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Benzydamine plays a role in limiting
inflammatory pain induced by neuronal
sensitization
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Abstract

Benzydamine is an active pharmaceutical compound used in the oral care pharmaceutical preparation as NSAID. Beside from its
anti-inflammatory action, benzydamine local application effectively reliefs pain showing analgesic and anaesthetic properties.
Benzydamine mechanism of action has been characterized on inflammatory cell types and mediators highlighting its capacity to
inhibit pro-inflammatory mediators’ synthesis and release. On the other hand, the role of benzydamine as neuronal excitability
modulator has not yet fully explored. Thus, we studied benzydamine’s effect over primary cultured DRG nociceptors ex-
citability and after acute and chronic inflammatory sensitization, as a model to evaluate relative nociceptive response. Ben-
zydamine demonstrated to effectively inhibit neuronal basal excitability reducing its firing frequency and increasing rheobase and
afterhyperpolarization amplitude. Its effect was time and dose-dependent. At higher doses, benzydamine induced changes in
action potential wavelength, decreasing its height and slightly increasing its duration. Moreover, the compound reduced
neuronal acute and chronic inflammatory sensitization. It inhibited neuronal excitability mediated either by an inflammatory
cocktail, acidic pH or high external KCI. Notably, higher potency was evidenced under inflammatory sensitized conditions. This
effect could be explained either by modulation of inflammatory and/or neuronal sensitizing signalling cascades or by direct
modulation of proalgesic and action potential firing initiating ion channels. Apparently, the compound inhibited Na, |.8 channel
but had no effect over K,7.2, K,7.3, TRPVI and TRPAI. In conclusion, the obtained results strengthen the analgesic and anti-
inflammatory effect of benzydamine, highlighting its mode of action on local pain and inflammatory signalling.
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Introduction

Benzydamine (BZ) is an indazole derivative non-steroidal
anti-inflammatory drug (NSAID)." It is used in the treatment

of pain and inflammation of the oropharynx and has dem-
onstrated local anaesthetic and analgesic properties.” It has
been used in the medication of pharyngitis, gingivitis and oral
mucositis caused by radio and chemotherapy in head and
neck cancer patients or in post-operative endotracheal intu-
bation sore throat.” It has also been exploited given its an-
tiseptic activity to treat oromucosal infections.* One of its
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great advantages is that its topical administration shows
highly safe profile without displaying systemic side effects by
acting locally." Its topical application has demonstrated a high
analgesic and anti-inflammatory activity, higher than ones
exerted by other NSAIDs used orally.”

BZ molecular mechanism is non-specific showing inhibitory
effects, potentially acting in a wide range of anti-inflammatory,
anaesthetics and analgesic molecular targets.®™ It is highly
effective controlling cytokine release.” ® Moreover, BZ inhibits
reactive oxygen species production, induces a membrane sta-
bilization and decreases vascular permeability, thus demon-
strating an anti-oedematous effect.'”'" While its mechanism is
deeply characterized on inflammatory mediators, receptors and
cell types, its pharmacological action as analgesic has not yet
been fully explored.”™'? Its relevance on nociceptor activity has
not been deeply analysed at functional level on sensory neurons.

Pain regulation depends upon an active crosstalk between
nociceptors and the immune system. Noxious stimuli are
transduced by voltage- and ligand-gated ion channels, such as
Na,1.7-1.9, TRPV1 and TRPA1, which are highly expressed in
nociceptor nerve terminals.'*'* The immune cells regulate
nociceptor activity through the release of diverse modulators,
inducing changes in expression and mobilization, and post-
translational ones (phosphorylation, ubiquitination) over ion
channels.'® On the other hand, nociceptors act on immune cells,
regulating their function, by the release of neuropeptides and
neurotransmitters. In this way, neural signalling contributes to
the inflammation development. Interrupting this fundamental
dialog between both systems, inevitably lowers peripheral pain
inflammatory sensation.'®

Consequently, in order to gather a deeper understanding of
BZ action over inflammatory nociception we evaluated its
effect on primary culture of neonatal rat DRGs, in inflam-
mation sensitized or control conditions by electrophysio-
logical means, through patch clamp and multielectrode array
(MEA).

Material and methods

Animal experimentation

Primary culture of dorsal root ganglia (DRGs) was performed
with neonatal Wistar rats obtained from the excess/remains of
already isolated sensory neurons from the IDiBE at the
University Miguel Hernandez of Elche. Animal procedures
were approved by the University Miguel Hernandez de Elche
Institutional Animal and Ethical Committee in accordance
with international guidelines. Animals were kept in a con-
trolled environment (21-23°C, 12 h light/dark cycle), and had
food and water available ad libitum.

