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Abstract

Analgesics currently available for the treatment of pain following ophthalmic surgery or injury are
limited by transient effectiveness and undesirable or adverse side effects. The cornea is primarily
innervated by small-diameter C-fiber sensory neurons expressing TRPV1 (transient receptor
potential channel, subfamily V, member 1), a sodium/calcium cation channel expressed
abundantly by nociceptive neurons and consequently a target for pain control. Resiniferatoxin
(RTX), a potent TRPV1 agonist, produces transient analgesia when injected peripherally by
inactivating TRPV1-expressing nerve terminals through excessive calcium influx. The aim of the
present study was to evaluate topical RTX as a corneal analgesic. In rat cornea, a single
application of RTX dose-dependently eliminated or reduced the capsaicin eye wipe response for
3-5 days, with normal nociceptive responses returning by 5-7 days. RTX alone produced a brief
but intense noxious response, similar to capsaicin, necessitating pretreatment of the cornea with a
local anesthetic. Topical lidocaine, applied prior to RTX, blocks acute nociceptive responses to
RTX without impairing the subsequent analgesic effect. Importantly, RTX analgesia (a) did not
impair epithelial wound healing, (b) left the blink reflex intact and (c) occurred without detectable
histological damage to the cornea. Immunohistochemistry showed that loss of CGRP
immunoreactivity, a surrogate marker for TRPV1-expressing fibers, extended at least to the
corneal-scleral boundary and displayed a progressive return, coincident with the return of
capsaicin sensitivity. These data suggest RTX may be a safe and effective treatment for
postoperative or post-injury ophthalmic pain.
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Introduction

Safe, long-lasting pain relief following corneal abrasions, corneal ulcers or ophthalmic
surgery is difficult to achieve with current analgesics. For example, although effective
acutely, continuous topical use of local anesthetics can produce an increased incidence of
infection and corneal scarring, as well as impair the blink reflex and other non-nociceptive
sensations [16]. Alternative routes of administration such as peribulbar or retrobulbar
injections have increased risk and are also limited by transient effectiveness [7]. The use of
topical NSAIDs and acetominophen is constrained by their gradual onset and limited
efficacy [7], and the adverse side effects of systemic opioids are well known [31].
Postoperative pain remains not only a barrier to the widespread use of clinically effective
ophthalmic surgical procedures, such as photorefractive keratectomy [22], but also a burden
to patients during the recovery period.

Resiniferatoxin (RTX) is an ultra-potent agonist of the vanilloid receptor 1, now termed the
transient receptor potential cation channel, subfamily V, member 1 (TRPV1). TRPV1is an
ion channel permeable to sodium and calcium and highly expressed in nociceptive neurons
responsive to noxious heat, various endogenous algesic ligands, and the vanilloid agonist
capsaicin (CAP) found in hot peppers [4,26,29]. RTX strongly activates TRPV1 producing a
large influx of calcium, resulting in calcium-induced cytotoxicity [9,23]. Intrathecal or
intraganglionic administration can delete TRPV1-expressing neurons or lesion the dorsal
roots to permanently attenuate thermal, inflammatory and cancer pain [3,11,27]. When
administered peripherally, a single dose of RTX produces a long-lasting but reversible
analgesia by ablating nociceptive nerve terminals [11,13,21]. Previous studies have
demonstrated that 100 ng RTX injected subcutaneously into the rat hind paw produces
thermal analgesia for approximately 20 days [21]. Unlike local anesthetics that target
ubiquitous sodium channels in all axons, the specific cellular expression of TRPV1 and the
selective action of RTX leaves non-nociceptive neurons and mechanosensitive nociceptive
neurons functionally intact [11].

