Investigative Ophthalmology & Visual Science

Cornea

Sodium Channel Blockers Modulate Abnormal Activity of
Regenerating Nociceptive Corneal Nerves After Surgical

Lesion

Carolina Luna,! Kamila Mizerska,' Susana Quirce,! Carlos Belmonte,! Juana Gallar,2
Maria del Carmen Acosta,! and Victor Meseguer!

nstituto de Neurociencias, Universidad Miguel Hernandez — CSIC, San Juan de Alicante, Spain
Instituto de Investigacion Sanitaria y Biomédica de Alicante, San Juan de Alicante, Spain

Correspondence: Juana Gallar,
Instituto de Neurociencias,
Universidad Miguel Hernandez-CSIC,
03550 San Juan de Alicante, Spain;
juana.gallar@umbh.es.

Received: October 24, 2020
Accepted: December 9, 2020
Published: January 4, 2021

Citation: Luna C, Mizerska K, Quirce
S, et al. Sodium channel blockers
modulate abnormal activity of
regenerating nociceptive corneal
nerves after surgical lesion. Invest
Ophthalmol Vis Sci. 2021;62(1):2.
https://doi.org/10.1167/iovs.62.1.2

Purrosk. To test the effect of different sodium channel blockers on the electrical activity
of corneal nociceptors in intact and surgically injured corneas.

MerHobs. In anesthetized guinea pigs, a 4-mm diameter corneal flap was performed in
one eye at a midstromal depth using a custom-made microkeratome. At different times
after surgery (3 hours to 15 days), the electrical activity of corneal nociceptor fibers was
recorded from ciliary nerve filaments in the superfused eye in vitro. Mechanical thresh-
old was measured using calibrated von Frey hairs; chemical stimulation was performed
applying 30-second CO; gas pulses. The characteristics of the spontaneous and stimulus-
evoked activity of corneal nociceptors recorded from intact and lesioned corneas, before
and after treatment with the sodium channel blockers lidocaine, carbamazepine, and
amitriptyline, were compared.

Resurrs. No spontaneous or stimulus-evoked impulse activity was detected inside the flap
at any of the studied time points. However, both were recorded from mechanonociceptor
and polymodal nociceptors fibers in the surrounding corneal tissue, being significantly
higher (sensitization) 24 to 48 hours after surgery. In these fibers, none of the tested
drugs affected mechanical threshold, but they significantly reduced the CO, response of
polymodal nociceptors of intact and injured corneas. Likewise, they diminished signifi-
cantly the transient increase in spontaneous and stimulus-evoked activity of sensitized
polymodal nociceptors.

Concrusions. Na' channel blockers decrease the excitability of intact and sensitized
corneal nociceptor fibers, thus acting as potential tools to attenuate their abnormal activ-
ity, which underlies the spontaneous pain, hyperalgesia, and allodynia often accompa-
nying surgical corneal lesions, as occurs after photorefractive surgery.

Keywords: injured cornea, sodium channel blockers, polymodal nociceptors, hyperex-
citability, corneal pain

eripheral axons of trigeminal ganglion neurons inner-
P vating the cornea and conjunctiva are functionally
classified as polymodal nociceptors, mechanonociceptors,
and cold thermoreceptors'~> and their selective stimulation
evokes qualitatively different conscious sensations.® When
mechanically stimulated, mechanonociceptors evoke acute,
pricking pain, whereas the excitation of polymodal noci-
ceptors by mechanical, thermal, or noxious chemical stim-
uli leads to a burning pain and neurogenic inflammation.”-8
Depending on the magnitude of temperature decrease, cold
thermoreceptors evoke cooling or dryness sensations."®
Ocular nerves represent the first defensive barrier of
the eye against potentially injuring threats (foreign bodies,
accidental or surgical aggression, extreme environmental
changes, pathologic disorders, infections). Damage to the
eye surface immediately evokes a sustained discharge of
nerve impulses in the nociceptor sensory nerve fibers. This
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information travels to higher level brain areas, leading ulti-
mately to conscious unpleasant sensations and behavioral
and autonomic protective responses. The activation of the
peripheral sensory nerves by noxious stimuli is usually
accompanied by an enhancement of their spontaneous activ-
ity (sensitization) and long-lasting, altered responsiveness
to natural stimuli that are a consequence of the direct
injury infringed to nerve terminals and the interaction of
such terminals with locally released inflammatory media-
tors.>?~1! The buildup of an abnormal impulse activity after
corneal damage, such as occurs for instance after refrac-
tive surgery and other ocular surgeries, underlies the aber-
rant sensations (dysesthesias) often experienced by patients
subjected to these procedures and usually described as
ocular discomfort, eye dryness, and pain.!*"!> Abnormal
firing is mechanistically attributable to the development of
corneal nerve membrane hyperexcitability'®!7 caused by an
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altered expression of some of the ion channel types sustain-
ing membrane potential, in particular voltage-gated sodium
channels.'®

To date, nine alpha subtypes of the voltage-gated sodium
channel family (Nav 1.1 to Nav 1.9) have been reported to be
expressed in peripheral sensory nerves. Of them, the expres-
sion of Nav 1.3, 1.7, 1.8, and 1.9 seem to be altered after
peripheral nerve damage and sensitized and redistributed
in uninjured axons by inflammatory mediators, suggesting
their involvement in nociceptor hyperexcitability.'”-*° Hence,
they are being considered potential targets for novel anal-
gesics. 2122

A plethora of sodium channel blockers have been tested
clinically to treat different pathologies involving abnormal
cell excitability.?® These blockers include local anesthetics
as lidocaine, widely used as an injectable or topical agent
to treat pain via neural blockade of Nav channels in the
peripheral nervous system,* or anticonvulsants such as
carbamazepine, lamotrigine, phenytoin, gabapentin, and the
antidepressant amitriptyline, all of them blockers of Nav
channels used for systemic the treatment of neuropathic
pain.”