Primary culture of rat dorsal root ganglia

DRG sensory neurons were isolated from neonatal Wistar rats
(3-5 days-old). After extraction, DRGs were located into a

petri dish containing ice-cold PBS. Roots were removed and
ganglia were digested with 0.25% (w/v) collagenase type-1A
in DMEM-GlutaMax media supplemented with 1%
penicillin/streptomycin (P/S) for 1 h at 37°C, 5% CO,. After
digestion, ganglia were mechanically disrupted using a pi-
pette. Single cell suspension was passed through 100 pm cell
strainer and washed with DMEM-GlutaMax media with 10%
Fetal Bovine Serum (FBS) and 1% P/S. Cells were seeded on
12 mm o glass coverslips for patch clamp assays or on 60-
electrodes MEA plates, previously treated with poly-L-lysine
(8.3 pg/mL) and laminin (5 pg/mL). On the glass coverslips,
cells were let sit for 10 min in order to allow attachment to the
plate surface and DMEM-GlutaMax media supplemented
with 10% FBS, 1% P/S, 50 ng/mL 2.5S murine B-NGF and
1.25 pg/mL cytosine arabinoside was added carefully to each
well. On the MEA plates, a 10 pL droplet of concentrated cell
suspension was placed just above the electrode array. 30 min
after, 0.5 mL complete supplemented media was added.'’
Cells were maintained at 37°C and 5% CO,. All culture
procedure was performed in a laminar flow cabinet. Exper-
iments were performed 48 h after cell seeding.

Patch clamp recordings

Whole cell patch clamp recordings in current clamp mode
were performed with EPC-10 (HEKA Electronik) and
Patchmaster software. Intracellular pipette solution con-
tained in mM: 4 NaCl, 110 K-gluconate, 30 KCI, 1 CaCl,, 2
MgCl,, 10 HEPES, 4 ATP-Na, 0.4 GTP-Na, and 10 EGTA,
adjusted to pH 7.2 with KOH. Internal solution was filtered
and stored at —20°C. External solution contained in mM:
140 NaCl, 4 KCl, 2 CaCl,, 2 MgCl,, 10 HEPES, 20 D-
Glucose, 20 D-Mannitol, adjusted to pH 7.4 with NaOH.
Patch pipettes, prepared from thin-wall borosilicate cap-
illary glass tubing were pulled with a horizontal flaming-
brown Micropipette puller model P-97 from Sutter In-
strument CO to a final resistance of 2—5 M) when filled
with internal solution. Neurons were kept at their resting
membrane potential (RMP) and stimulated electrically
with a steps protocol starting from —40 pA in 10 pA in-
crements. Recordings were acquired at 10 kHz and low-
pass filtered at 3 kHz. All procedures were performed at
room temperature. Substance application was performed
through a gravity driven perfusion system.'®

External solution for recording potassium currents from
K,7.2/7.3 channels contained in mM: 130 Na-gluconate, 20
NaCl, 4 KCl, 1 MgCl,, 1.8 CaCl,, 10 HEPES and 5 D-
Glucose, adjusted to pH 7.3 with NaOH. Internal solution
contained in mM: 100 K-gluconate, 40 KCI, 1 MgCI2, 10
HEPES and 1 EGTA, adjusted to pH 7.3 with KOH. Human
K,7.2/7.3 currents were registered using lonWorks Quattro.
Currents were evoked from a holding potential of —120 mV
by a series of five 2500 ms depolarizing pulses with 3000 ms
interval. The depolarizing pulses were —100, —80, —60, —30
and 0 mV. This pulse protocol was applied before and after
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the perfusion of BZ which lasted for 5 min. As a positive
control of inhibition linopiridine at 1 and 300 uM was used.
Na, 1.8 currents were registered with lonFlux HT. External
recording solution contained in mM: 150 NaCl, 4 BaCl,, 1
MgCl,, 1.8 CaCl,, 10 HEPES and 5 D-Glucose, adjusted to
pH 7.4 with NaOH. Internal solution contained in mM: 100
CsF, 45 CsCl, 5 NaCl, 10 HEPES and 5 EGTA, adjusted to
pH 7.3 with CsOH. Cells were held at —120 mV for 50 ms
before stepping to —10 mV for 2 s to completely inactivate
the Na, 1.8 channels, and stepped back to —120 mV for 10 ms
to completely recover from inactivation. Channels bound to
drugs never recover from inactivation. Then cells were
stepped to —10 mV for 50 ms. Sweep interval was 20 s.
Compound was applied for 2 min. As a positive control of
inhibition tetracaine at 1, 10, 30 and 100 uM was used.