The cornea is densely innervated with sensory nerve fibers whose cell bodies reside in the
ipsilateral trigeminal ganglion. Nerve bundles enter the peripheral corneal stroma in its
middle third, divide dichotomously as they extend toward the center of the cornea, branch
into a sub-basal plexus between the stromal and epithelial layers, and terminate between the
epithelial cells of the basal layer and more superficial layers [14,15,18]. All the epithelial
layers contain nerve terminals except the two most superficial layers. Nerve terminals in the
corneal epithelium are unmyelinated and exhibit a high frequency of TRPV1 expression
[19,20], consistent with the cornea’s acute sensitivity to noxious stimuli. A previous study
showed that topical CAP reduced corneal sensitivity of As polymodal units to chemical and
thermal activation at 5 min [1]. We reasoned that RTX, a far more potent agonist, could
produce a long-duration inactivation of TRPV1-expressing nerve endings when applied
topically to the corneal surface, providing effective, long-lasting, reversible analgesia
without the side effects and limitations presented by other treatments. In this investigation
we used gross histology, immunohistochemistry, molecular biological, and behavioral
techniques to demonstrate that topical RTX provides prolonged analgesia without damaging
the cornea or impairing wound healing.
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NIH Guidelines for the Care and Use of Laboratory Animals were followed and the National
Institute of Dental and Craniofacial Research Animal Care and Use Committee approved the
protocol. Male Sprague-Dawley rats (175-300 g) were used for all testing, housed under a
12 hr light-dark cycle, and had access to food and water ad libitum.

Administration of RTX

Rats were anesthetized with 3% isoflurane during RTX administration. RTX was prepared
as0.02,0.2,1,2o0r 20 pug (1.6 pM to 1.6 mM) in 20 pL vehicle (7.5% Tween 80 and 0.05%
ascorbic acid in phosphate buffered saline, PBS). Ten microliters were pipetted directly onto
the corneal surface as the eyelids were gently retracted for 1 min, after which the eye was
manually shut. The procedure was repeated with the remaining 10 pl. Each rat received
RTX unilaterally while the contralateral eye served as an internal control for behavioral
testing (n=5-6 per dose). RTX applied directly to the eye transiently stimulates the
nociceptive endings and caused vigorous squinting, even with isoflurane anesthesia.

Lidocaine pretreatment

To reduce the nociceptive, stimulatory component of RTX application to the cornea, we
pretreated rats with topical lidocaine 5 to 10 min prior to RTX. A 2% lidocaine solution was
applied to the cornea in two consecutive 10 pL doses for 1 min each (similar to above). To
evaluate whether lidocaine pretreatment impaired the therapeutic actions of RTX, rats
received lidocaine alone, RTX alone, or lidocaine plus RTX (n=5 per group) and were
subsequently evaluated with the capsaicin eye wipe test.

Capsaicin eye wipe test

To evaluate the analgesic effect of RTX, we introduced a capsaicin (CAP) solution to the
eye and monitored the eye wipe response, as previously described [11]. A 5% CAP (164
mM), 0.2% ascorbic acid (11 mM) stock solution in 75% ethanol was prepared. The CAP
stock solution was diluted to 0.02% (655 M) using saline supplemented with 0.2% ascorbic
acid. The awake rat was gently restrained by loosely wrapping it in a surgical towel. The
eyelids were retracted by the experimenter and 50 pL 0.02% CAP was rapidly ejected from
a pipette onto the cornea. The rat was quickly removed from the towel and placed onto a
table top for observation. Eye wipes were counted. The wiping response typically lasted less
than 30 sec, consistent with an early burst of A activity recorded from corneal polymodal
units [1]. Rats always wiped with the forepaw and sometimes rapidly scratched the eye with
the hind paw. Each burst of hind paw scratches was counted as one wipe. Rats were
subsequently challenged with 50 pL of the dilute CAP vehicle (0.2% ascorbic acid, 0.3%
ethanol in saline) in the control eye. To avoid capsaicin-induced desensitization [1,11], each
eye was only tested once. Thus, a different group of rats was used for each time point. Eye
wipe response data was analyzed with 2-way ANOVA (time course) or a paired t-test (dose
response), with pairing between the treated and control eye of each rat tested.

Von Frey test

Rats were wrapped in a surgical towel and gently held by hand. Using a set of calibrated von
Frey hairs (Stoelting Co., IL, USA), blink response was assessed in untreated controls and
rats that received either 2 pg RTX or 20 pL of 2% lidocaine (N=4 per group). RTX and
lidocaine were applied 24 hr and 10 min before testing, respectively, as previously
described. To assess blink response, von Frey hairs of ascending stiffness (0.005, 0.023,

Pain. Author manuscript; available in PMC 2011 June 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bates et al.

Page 4

0.028, 0.068, 0.166, and 0.407 g) were used to mechanically stimulate each cornea 5 times,
as previously described [2].