In the present study, we analyzed the topical analgesic
efficacy of a number of sodium channel blockers with well-
defined action on membrane hyperactivity, measuring in
surgically injured guinea pig corneas, their effect on the
altered spontaneous and stimulus-evoked activity of poly-
modal nociceptor, and mechanonociceptor corneal nerve
fibers.

METHODS
Animals

Albino guinea pigs of both sexes weighing 200 to 400 g
were used. The study was performed in accordance with the
ARVO Statement for the Use of Animals in Ophthalmic and
Vision Research, the NIH Guide for the Care and Use of Labo-
ratory Animals, the European Union Directive (2010/63/EU),
and the Spanish regulations on the protection of animals
used for research, following a protocol approved and super-
vised by the Ethics Committee of the Universidad Miguel
Hernandez de Elche.

Microkeratome Lesion

In anesthetized guinea pigs (ketamine 50 mg/kg and
xylazine 5 mg/kg, intraperitoneally), a corneal flap of 4-
mm diameter was cut at the midstromal depth in one eye
(Fig. 1A) using a custom-made microkeratome designed for
the guinea pig eye. Animals were allowed to recover post-
operatively and then housed individually under standard
conditions in a certified animal facility. They were inspected
daily for ocular inflammation, corneal epithelial defects, or
infection as well as for abnormal behavior, and were treated
accordingly. At different time points after surgery, both eyes
(lesioned and contralateral) were evaluated biomicroscopi-
cally before killing of the animal for an ex vivo electrophysi-
ologic recording of the corneal sensory nerve activity of the
lesioned eyes.

Cornea Fixation and Whole Mount Staining

Fifteen days after surgery, four animals were killed with
an overdose of sodium pentobarbitone and the eyes were
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enucleated and fixed in 4% paraformaldehyde (Sigma-
Aldrich, St. Louis, MO) in 0.1 M phosphate buffer (PB) for
45 minutes at room temperature, followed by two washes
in 0.1 M PB, for 10 minutes each. Eyes were cryoprotected
with increasing concentrations of sucrose (Panreac Quimica
S.L.U., Barcelona, Spain) in PB and kept overnight in 30%
sucrose at room temperature. Then, eyes were rapidly frozen
with liquid nitrogen-chilled isopentane and stored. After
thawing, corneas were dissected and cut radially to flat-
ten. Then, corneas were permeabilized by overnight incu-
bation at 37 °C in 0.01% hyaluronidase type IV-S (Sigma-
Aldrich) and 0.1% EDTA (Sigma Aldrich) in 0.1 M PB (pH
5.3), washed with 0.1 M PB, and incubated in 2.28% sodium
(meta) periodate (NalOy) (Sigma Aldrich) for 5 minutes
and then in 0.02% sodium borohydride (NaBH;) (Panreac
Quimica S.L.U.) for 5 additional minutes at room tempera-
ture. After washing with 0.1M PB, corneas were incubated
in 10% normal goat serum (Jackson ImmunoResearch, West
Grove, PA) in 0.1 M PB for 1 hour at 4 °C, followed by incuba-
tion for 2 days at 4 °C under agitation with the mouse mono-
clonal primary antibody, neuronal class III beta-tubulin (anti-
TUJ 1; Covance Research Products, Berkeley, CA) diluted
1:200 in 0.1 M PB plus 1% TritonX-100 (Sigma Aldrich,
Inc.). Then, the corneas were incubated for 1 day at 4 °C
with the biotinylated horse anti-mouse IgG secondary anti-
body (Jackson ImmunoResearch Labs. Inc.) diluted 1:100
in 0.1 M PB plus 1% TritonX-100, washed with 0.1 M PB
and incubated for 1 day at 4 °C with the avidin-biotin
horseradish peroxidase complex (ABC reagent; Vector Labo-
ratories, Burlingame, CA), followed by incubation in the dark
under agitation for 15 minutes with 3,3’-diaminobenzidine
tetrahydrochloride hydrate (Sigma-Aldrich) at 0.05% in 0.1
M PB, and then with fresh diaminobenzidine tetrahy-
drochloride hydrate solution with 0.01% H,O, until stop
the reaction by washes in cold distilled water. Then, the
corneas were mounted in the mounting media Citifluor
(Sigma-Aldrich) and coverslipped before taking bright field
photomicrographs with the Leica DM 4000 B microscope
(Leica Microsystems GmbH, Manheim, Germany) provided
with 10x and 20x objectives to visualize the stained corneal
nerves (stromal trunks, subbasal nerves, and intraepithelial
nerves terminal) (Fig. 1B).