Calcium flux assay

BZ was assessed as agonist and antagonist of TRPV1 and
TRPA1 channels. The agonist assay was conducted on a
FLIPRTETRA jnstrument where BZ, vehicle controls, and
reference agonist were added to the assay plate after a
fluorescence baseline was established. The agonist assay
lasted a total of 3 min and was used to assess BZ’s ability to
activate TRPV1 and TRPA1 channels. Upon completion of
the agonist assay, the assay plate was removed from the
FLIPRT®TRA and incubated at 25°C for 10 min. After the
incubation period, the assay plate was placed back in the
FLIPR™ ™ and the antagonist assay was initiated. Using
ECgg potency values determined during the agonist assay,
all pre-incubated sample compound wells were challenged
with ECg, concentration of reference agonist after estab-
lishment of a fluorescence baseline. The antagonist assay
lasted a total of 3 min and was used to assess BZ’s ability to
inhibit TRPV1 and TRPA1 channels. As a positive control
capsaicin (1, 5, 15, 50, 150 and 440 nM) and AITC (5, 15,
40, 125 and 375 uM) for activation of TRPV1 and TRPA1
were used, respectively. As positive controls of inhibition
capsazepine (0.1, 0.4, 1.1, 3.3, 10 and 30 uM) for TRPV1
and ruthenium red (10, 40, 120, 400, and 1000 nM) for
TRPA1 were used.

Multielectrode array recordings

Extracellular electrical activity of primary cultured sensory
neurons was explored using 60-multiple electrode planar
array MEA chips, with 30 pm diameter electrodes and
200 pm inter-electrode spacing with integrated reference
electrode from Multichannel Systems. Recordings were made
with the MEA2100-MINI-4X60-SYSTEMS and Multi-
Channel Systems Experimenter software with a 10 kHz
sampling rate. Temperature controller TC02 was used to keep
cells at 34.5°C while extracellular solution temperature was
maintained at 37°C using PHO1 heatable perfusion cannula
with temperature sensor, both from Multichannel Systems.

Physiological extracellular solution used in cell perfusion was
the same as the one used in patch clamp experiments.
Neuronal responsiveness was checked at the end of each
register by the application of extracellular solution with the
same composition as stated previously except for KCI con-
centration, which was raised to 40 mM.'®!”

Substances application

After seeding, control cells were kept for approximately 48 h
in DMEM-GlutaMax media supplemented with FBS, P/S, rat
B-NGF and cytosine arabinoside prior to register. For patch
clamp studies, basal cell state was monitored prior to the
instillation of any compound inducing neuronal electric ac-
tivity by a current injection steps protocol. Then, 1 uM BZ or
inflammatory soup (IS) containing 10 uM ATP, 100 nM
histamine, 100 nM prostaglandin E, (PGE;) and 100 nM
serotonin (5-HT)**?! or IS + BZ were applied acutely during
5 min through a constant perfusion. At minute 5, and in
presence of the chemical stimuli, cells were stimulated again
with the current injection steps protocol. When cells were not
stimulated electrically, they were kept at their RMP. RMP,
firing frequency, rheobase and afterhyperpolarization (AHP)
amplitude data was collected. AHP amplitude was monitored
at rheobase elicited firing. For dose-response assays, BZ was
used at 0.1, 1, 10 and 30 pM. Action potential heigh and
duration data was analysed for cells instilled with 30 uM BZ.
Chronic inflammatory condition was simulated keeping cells
during 24 h in complete supplemented media containing
inflammatory mediators at the concentrations used for acute
stimulation. Other chronic conditions consisted in 24 h in-
cubation with 1 pM BZ or IS + BZ. In MEA studies, a more
severe inflammation (ISc) was simulated, increasing con-
centration of inflammatory mediators to 100 uM ATP, 1 pM
histamine, 1 uM PGE, and 1 pM serotonin, compared to
patch clamp approach. Neuronal activity was evoked through
chemical stimulation by acetylcholine (ACh), ISc, acidic pH
or KCI. Application protocols of chemical stimuli consisted
in two consecutive pulses (P1 and P2) followed by a KCl
pulse, except for KCl stimulation protocol. Before the second
pulse of each stimulus, BZ was applied during 1.5 min at 1,
10, 25 and 50 uM.

Data analysis

Patch clamp data were analysed using Patchmaster software.
Firing frequency was measured for the current maximising it.
Firing frequency at the different time points was always
measured at the same injected current for one cell. AHP was
determined for rheobase current. For comparison within the
same condition, data was normalised to basal values (time 0).

