1998). Therefore, perineural capsaicin and AEA can
influence the activity of these fibers by acting on these receptors.
There is no proof about the presence of TRPV1 or cannabinoid re-
ceptors on motor fibers, and perineural application of capsaicin does
not influence the activity of myelinated fibers (Brenneis et al., 2013;
Petsche et al., 1983; Weller et al., 2011). 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/
cannabinoid CB1 receptors and Na,s. As earlier in vitro results
showed, AA and AEA can inhibit Na, in high doses by a hyperpo-
larizing shift of the steady-state inactivation voltage independently of
cannabinoid receptor activations (Al Kury et al., 2014; Boland and
Drzewiecki, 2008; Fang et al., 2011; Lee et al., 2002; Nicholson et al.,
2003). It was also suggested that AEA-induced antinociception in
cannabinoid CB1 receptor knockout mice might have been due to the
state-dependent inhibition of sodium currents in sensory neurons
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(Di Marzo et al., 2000). In vitro studies have presented that capsaicin
also inhibits Nays at a high concentration (> 10 uM) (Abel et al.,
2003; Cao et al., 2007; Duan et al., 2007; Lundbaek et al.,, 2005; Ni-
cholson et al., 2003; Wang et al., 2007; Yamanaka et al., 1984). These
effects could be observed in TRPV1 knockout mice and TRPV1 an-
tagonist 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). Since our model in-
vestigates a nerve containing only motor fibers, it can be an appro-
priate model for examining primarily Na,s-mediated effects (Fundin
et al,, 1994; Semba and Egger, 1986). In contrast to the in vitro results,
our in vivo data showed that AA could not produce any effect on the
motor nerve activity, which might be due to its low potency and/or
fast metabolism. Both AEA and capsaicin caused 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. We cannot give an explanation for this phenom-
enon, but these highly lipophylic ligands could alter the lipid bilayer
elasticity; thus, a stiffening of the membrane can cause conforma-
tional changes in the channel proteins leading to alteration in the
function of Nays at special doses (Duan et al., 2007, 2008; Jiang and
Gonen, 2012; Lundbaek et al., 2005).

Since these effective doses were very high, their pharmacolo-
gical utilization is questionable.Since local anesthetic drugs, lipids
and capsaicin can also inhibit voltage-gated potassium channels,
located primarily paranodally, with very low potencies, it cannot
be excluded that the inhibition of these channels might partially
mask Na,s-mediated effects (Boland and Drzewiecki, 2008;
Borchard and Drouin, 1980; Dubois, 1982; Evans et al., 2008; Jiang
and Gonen, 2012; Krishnan et al., 2009; Kuenzi and Dale, 1996;
Matsumoto et al., 2010). In conclusion, we demonstrated that our
in vivo model is an appropriate and reproducible interdisciplinary
test to investigate the Na,-mediated effects of different molecules.
In vivo models offer certain advantages over in vitro studies since
they might have more relevance to clinical conditions. The in-
efficiency or very low potency of lipids and capsaicin on motor
fibers suggests that the observed effects on peripheral neurons in
lower doses might not be due to the effects on Na,s.
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