Electrophysiologic Recording

Guinea pigs were killed with an intraperitoneal injection of
100 mg/kg sodium pentobarbitone, and eyes were enucle-
ated along with a short length of the optic nerve and
surrounding tissues. Excised eyes were then pinned to the
bottom of a silicone-coated chamber (Sylgard 184, Dow
Corning, Midland, MD) filled with cold saline for further
cleaning.

Connective tissue and extraocular muscles at the back of
the eye were carefully removed to expose and isolate the
ciliary nerves around the optic nerve. The excised eye was
then placed in a chamber divided in two compartments by
a Sylgard-coated plastic wall. The front of the eye was intro-
duced into a round perforation made in the center of the
dividing wall to which the bulbar conjunctiva was pinned,
thereby isolating the front from the back of the eye. This
maneuver prevented direct exposure of the ciliary nerves
located in the back compartment to the chemical substances
applied onto the corneal surface. The anterior compartment
was continuously bathed with warmed (34 °C) physiologic
saline solution of the following composition (in mM): NaCl,
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Ficure 1. (A) Guinea pig cornea showing the corneal flap, the border of the lesion and the hinge area, immediately after surgery. Arrows
point the lesion border and the flap hinge (dashed line). (B) Flat-mounted cornea stained with Tuj-1 displaying the corneal flap absence of
nerves inside the flap and the presence of Tujl-positive subbasal nerve leashes outside the lesion. The inset shows how nerves bench at the
border lesion without entering the flap. Arrows point the lesion border. (C) Schema of the ciliary nerve recording set-up. (D) Representation
of the receptive field (RF) of three different nociceptive fibers. One is located at the peripheral cornea and the hinge area (up), that is, outside
the lesion. The other two RFs covered the peripheral cornea (continuous lines) and presumably also part field inside the wound (dashed
lines), but no activity was recorded when stimulating inside the lesion at any time point. (E) Sample recording of the nerve activity evoked
in a polymodal nociceptor in response to CO; pulse, showing the parameters analyzed to characterize chemical responsiveness: 1 is the
duration of the CO; pulse; 2 is the nerve activity during the pulse; 3 is the latency to the response; 4 is the response; 5 is the postdischarge
(see Methods for further details).
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133.4; KCl, 4.7; CaCl,, 2; MgCl,, 1.2; NaHCOs3, 16.3; NaH, PO,
1.3; glucose, 7.8, and gassed with 95% O,/5% CO, to main-
tain a pH of 7.4. The rear compartment was filled with warm
mineral oil (Fig. 1C).

Extracellular recordings were made in nerve filaments of
the ciliary nerves dissected at the back of the excised eye.?
This preparation was particularly suitable for the detec-
tion of polymodal and mechanosensory afferent nerve fibers
activity. Thin nerve filaments were teased apart from the
ciliary nerve trunks and placed on an Ag-AgCl electrode for
monopolar recording of single unit impulse activity, using
conventional electrophysiologic equipment (DAM50 ampli-
fier, WPI, Sarasota, FL). Electrical signals were fed into a PC
through an acquisition system (CED Micro1401, Cambridge
Electronic Design, Cambridge, UK) and analyzed with Spike
2 software (v8.0, Cambridge Electronic Design).

Receptive fields of afferent fibers innervating the
corneoscleral surface were located using mechanical stim-
ulation with a fine paint brush and mapped thereafter using
a suprathreshold von Frey hair (5.88 mN) (Fig. 1D). Sponta-
neous activity was measured during 1 minute from record-
ings obtained before any stimulation was applied. Mechan-
ical threshold was determined assessing the first impulse
response evoked by calibrated von Frey hairs of increasing
diameter (range, 0.25-4.00 mN; Bioseb, Vitrolles, France).
For chemical stimulation, a gas jet of 98.5% CO, was applied
on the corneal receptive field for 30 seconds.?® To describe
the characteristics of the response to chemical stimulation,
the following parameters were measured: (a) the ongoing
activity in imp/s (activity during the 30 seconds immedi-
ately before the CO, pulse); (b) the latency of the response
to CO, stimulation, in seconds; (¢) the mean discharge
rate during the 30-second pulse, in imp/s; (d) the post-
discharge (activity during the 30 seconds after the pulse,
in imp/s); (e) the response duration, in seconds (dura-
tion of the impulse discharge evoked by the stimulus);
and (f) the mean discharge rate during the response, in
imp/s (Fig. 1E).

Drugs and Treatment Protocol

Drugs were purchased from Sigma-Aldrich and prepared
in balanced saline solution at the desired concentration.
A preliminary set of experiments was first performed to
test different concentrations of the test drugs. According
to the results, the following concentrations were used in
the present experiments: lidocaine 0.01% (369 pM), carba-
mazepine 0.001% (42.32 pM), and amitriptyline 0.003%
(100 pM). Drugs were tested applying a soaked piece of
tissue (6 mm diameter) on the unit’s receptive field for
10 minutes. After that, the piece of tissue was removed and
the spontaneous activity recorded for 1 minute. Then, a
30-second duration CO, pulse was applied to the unit’s
receptive field, and mechanical threshold was measured
2 minutes later. Afterwards, the receptive field was washed
out for 10 minutes with a continuous perfusion of saline
solution and the response to the chemical and mechanical
stimulation was again tested.