For potassium currents monitoring assays, the peak am-
plitude of the outward current from the depolarizing pulses
was measured before (P1) and after (P2) BZ application.
Ratio P2/P1 was calculated.
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For sodium currents measurements, the amplitude of the
Na, 1.8 current was calculated by measuring the difference
between the peak inward current on stepping to —10 mV (i.e.
peak of the current) and remaining current at the end of the
step. The Na,1.8 current was assessed in vehicle control
conditions and then at the end of the 2 min BZ application.

MEA data was analysed using MultiChannel Analyzer
software. Only those electrodes which responded to KCl were
included in the analysis. Raw electrical signal was filtered
with a Butterworth high pass filter with a 200 Hz cut off.
Action potentials were detected with a threshold of 5 times
standard deviation of basal noise for each electrode. Number
of action potentials for each applied stimulus time intervals
was determined. To compare each electrode, signal ratio of
P2/P1 was calculated. Results were normalized to P2/P1 ratio
of basal state of each condition and stimulus.

Data is expressed as mean + standard error of the mean
(SEM). Statistical comparison was made using Students’ ¢ test
or one-way ANOVA with paired or unpaired measures, de-
pending on the number of groups being compared. One-way
ANOVA was followed by Dunnett’s multiple comparison
test. Statistical significance was set to p < 0.05. For dose-
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response curve, experimental data were fitted to the Hill
equation with a nonlinear least-square regression algorithm
with the GraphPad Prism8 software package. Registered cells
or electrodes are represented as points on the graph charts.
Exact p-values are shown on the graphs.

Results

Benzydamine inhibits basal neuronal excitability

To explore the analgesic effect of BZ, we tested its capacity to
inhibit sensory neurons activity. As shown on Figure 1(a), the
instillation during 5 min of 1 uM BZ over DRG neurons in
basal state, decreased their action potential (AP) firing elicited
by the injection of 50 pA current by 45 = 10% (p = 0.0001
basal vs 5 min, matched measures, one-way ANOVA, n=9).
Firing frequency decrease was accompanied by a 140 + 39%
increase in rheobase (Figure 1(b), p = 0.0003 basal vs 5 min).
Moreover, a significant increase by 25 + 10% in AHP am-
plitude was noted after the application of BZ (Figure 1(c), p =
0.014 basal vs 5 min). A dose-response curve reveals an ICsq
of 2.4 (95% CI 1.0-6.6) uM (n = 18) for BZ inhibiting
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Figure I. Benzydamine decreases basal neuronal activity. Electrophysiological single cell evaluation on neonatal rat DRG neurons. (a)
Left—representative register of AP firing tree evoked by 50 pA current injection in basal (black) state and after 5 min instillation of | uM BZ
(blue). Right - acute application of BZ up to 5 min decreases significantly basal neuronal firing frequency. (b) Left — representative register of
injected current needed to elicit one AP in neurons in basal condition and after perfusion of BZ for 5 min. Right - acute application of | uM BZ
up to 5 min increased significantly rheobase. (c) Left — representative register of AHP amplitude difference between basal and after 5 min
acute application of BZ. Right — BZ increases significantly AHP amplitude after 5 min acute instillation. (d) Dose-response curve of BZ was
fitted to a Michaelis—Menten Isotherm. The best fit provided an ICsq value of 2.4 (95% CI 1.0-6.6) uM (n = 18). (e) Rheobase increase was also
dose-dependent. Each dot in the bar charts accounts for a registered cell. Data in bar charts was normalized to values in basal conditions.
Statistical analysis consisted in one-way ANOVA with matched measures and Dunnett’s post hoc test. Comparisons were made with basal
condition. Statistical significance was set to p < 0.05, p-value for statistical difference is indicated. All data are expressed as mean + SEM.
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neuronal activity (Figure 1(d)). As depicted on Figure 1(e),
rheobase increase was also dose-dependent. As reported in
Figure 2(a), changes in AP waveform were noticed when
using acutely BZ at 30 uM. AP height (Figure 2(b)) and
amplitude (Figure 2(c)) were analysed. BZ induces a clear
reduction in AP height by 33 = 7% (p = 0.003, paired
Students’ ¢ test, n = 7) and showed a tendency to increase AP
duration by 52 + 32% (p = 0.081). These changes in AP
waveform were not observed during the acute application of
IS, where both variables were identical to those of basal state
(AP height - Figure 2(d), p = 0.153 and AP duration -
Figure 2(e), p = 0.161, paired Students’ ¢ test, n = 8).
Moreover, RMP of cells instilled with 30 pM BZ significantly
moved to more depolarized values (p = 0.012, paired Stu-
dents’ ¢ test, n = 8), contrary to when the compound was
applied at lower concentrations (Figure 2(f), p=0.687,n=9).

Benzydamine reduces neuronal acute and chronic
inflammatory sensitization
In order to check if BZ was able to reduce neuronal sensi-

tization induced by inflammatory mediators, we first studied
if the selected inflammatory soup (IS) was able to induce an
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increase in AP firing in an acute application. A clear neuronal
excitability was observed after the acute application of IS up
to 5 min, traduced in an increased AP firing after current
injection (Figure 3(a)). Acute exposure to IS increased firing
frequency in 145 £+ 58% (p = 0.013 basal vs 5 min, matched
measures, one-way ANOVA, n = 9). Simultaneous applica-
tion of IS + BZ limited neuronal excitability rendering an
increment in firing frequency of only 62 + 32% (p = 0.043
basal vs 5 min, n =7, Figure 3(b)). Thus, 1 uM BZ tended to
limit neuronal firing induced by IS (p = 0.079 IS vs IS + BZ,
one-way ANOVA, Figure 3(c)). Later, we studied neuronal
response against chronic 24-h maintained inflammation. As
shown in Figure 3(d), chronic IS application induced a
significant increase in basal neuronal firing of 186 + 19% (p =
0.041 control vs IS(24 h) - basal, one-way ANOVA). This 24-
h maintained inflammation induced a neuronal sensitization
plateau (p = 0.366 control vs IS (24 h) - 5°IS) where neuronal
activity couldn’t be stimulated much further through IS acute
application (p = 0.853 basal vs 5’IS - IS (24)) contrary to IS
acute application in control cells (»p = 0.006 basal vs 5’IS -
control). We then investigated whether chronic 24-h use of
1 uM BZ could protect against acute inflammatory sensiti-
zation. As Figure 3(e) shows, chronic application of 1 uM BZ
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Figure 2. Benzydamine induces action potential waveform changes at higher concentrations. (a) Representative AP waveform
in basal condition and after 30 uM BZ instillation during 5 min over the same cell. AP height and duration (amplitude) span are shown. (b) BZ
induces a significant decrease in AP height compared to basal state. (c) BZ shows a tendency to increase AP duration. In some cells AP firing
was completely halted. Inflammatory soup application does not induce any change in AP height (d) nor duration (e). (f) 30 uM BZ instillation
during 5 min induces a significant depolarization in RMP. This effect was not observed at lower BZ concentrations (g). Each dot in the bar
charts accounts for a registered cell. Statistical analysis consisted in paired students’ t test. Statistical significance was set to p < 0.05, p-value
for statistical difference is indicated. All data are expressed as mean + SEM.
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Figure 3. Benzydamine reduces neuronal inflammatory sensitization in acute and chronic conditions. (a) Acute instillation of
inflammatory soup (IS) up to 5 min induces a significant increase in AP firing. (b) Simultaneous application of IS and | uM BZ induces a lower
increase in neuronal firing frequency. (c) BZ shows a tendency to decrease neuronal inflammatory sensitization. (d) Chronic application of IS
during 24 h induces neuronal sensitization, similarly as an acute application does. Acute application of IS on 24 h already sensitized neurons
induces no clear changes in firing frequency. 24-h treatment of cells with | UM BZ (e) or IS + BZ (f) shows a protective effect against
neuronal activation evoked by a 5 min IS application. Each dot in the bar charts accounts for a registered cell. Statistical analysis consisted in
one-way ANOVA with Dunnett’s post hoc test and matched measures for (a) and (b), and unmatched measures for (c) and (d). Data in (e) and
(f) was analysed using unpaired student’s t test. Statistical significance was set to p < 0.05, p-value for statistical difference is indicated. All data

are expressed as mean + SEM.

limited neuronal IS-induced excitability (p = 0.007, unpaired
Students’ ¢ test, n = 17). Finally, we wanted to know if the use
of BZ chronically during the presence of inflammatory
mediators could have a similar protective effect against in-
flammation. Figure 3(f) evidences that the use of BZ has an
inhibitory effect of 47 + 24% over sensory neurons chroni-
cally exposed to an inflammatory condition (p = 0.015,
unpaired Students’ ¢ test, n = 19).