Statistical Analysis

Data were collected and processed for statistical analysis
using SigmaPlot software (SigmaPlot 11.0; Systat Software
Inc, Point Richmond, CA). Data were expressed as mean +
SEM, with n being the number of explored nerve fibers.
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Differences in mechanical threshold, spontaneous activity,
and firing frequency in response to CO, pulses between
control and lesioned corneas as well as before and after
Na® channel blocker treatment were compared using the
independent t test or its nonparametric equivalent Mann—
Whitney rank sum test. A P value of 0.05 or less was consid-
ered significant.

RESULTS

In guinea pig corneas where a midstromal depth corneal flap
had been performed (Fig. 1A), sub-basal and intraepithe-
lial nerve fibers were absent within the flap during 14 days
after surgery, in contrast with the surrounding, intact corneal
region, where nerve fibers were present with a density
roughly similar to nonoperated corneas. Fibers reaching the
lesion border did not enter the flap at any of the studied
time points following injury (Fig. 1B).

Surgical Lesion of the Cornea Altered the
Electrical Activity of Mechanonociceptors and
Polymodal Nociceptors

Ciliary nerve impulse activity in response to mechanical and
CO; stimulation was found only in fibers with a receptive
field outside the flap. The shape parallel to the flat border of
the RF of fibers located nearby the lesion area suggests that,
presumably, some of their branches originally entered inside
the flap (Fig. 1D), although no activity could be evoked when
the mechanical or chemical stimulation was applied inside
the flap at any of the recording time points after lesion.

Mechanonociceptors. As previously described in
intact corneas?® corneal sensory nerve fibers responding
to mechanical stimulation but not to CO, were classified as
mechanonociceptors. They were localized in the noninjured
area of the cornea. Their receptive field was oval or round,
with a mean maximal diameter of 3.54 + 0.04 mm (n =
370; range, 2-6 mm). Mechanonociceptors showed a signif-
icantly lower mechanical threshold for 24 to 48 hours after
lesion than mechanonociceptors of nonoperated corneas
(Table 1, Fig. 2A), although their spontaneous activity was
not modified significantly (Table 1).

Polymodal Nociceptors. Based on their response to
acidic stimulation with CO,, part of the recorded fibers
were classified as polymodal nociceptors. Polymodal noci-
ceptors’ receptive field was also round or oval, with a mean
maximal diameter of 3.5 + 0.06 mm (n = 241; range, 2—
6 mm). As indicated elsewhere in this article, polymodal
nociceptor nerve activity was not detected when stimu-
lating inside the flap. Similarly, the mechanical threshold
of polymodal nociceptors was not significantly modified
after lesion (Table 2). Consistent with previous studies in
inflamed or damaged corneas,?*~?® polymodal nociceptors
from lesioned corneas displayed significantly augmented
firing responses to CO,, including development of postdis-
charge (Table 3). The increased responsiveness to chemical
stimulation in comparison with equivalent values measured
in intact corneas was significant 24 to 48 hours after lesion
(Fig. 2B, 2C; Table 3).

Taken together, these data confirm that, after mechani-
cal injury to the cornea, both mechanonociceptor and poly-
modal nociceptor sensory fibers were transiently sensitized.
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TaBLe 1. General Properties of Mechanonociceptor Fibers Recorded From Intact and Injured Corneas at Different Times After Lesion With
a Microkeratome

Injured Corneas (Time After Lesion)

Mechanonociceptors Intact Corneas 3-8 h 24-48 h 72 h 6-15 Days
Spontaneous activity (imp/s)  0.008 £ 0.004 (4/225) 0.022 + 0.022 (1/25) 0 £ 0(0/48) 0 £+ 0(0/29) 0 £ 0(0/28)
Mechanical threshold (mN) 0.66 £+ 0.005 0.50 + 0.09 0.35 £ 0.02* 0.60 + 0.14 0.57 £ 0.11

n 242 25 48 29 28

Data are mean + SEM; 7 = number of recorded fibers; number in brackets indicate the number of fibers with spontaneous activity/number
of recorded fibers. * P < 0.05, Mann-Whitney U test, compared with intact corneas.
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Ficure 2. Responsiveness of corneal nociceptors to mechanical and chemical stimulation in intact and injured corneas at different time
points after surgery. (A) Mechanical threshold values of corneal mechanonociceptor fibers measured with calibrated von Frey hairs. (B)
Mean discharge rate during the 30-second CO; pulse of polymodal nociceptive fibers. (C) Sample recordings of impulse response evoked
by CO; in polymodal nociceptors recorded from an intact cornea (fop) and a lesioned cornea, 24 hours after surgery (bottom). *P < 0.05,
t-test, compared with intact cornea.

Sodium Channel Blockers Attenuated the
Enhanced Chemical Response of Injured
Polymodal Nociceptors Without Affecting Their
Mechanical Sensitivity

The effects of the sodium channel blockers lidocaine,
carbamazepine, and amitriptyline on the responsiveness to
mechanical and chemical stimuli of sensory nerve fibers of
injured corneas were tested 24 to 48 hours after performing
the surgical lesion, the time period at which maximal sensiti-

zation was observed. The magnitude of the stimulus-evoked
responses was compared with those obtained in corneal
mechanonociceptor and polymodal nociceptor fibers of
intact corneas.