Benzydamine modulatory role over
inflammatory pathways

We investigated the role of BZ over neuronal populations
subjected to a more severe inflammatory condition increasing
the concentration of inflammatory mediators (ISc). Moreover,
we wanted to elucidate the implication of BZ in different
nociceptive  inflammatory  pathways, studying the

compound’s effect over cholinergic and serotonergic path-
ways and acidosis. Modulation of elevated extracellular KCl1
depolarization-induced neuronal activity was also studied as a
stimulator of calcium channels activity, signalling and in-
tracellular responses to depolarization. In first place, we
checked BZ effect over ACh- and ISc-induced neuronal
activity in control and 24-h maintained inflammatory con-
dition on primary culture of neonatal rat DRGs seeded on
MEA plates (Figure 4). MEA was used to study the behaviour
of BZ over a whole neuronal population with network
connections and not only on isolated neuronal cells. This
methodology allows the identification of possible synergistic
effects between immune and neuronal cells, where these last
can be stimulated indirectly by the release of inflammatory
mediators produced by glial cells. 1.5 min application of BZ
at concentrations ranging from 1 to 50 uM did not induce any
change in ACh-elicited neuronal firing neither in control nor
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Figure 4. Benzydamine reduces neuronal activity upon chronic severe inflammation. Electrophysiological evaluation on neonatal
rat DRG neuronal population. (a) Representative raster plot of neuronal AP firing on multielectrode array. Each vertical line denotes a fired
AP. Firing was induced by the acute application of stimuli reflected on the protocol. Acetylcholine-(ACh) and inflammatory soup (IS)-evoked
firing was monitored simultaneously on the same register protocol. Both stimuli were applied twice on the same register. BZ instillation took
place during |.5 min before the second pulse of each stimulus. Only KCl responsive cells were included. Cells were kept in control or 24-h
maintained chronic inflammatory (ISc (24-h)) condition. (b) BZ exerts no effect over ACh-induced firing neither in control nor in
inflammatory conditions. (c) In control condition, BZ shows an inhibitory activity upon IS-evoked neuronal firing when applied at 25 and
50 puM, respectively. This inhibition was intensified in chronic inflammatory condition, evidencing an effect at lower concentrations of
10 uM. Data are shown as ratio P2/P| normalized to mean of basal condition. Each circle represents a responsive electrode. Number of
registered electrodes (n) = 60—120. Statistical analysis consisted in one-way ANOVA with Dunnett’s multiple comparison test. Comparisons
were made with basal condition. Statistical significance was set to p < 0.05, p-value for statistical difference is indicated. All data are

expressed as mean + SEM.

inflamed conditions (Figure 4(a) and 4(b)). On the other hand,
ISc-induced neuronal activity was inhibited by 55 + 4% and
72 + 2% at 25 and 50 uM BZ, respectively, in non-inflamed
cells (p < 0.0001 vs basal, one-way ANOVA, n = 60—120).
Interestingly, this inhibitory activity was increased in in-
flamed conditions, being BZ active even at 10 uM (50 + 6%,
p<0.0001, Figure 4(a) and 4(c)). Secondly, we examined BZ
activity upon acidosis-evoked neuronal firing. Again, BZ
showed a higher inhibitory effect in inflamed compared to
control conditions, being active only at 50 uM in control (45
+ 7% inhibitioin, p = 0.007, one-way ANOVA, n = 35-79)
and at 10 and 50 uM after inflammation (51 + 6% and 74 +
3% inhibition, respectively, p <0.0001, Figure 5(a) and 5(c)).
Identically, the same higher effect in inflamed conditions was

observed for KCl-induced neuronal firing (Figure 5(b) and
5(d)), where 50 uM BZ inhibited AP firing by 28 + 7% after
chronic incubation with inflammatory soup (p = 0.0046 vs
basal ISc (24 h)) but showed no effect in control condition.

Benzydamine effect over specific proalgesic
ion channels

Finally, given the evidence of possible BZ effect over
proalgesic channels, its activity was tested over K,7.2/7.3,
Na,1.8, TRPA1 and TRPV1. The effect of the compound
over these targets was studied on cell lines transiently ex-
pressing them. BZ effect was explored over both TRP
channels as agonist and antagonist. Nevertheless, as shown
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Figure 5. Benzydamine reduces acidic pH- and KCl-induced neuronal firing in control condition and chronic severe
inflammation. Representative multielectrode array raster plots of AP firing induced by acidic pH (a) and KCI (b) in control and 24-h
chronic inflammatory condition. Each vertical line evidences an AP. Both stimuli were applied twice in each protocol. BZ was perfused during
1.5 min before the second pulse of each stimulus. Register protocols ended with a KCl pulse, except in KCl protocol. Only KCl responsive cells
were included in the analysis. (c) BZ inhibits acidic pH-induced neuronal firing at 50 uM in control condition but shows a higher inhibitory
effect in inflammatory condition, being active even at |0 pM. Number of registered electrodes (n) = 29-56. (d) In control condition, BZ has no
effect over KCl-induced neuronal activity, but in inflammatory condition it inhibits neuronal firing, n = 46—96. Data are shown as ratio P2/P|
normalized to mean of basal condition. Each circle represents a responsive electrode. Statistical analysis consisted in one-way ANOVA with
Dunnett’s multiple comparison test. Comparisons were made with basal condition. Statistical significance was set to p < 0.05, p-value for
statistical difference is indicated. All data are expressed as mean + SEM.

on Table 1, BZ demonstrated only an inhibitory dose-
dependent effect on Na,1.8 sodium currents, exerting no
effect over K, and TRP channels.

Discussion

In this study the effect of benzydamine was characterized on
sensory neurons from rat DRGs aiming to elucidate its an-
algesic mechanism of action in inflamed condition and its
capacity to inhibit peripheral neural sensitization. First, BZ
behaviour was studied over basal neural activity stimulated
by current injection. Changes in the action potential wave,

firing frequency, rheobase, resting potential and other bio-
physical parameters can help in sorting out the type of ion
channel affected by a compound. For instance, 1 pM BZ
showed to decrease neural firing frequency in a time and
dose-dependent manner. This firing frequency decrease was
also supported by a significant increase in rheobase and most
importantly an increase in afterhyperpolarization amplitude.
No changes in resting membrane potential were observed
during and after BZ application. High concentration of BZ
(30 uM) revealed other effects not seen at lower doses. In-
deed, a substantially reduced overshoot and a slight increase
in the action potential duration were noted. These were
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Table 1. Table summarizing the effect of benzydamine over K,7.2/K,7.3, Na,|.8, TRPAI and TRPVI channels.

Percentage
inhibition/
Concentration activation
Targeted ion channel Compound (M) + SEM
Antagonist K,7.2/ Benzydamine 3.125 1314
K,7.3 6.25 -3.1£08
12.5 33 1.6
25 0.1 1.1
50 1.0+£08
Linopiridine | 46.0 & 2.6%
300 100.0 £ 0.2%*d*
Antagonist Na, |.8 Benzydamine 3.125 41.3 % 0.7%%%*
6.25 59.0 £ |.Qkk**
12.5 59.0 * 0.9w#*
25 70.9 * Q.9%H*
50 83.5 £ 0.8k
Tetracaine | 42.5 £ | 3k
3 49.0 £ |3k
10 54.9 % | 2%k
30 67.7 £ |.|*+dk
100 89.1 £ 0.6%*¥*
Agonist TRPAI Benzydamine 4 0.0 £ 0.0
8 —0.1 £0.0
16 —0.1 £0.0
33 0.0 £ 0.0
66 0.0 £ 0.0
AITC 5 06 +04
15 63.1 £ 0.7k
40 82.9 + 3.3k
125 88.3 & |.6%wk*
375 101.7 £ 3.9k
Antagonist TRPAI Benzydamine 3.125 69+ 14
6.25 —6.0 26
12.5 —14+£32
25 —1.6+29
50 0.6 +26
Ruthenium red 0.01 7.1 +238
0.04 26.8 £ 7.0%%*
0.12 84.7 + 8.5%*ik
0.40 99.5 £ 0.4k%*
1.00 100.0 £ 0.Q%**
Agonist TRPVI Benzydamine 4 37 £ 1.1
8 1.7 £ 06
16 08 + 0.6
33 —-05+03
66 3608
Capsaicin | 3308
5 0.1 £1.8
15 43.5 £ 3.7%+*
50 72.3 & | 2%k
150 84.6 £ | .9k
440 101.0 £ | 5ok

(continued)
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Table I. (continued)

Percentage
inhibition/
Concentration activation
Targeted ion channel Compound (uM) + SEM
Antagonist TRPVI Benzydamine 3.125 —187 +58
6.25 —188 26
12.5 —13.7 £ 42
25 —12.0 £ 4.6
50 —7.7 £37
Capsazepine 0.1 —0.1 + 4.0
0.4 21.3  3.4%k%
| 83.3 £ |.2%kk*
3 94.0 £ 0.6% ¥
10 93.1 £ 0.9ekok
30 96.1 £ 0.6%+***

Tested benzydamine concentration is shown for each assay. Significant effects are shown in bold.
Statistical analysis consisted in unpaired one-way ANOVA with Dunnett’s post hoc test. Statistical significance was set to p < 0.05; ***p < 0.001; ****p < 0.0001.

accompanied by a significant increase in resting membrane
potential to more depolarized values at this tested
concentration.