Mechanonociceptors

As shown in Table 4, the mean frequency values of
spontaneous activity or of mechanical threshold to
stimulation with von Frey hairs of corneal mechanono-
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TasLE 2. General Properties of Polymodal Nociceptor Fibers Recorded in Intact and Lesioned Corneas at Different Times After Lesion With

Microkeratome

Injured Corneas (Time After Lesion)

Polymodal Nociceptors Intact Corneas 3-8 h 24-48 h 72 h 6-15 Days
Spontaneous activity (imp/s)  0.05 & 0.024 (9/129) 0 £ 0(0/27) 0.05 £ 0.03 (4/19) 0.05 £ 0.05(1/11) 0.03 £ 0.02 (2/14)
Mechanical threshold (mN) 0.38 £+ 0.03 0.31 £+ 0.03 0.53 £ 0.14 0.26 £+ 0.01 0.37 £ 0.08

n 146 27 19 11 14

Data are mean £ SEM; n = number of recorded fibers; number in brackets indicate the number of fibers with spontaneous activity/number
of recorded fibers. No significant differences between groups were found.

TaBLe 3. Characteristics of the Response to CO, Pulses of Corneal Polymodal Nociceptors Recorded From Intact and Lesioned Corneas at

Different Times After Lesion With Microkeratome

Injured Corneas (Time After Lesion)

Polymodal Nociceptors Intact Corneas 3-8 h 24-48 h 72 h 6-15 days
Ongoing activity (imp/s) 0.08 = 0.03 0£0 0.23 + 0.08* 0+0 0.15 £+ 0.05*
Latency (s) 13.90 + 0.83 14.01 £+ 1.56 11.56 + 1.35 11.52 + 2.4 11.08 + 1.64
Activity during the pulse (imp/s) 1.84 + 0.18 214 + 0.42 3.22 £+ 0.52* 2.9 + 0.86 2.39 + 0.35
Postdischarge (imp/s) 1.96 + 0.55 2.11 £ 0.46* 2.39 £ 0.69* 1.31 + 0.54 1.12 £+ 0.25
n 96 33 8 20

Data are mean = SEM; n = number of explored fibers. Activity during the pulse was significantly increased in lesioned corneas (ANOVA
on ranks, P = 0.002; *P < 0.05, post hoc test, compared with intact corneas).

ciceptors recorded in intact and lesioned corneas,
were not significantly modified by any of the sodium
channel blockers tested (lidocaine, carbamazepine, and
amitriptyline).

Polymodal Nociceptors. As in the case of
mechanonociceptors, pretreatment with Na' channel
blockers did not significantly modify the mechanical thresh-
old or the ongoing activity of corneal polymodal nociceptors
(Table 5) innervating intact or operated corneas. In contrast,
the sodium channel blockers lidocaine, carbamazepine, or
amitriptyline significantly affected the response of poly-
modal nociceptor fibers to acidic stimulation with CO,
(Table 6, Fig. 3), both in control and lesioned corneas.
Ten minutes after continuous perfusion with any of these
Na*t channel blockers, a marked and reversible decrease
of the CO;-evoked impulse discharge of polymodal noci-
ceptors was observed (Table 6, Fig. 3), accompanied by a
significantly longer duration of the latency of the response

(Table 6). Both effects were reverted at 10 minutes after
washing the drug by superfusion with saline alone.

Use-Dependent Blockade of CO, Evoked
Response of Polymodal Nociceptor by Lidocaine,
Carbamazepine, and Amitriptyline

We next explored whether the blockade of polymodal
nociceptor impulse activity by lidocaine, carbamazepine
and amitriptyline was use dependent, that is, the block is
enhanced by prolonged depolarization or repetitive depo-
larization.?® To address this question, the magnitude and
time course of CO,-evoked response before and after treat-
ment with each sodium channel blocker were compared.
We observed that in two out of six units after lidocaine
treatment, in three out of six units after carbamazepine
treatment, and in four out of seven units after amitripty-

TaBLe 4. Effect of Lidocaine, Carbamazepine and Amitriptyline on the Spontaneous Activity and Mechanical Threshold Measured in
Mechanonociceptor Fibers From Intact and Lesioned Corneas, 24 to 48 Hours After Lesion With Microkeratome

Intact Corneas

Injured Corneas

Mechanonociceptors Before After Before After

Lidocaine
Spontaneous activity (imp/s) 0£0 0£0 0.02 + 0.02 0.01 £ 0.01
Mechanical threshold (mN) 0.29 0.29 0.34 £+ 0.03 0.33 + 0.03
n 2 18

Carbamazepine
Spontaneous activity (imp/s) 0£0 0£0 0£0 0£0
Mechanical threshold (mN) 0.41 £ 0.13 0.41 £+ 0.13 0.7 £ 0.23 0.7 £ 0.23
n 9 14

Amitriptyline
Spontaneous activity (imp/s) 0£0 0£0 0£0 0£0
Mechanical threshold (mN) 0.28 £+ 0.05 0.28 + 0.05 0.3 £ 0.05 0.3 £ 0.05
n 5 3-5