As nociceptors express receptors for immune cell-
derived mediators, when activated they mediate signal-
ling cascades that change channels gating properties and
lead to increased neuronal firing. During inflammation,
nociceptors threshold for action potential firing lowers,
producing hyperalgesia. In mucosal tissues, it has been
shown that there is a tight association between nociceptor
terminals and mast cells. Mast cells release diverse cyto-
kines and 5-HT, histamine and nerve growth factor (NGF),
inducing this pain sensitization.”>*> PGE, released by
macrophages and neutrophiles also produces the same
effect.”® Extracellular ATP identically modulates pain and
inflammation activating directly and indirectly both, no-
ciceptors and immune cells.”> Acute application of in-
flammatory soup containing 5-HT, histamine, NGF, PGE,
and ATP showed to increase neuronal firing frequency and
sensitized cells when used in a 24-h maintained treatment.
The simultaneous acute application of 1 pM BZ and IS,
limited slightly this increase in firing frequency, although
not as significantly as it did when the compound was in-
cubated during 24 h in presence of inflammatory soup. A
possible explanation of this increased inhibitory effect of
BZ in chronic conditions could be its accumulation in
inflamed tissues, as previously demonstrated.’

The direct effect of BZ over diverse chemical electrogenic
stimuli on neuronal populations was also studied. First of all,
a direct inhibition of the synergistic effect of purinergic,
histaminergic and serotonergic receptors was observed, when
cells were stimulated with concentrated inflammatory soup.
This inhibition was increased in 24-h maintained conditions,
evidencing not only a direct effect on some of these receptors,
but also on sensitized signalling pathways and ion channels

by the used inflammatory mediators. For instance, PGE,
sensitizes nociceptors acting on proximal channels and
through PKA and PKC signalling.>* The hyperalgesic effect
of PGE, can be explained given that it enhances TTX re-
sistant sodium currents from Na, 1.8 and Na, 1.9 and TRPV1
currents.”® Histamine also increases expression of Na,1.8
channel,”” TRPA1?® and TRPV1.%° Serotonin on the other
hand, through PKC activation, increases ASICs neuronal
expression.*” Finally, neuroinflammation produces an en-
dogenous release of ATP, neuropeptides and cytokines, en-
hancing P2X3 activity.?” Thus, all inflammatory mediators
included in the cocktail produce neural sensitization via
proalgesic ion channels. BZ increased inhibition in inflamed
conditions could be explained by an effect displayed via
proalgesic channels, along with those over inflammatory
mediators’ receptors.

It is known that tissue acidosis in inflammation is a
common feature.>'*!*? Therefore, looking into a better
characterization of BZ pharmacological profile, effect over
acidity-induced neuronal activity was also analysed. Again,
its effect in inflamed conditions was more significant, sup-
porting BZ inhibition of sensitized acid-sensing ion channels,
such as TRPV1, ASICs, P2X>* or TASK (K,P).** On the
other hand, BZ was able to reduce neuronal activity upon
elevated extracellular KCl-induced depolarization-coupled
Ca®" influx in inflamed conditions,®® suggesting possible
marginal effects over voltage-sensitive Ca>* channels.*®

This work evidenced BZ implication in modulating
probably ion channels which control membrane depolar-
ization (Na,, K,) and thus action potential initiation and firing
or signal transducers (TRP). Thus, testing BZ effect over
K,7.2, K,7.3, Na,1.8, TRPV1 and TRPAI1 channels was
considered. The only channel which was affected by BZ was
Na,1.8. Its current was inhibited by BZ in a dose-dependent
manner. Surprisingly, BZ showed no effect over K,7.2 and
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K,7.3 nor TRPA1 and TRPV1. As the TRP family contains
main proalgesic channels, some of which are the highly co-
expressed TRPV1 and TRPAI, and as BZ displayed an in-
hibitory activity over acidity-evoked neuronal firing, we
expected that the compound could mediate this inhibitory
function through them. Nevertheless, as no direct modulation
of TRPV1 nor TRPA1 was observed, acid-induced neuronal
firing inhibition through ASICs channels appear as potential
BZ target. Moreover, although it was demonstrated that BZ
affects sodium currents through Na,1.8, the possibility of
modulating other Na, channels such as Na,1.7 or Na,1.9
cannot be ruled out.

Overall, in this study, benzydamine reveals its analgesic
effect by directly modulating neuronal excitability and
neuronal inflammatory sensitization.

In this respect, novel insights into its peculiar molecular
mechanism have been shown, although further investigations
are still required to fully understand this molecule. With
regards to previous data® and with the support of results
obtained in the present work, the multitarget effect of ben-
zydamine and its anti-inflammatory/analgesic properties was
confirmed and, in line with clinical studies, benzydamine
results highlight its pharmacological activities.
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