Data are mean = SEM of the values obtained before and after topical application of the corresponding drug during 10 minutes;
n = number of explored fibers. No significant differences between the groups were found.
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TaBLE 5. Effect of Lidocaine, Carbamazepine, and Amitriptyline on the Spontaneous Activity and Mechanical Threshold Measured in Poly-
modal Nociceptor Fibers From Intact and Lesioned Corneas, 24 to 48 Hours After Lesion With Microkeratome

Intact Corneas

Injured Corneas

Polymodal Nociceptors Before After Before After

Lidocaine
Mechanical threshold (mN) 0.39 + 0.2 0.39 £ 0.2 0.57 = 0.20 0.57 = 0.20
Spontaneous activity (imp/s) 0.08 + 0.05 0.09 + 0.06 0.27 £ 0.25 0£0
n 2 18

Carbamazepine
Mechanical threshold (mN) 0.34 + 0.21 0.43 £ 0.25 0.57 = 0.20 0.57 + 0.20
Spontaneous activity (imp/s) 0.16 £ 0.16 0.17 £ 017 0.02 £+ 0.02 0.02 £+ 0.02
n 9 14

Amitriptyline
Mechanical threshold (mN) 0.42 £+ 0.30 0.38 £+ 0.31 0.54 + 0.29 0.54 £+ 0.29
Spontaneous activity (imp/s) 0.02 £+ 0.02 0+0 0.09 + 0.05 0.09 £+ 0.09
n 5 3-5

Data are mean + SEM of the values obtained before and after topical application of the corresponding drug during 10 minutes; 7 =
number of explored fibers. No significant differences between the groups were found.

TasLe 6. Effects of Lidocaine, Carbamazepine, and Amitriptyline on the Characteristics of the Response to a 30-second Pulse of CO, Applied
to the Receptive Field of Corneal Polymodal Nociceptors Recorded in Intact and Lesioned Corneas (24, 48, or 72 Hours After Lesion With

Microkeratome)
Intact Corneas Lesioned Corneas
Before After ‘Wash Before After Wash

Lidocaine
Ongoing activity (imp/s) 0.08 £ 0.05 0.09 £ 0.06 0.10 £+ 0.09 0.27 £ 0.25 0+0 0.08 + 0.06
Latency (s) 13.4 + 2.49 35.06 £ 7.89" 19.89 + 3.01 13.03 + 2.38 449 + 10.28° 16.6 + 4.03
Activity during the pulse (imp/s) 1.56 + 038 0.29 + 0.147 135 + 030 282 + 0.60 0.16 &+ 0.137 210 + 1.14
Postdischarge (imp/s) 0.82 + 0.19 0.14 + 0.087 0.68 + 0.27 1.25 £+ 0.72 0.14 £+ 0.13 0.77 £ 0.47
Total response duration (s) 26.6 + 3.38 5.72 + 3.36" 30.59 + 3.98 28.89 + 5.72 221 + 334" 19.67 + 5.28
Mean discharge rate (imp/s) 3.22 £ 049 028 + 0.157 284 £ 031 384 £ 048  0.64 £ 0.407  3.69 £ 0.97
n 12 6

Carbamazepine
Ongoing activity (imp/s) 0.16 &+ 0.16 0.17 &+ 017 0+0 0.02 £ 0.02 0.02 £ 0.02 0.08 £+ 0.08
Latency (s) 14.24 4+ 3.96 51.43 + 857" 27.96 + 8.33 16.7 £ 4.25 24.65 + 9.43  15.40 + 3.65
Activity during the pulse (imp/s) 1.32 4+ 040 036 + 0.36° 1.00 + 0.44 247 + 1.05 046 + 022 195 + 0.48
Postdischarge (imp/s) 1.28 + 0.42 0.24 + 0.24" 0.46 + 0.17 1.25 + 0.51 0.10 &+ 0.06 1.49 + 0.39
Total response duration (s) 2035 4+ 597 6.02 £ 6.02F 384 4+ 92 4784 + 19.10 4.84 + 247 22.14 + 3.43
Mean discharge rate response (imp/s) 2.6 £ 05 0.33 + 0.337 255 + 0.75 4.44 + 0.87 1.88 + 1.26 3.88 + 0.89
n 7 6

Amitriptyline
Ongoing activity (imp/s) 0.02 + 0.02 0+0 022 £ 015  0.09 £ 0.05 0.09 £ 0.09  0.09 £ 0.07
Latency (s) 13.80 + 2.89 483 + 7.407 28.03 £ 10.25 17.66 + 3.29 39.65 + 7.70 24.17 + 6.24
Activity during the pulse (imp/s) 132 + 033 007 £ 0.05° 125+ 052 156 £ 036 036 £ 025 179 + 0.50
Postdischarge (imp/s) 0.51 £ 0.25 0.08 £+ 0.07 0.52 £+ 0.27 1.40 + 0.39 0.17 + 0.10" 1.30 + 0.44
Total response duration (s) 27.28 £ 659 452 £ 215" 27.18 £ 2.87 2392 £ 652 424 £ 210" 17.92 £ 3.64
Mean discharge rate response (imp/s) 3.44 = 1.31 0.46 £ 0.26° 3.03 £ 0.53 3.50 £ 0.59 1.89 £ 0.75 3.90 + 1.01
n 6 7

Data are mean + SEM of the values obtained before and after topical application of the corresponding drug during 10 minutes; n =
number of tested fibers. * P < 0.05, TP < 0.01, paired #test or Wilcoxon signed rank test, as appropriate.

line treatment, the response to CO, at the beginning of the
drug application was only partly blocked and fully inhib-
ited afterward, consistent with a sodium channel block-
ade enhanced by frequent nerve terminal impulse discharge
(Fig. 4A). Notably, the CO,-evoked response was fully inhib-
ited in the remaining units in such a way that activity was
not detected at any time point after treatment with any of
the blockers (Fig. 4B), likely reflecting the occurrence of an
additional mechanism of blockade. In this regard, resting or
“tonic” blockade of sodium currents by local anesthetics and

amitriptyline has been previously described.’’-3? Moreover,
the inhibition of the CO,-evoked response was reversible
after washing out the three sodium channel blockers (Figs.
3—4). Overall, these results are consistent with a complex
inhibition of voltage-gated sodium currents by the three
compounds, which might imply tonic blockade in addition
to phasic (use-dependent) blockade of polymodal nocicep-
tor activity by which these sodium channel blockers prefer-
entially inhibit Nav channels activity at open and inactivated
states.
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Ficure 3. Activity during the pulse of CO; of polymodal nociceptors from intact (A) and lesioned corneas (B) before, 1 minute after treating
during 10 minutes with the corresponding Na* blocker, and 10 minutes after washing the drug. Data are mean £ SEM, * P < 0.05, *P < 0.01,
paired t-test, difference between before and after treatment. (C) Sample recordings of the electrical activity of three polymodal nociceptors
in response to CO; in lesioned corneas. Activity before (1), 1 minute after treatment with the Na™t channel blocker (2) and 10 minutes after

washing the drug (3) is shown.

DISCUSSION

This study confirms that exposure of the corneal surface to a
98.5% CO, gas jet locally forming carbonic acid and protons
causing an immediate pH decrease, acts as a selective and
reproducible chemical stimulation for corneal polymodal
nociceptors, without affecting the corneal mechanonoci-
ceptor nerve terminals, which are exclusively recruited
by mechanical stimulation.> The production of a corneal
flap with a microkeratome in guinea pigs, a surgical
procedure routinely performed during LASIK photorefrac-
tive surgery in humans, produced a transient sensitization
of mechanonociceptors and polymodal nociceptors in the
corneal area surrounding the wound over 2 days. Lidocaine,
amitriptyline, and carbamazepine, three drugs with well-
known blocking effects on sodium channel currents,?>->
significantly decreased the response to CO, in intact and
lesioned corneas, without affecting the mechanical thresh-
old.

In the present model of corneal surgical injury in the
guinea pig, a corneal flap was obtained by means of a
custom-made microkeratome that resembles closely the type
of wound produced in humans in LASIK surgery. Currently,
LASIK is the most common refractive surgery procedure
worldwide.>>3 Although LASIK shows less postoperative
pain in comparison with the first excimer laser technique
introduced into refractive surgery, photorefractive keratec-
tomy, early postoperative pain is still reported as a main
symptom by LASIK patients.3°-4° Consistent with the appear-
ance of intense, acute postoperative pain in patients within
the first days after corneal refractive surgery, we show that
nociceptive corneal nerve terminal activity in guinea pigs is
maximal at days 1 and 2 after surgery.

Corneal nerves were not seen within the flap at the
time points at which nerve recordings were performed,

strongly suggesting that only those corneal nociceptive
nerve fibers with nerve terminals located outside the flap
in the cornea and bulbar conjunctiva remain functional. The
results shown in this work confirm that the chemical and
mechanical responsiveness become potentiated (i.e., sensi-
tized) as a consequence of corneal injury. Polymodal noci-
ceptors’ receptive fields are quite large,> so that a single
afferent axon innervates a large extension of the corneal
surface likely comprising areas inside and outside the flap,
suggesting that at least a part of the branches of the major-
ity of corneal nociceptor fibers were cut by the microker-
atome wound. It is well established that release by damaged
cells of the injured area of proinflammatory factors imme-
diately after corneal injury contributes to sensitization of
those corneal nociceptor terminals that remain intact.”!° In
addition, direct injury of peripheral axonal branches and
nerve terminals of corneal nociceptor neurons lead to longer
lasting, profound changes in the spontaneous and stimulus-
evoked firing activity of the affected neurons.'®-18
Nociceptive neurons express preferentially certain
sodium channel isoforms that are critical for their particular
neuronal excitability in health and disease. Their expression
and functional properties of voltage-gated sodium channels
are dynamically altered after axonal injury and inflamma-
tion. In this regard, several sodium channels have been
proposed as potential targets for pain therapeutics.?!*? In
particular, Nav 1.3 expression is augmented after sciatic
nerve axotomy,?’4! whereas inflammatory modulators such
as prostaglandin E2, adenosine, and 5-hydroxytryptamine
increase tetrodotoxin-resistant sodium currents,*?% and
the intraplantar injection of carrageenan upregulates the
expression of Nav 1.8 transcripts in rat nociceptive DRG
neurons.” Additionally, in transgenic mice lacking any
of the three sodium channels that are expressed selec-
tively in peripheral damage-sensing neurons from the
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FiGure 4. Mean frequency curves evoked by CO; pulses applied onto the receptive field of polymodal nociceptors of lesioned corneas
before (top), 1 minute after treatment with amitriptyline during 10 minutes (middle graph), and 10 minutes after washing the corresponding
the receptive field with saline solution (bottom). Data are mean = SEM; n = 4 units with response after treatment (A), 7 = 3 units with no

response after treatment (B).

trigeminal ganglia and dorsal root ganglia, namely, Nav
1.7, 1.8, and 1.9, thermal and mechanical hyperalgesia
by the intraplantar injection of inflammatory agents is
drastically decreased,~%7 suggesting a major role for these
sodium channel isoforms in the nociceptor sensitization
associated with peripheral inflammation at the injury
site. Of note, lidocaine, carbamazepine, and amitriptyline
have been reported to inhibit all the aforementioned Nav
channel subtypes expressed by nociceptors33448-50 1n
addition, in corneal nociceptive nerve terminals, func-
tional evidence suggests that tetrodotoxin-resistant sodium
currents are the primary determinant of their excitability,’!
which leads to the presumption that tetrodotoxin-resistant
sodium channels are the main contributors to the onset of
membrane hyperexcitability in corneal nociceptive termi-
nals after injury, and in turn they are the main molecular
targets of the sodium channel blockers assessed in this
work.

The present experiments show that sodium channel
blockers at the concentrations used in this work decrease
the chemical responsiveness of polymodal nociceptors, but
do not modify their mechanical threshold or the mechanical
threshold of pure mechanonociceptor fibers. In the same
way, previous works have reported that topical applica-
tion in cat corneas of certain nonsteroidal anti-inflammatory
drugs such as diclofenac, indomethacin, and flurbiprofen, as
well as the calcium channel antagonist diltiazem, diminishes
the response of corneal polymodal nociceptors to CO, stimu-
lation, although their mechanical threshold was not affected
by any of these drugs.?:5%%3

Lidocaine, carbamazepine, and amitriptyline are known
to block voltage-gated Na channels by binding to specific
amino acid residues that are located within the ion-
conducting pore of the channel.®8:5%5> Notably, the nature
of this binding site suggests that it is highly unlikely that
sodium channel blockers interact with this site in a Nav
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isoform-specific manner.3*%> Additionally, these drugs have
been described to block preferentially at inactivated and
open rather than resting channel states in a strong state-
dependent manner. Consistently, it has been reported that
the degree of inhibition of voltage-gated sodium channels by
lidocaine, carbamazepine, and amitriptyline is modulated by
the frequency of action potentials (use dependence), which
might reflect a stronger binding of the drug to the inacti-
vated and open states of the channel compared with the
resting state.??:30:53:56 This pharmacologic feature is consis-
tent with the faster buildup of inhibition evoked by sodium
channel blockers when axons fire nerve impulses at higher
frequencies, as occurs during CO, stimulation, in contrast
with the few impulses elicited with von Frey filaments to
test mechanical threshold. Moreover, blocking in a use-
dependent manner might imply a potent reduction of the
injured nerve Na* channel-mediated ectopic activity with no
effects on nerve conduction.”’

The systemic administration of analgesic adjuvants,
compounds initially used for the treatment of medical condi-
tions other than pain, are well-known to have analgesic
properties in some instances when used as primary anal-
gesics as well as adjuvants. Among them, the anticon-
vulsant carbamazepine, commonly used to control epilep-
tic seizures, is useful in treating trigeminal neuralgia.’®>°
The tricyclic antidepressant amitriptyline has pain-relieving
properties that are independent of their effects on amelio-
rating depression.®*:%! Similarly, several local anesthetics,
including lidocaine, are used to treat neuropathic pain.%-%4
However, the use of analgesic adjuvants systemically admin-
istered as primary analgesics is very limited owing to
their potential neurologic and cardiac adverse effects.%3:%5-67
Therefore, local administration onto lesioned corneas evok-
ing neuropathic pain might alleviate this condition more
safely, allowing the use of drugs at higher doses and, thus,
increasing drug efficacy. Indeed, topical ocular application
of lidocaine has been shown to ameliorate ocular pain in
patients with ophthalmic postherpetic neuralgia with the
lack of systemic adverse effects.’® Nonetheless, it should be
noted that local anesthetics are administered at much higher
concentrations in clinical practice than in the present work,
and at clinical concentrations may impair corneal epithelial
wound healing in a dose-dependent manner.”® Further, the
prolonged use of topical ophthalmic anesthetics, such as that
associated with the abuse of these drugs, may lead to severe
ocular complications.”®

The findings of this work might be clinically relevant
because the use of eyedrops containing low concentra-
tions of lidocaine, carbamazepine, or amitriptyline would
be suitable for a direct pharmacologic modulation of the
enhanced corneal polymodal nociceptor activity in patients
with neuropathic conditions, including postoperative ocular
pain.
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