Evaluation of corneal integrity after RTX

Capsaicin spray (pepper spray) has been reported to cause transient, minor corneal epithelial
changes [30]. However, the pepper spray formulation includes high concentrations of both
CAP (180 mM) and isopropyl alcohol (64%), whereas we used a maximum RTX dose of 1.6
mM formulated in the RTX vehicle (7.5% Tween-80, 0.05% ascorbic acid in PBS).
Ophthalmic fluorescein strips were used to assess gross morphological changes in the cornea
following RTX administration (n=2). Under ultraviolet light, areas of intense fluorescence
indicate regions of epithelial damage (e.g., abrasions). We examined corneas with
fluorescein before 2 ug RTX and 24 hr after administration. At 24 hr, the animal was
euthanized and the eye imaged under a fluorescent dissecting microscope.

Control and treated eyes (2ug RTX, n=4) were also histologically compared. Eyes were
enucleated 24 hr after treatment, post-fixed in 10% formalin, embedded in methyl
methacrylate, and sectioned at 2 microns. Tissue was stained with hematoxylin-eosin (H&E)
or periodic acid-Schiff (PAS) and evaluated in a masked fashion with respect to treatment
status.

Epithelial healing and RTX

RT-PCR

Rats received 20 pg RTX in one eye and vehicle contralaterally. While still anesthetized, the
corneal epithelial layer was debrided in both eyes as previously described [8,25] (n=7).
Briefly, a 3 mm disk of filter paper was soaked in n-heptanol and placed on the corneal
surface for 30 s, after which the eye was flushed repeatedly with excess saline. The wounded
area stained intensely with fluorescein and was clearly visible with a dissecting microscope
under UV illumination. Wound width was acquired by measuring with digital calipers at 0,
10, 15, 22, 32, 37, and 42 hr and is reported as the average of measurements made in the
dorsal-ventral and medial-lateral dimensions. Assessment of significance in average wound
width in RTX- and vehicle-treated eyes over time was made using 2-way ANOVA.

RNA was extracted from excised rat corneas or trigeminal ganglia using a RNeasy Mini Kit
(Qiagen Inc., Valencia, CA, USA). RNA was quantified fluorometrically using RiboGreen
reagent (Invitrogen) and a fluorescent plate reader (Molecular Devices, Sunnyvale, CA,
USA). Eight nanograms (ng) of total RNA were used per 25 pl reaction using the Access
RT-PCR system (Promega, Madison, WI, USA). The primer sequences used for TRPV1
were 5’-GCACCTAGCTGGTTGCAAAT-3’ (forward) and 5’-
TCCTCATAAGGGCAGTCCAG-3’ (reverse). The RT-PCR reaction was carried out using
a Robocycler (Stratagene) thermal cycler according to the manufacturer’s instructions.
Briefly, one cycle (45 min at 48 °C) was used for reverse transcription. This was followed
by one cycle (2 min at 94 °C) of transcriptase inactivation and 36 cycles of denaturation,
annealing and extension (94 °C for 30 s, 55 °C for 1 min, and 68 °C for 2 min; respectively).
A final extension cycle was done at 68 °C for 7 min. RT-PCR products were resolved on
ethidium bromide-stained agarose gels (2%) and the image of the gel was captured with an
Alphalmager (Alpha Innotech, San Leandre, CA, USA). GPDH expression was also
obtained for normalization using 2 ng of total RNA that was amplified for 23 cycles. The
primer sequences used for GPDH are 5’-ACCACAGTCCATGCCATCAC-3’ (forward) and
5’-TCCACCACCCTGTTGCTGTA-3’ (reverse). The RT-PCR methodology has been
described in detail [17].
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Immunohistochemistry

Results

After euthanasia by CO, inhalation, rat cornea was excised from the eye using a scalpel.
Whole-mount immunofluorescence was performed as previously described [24], with a few
modifications. Briefly, the cornea was fixed in a 4:1 solution of methanol and dimethyl
sulfoxide for 30 min at room temperature followed by an additional 90 min at —20°C. The
cornea was then rinsed twice in pre-chilled methanol for 10 min at —20°C followed by
successive rinses in 70%, 50% and 30% methanol at room temperature for 3 min each. After
two washes in PBS, the cornea was incubated in blocking solution comprising 10% normal
horse serum and 0.1 % Triton X-100 in PBS. For immunostaining, rabbit anti-rat CGRP [28]
and mouse anti-p-tubulin 111 (Abcam, Cambridge, MA, USA) antibodies were combined in
blocking solution at a concentration of 1:1000 and 1:200, respectively. Whole cornea was
incubated in the primary antibody solution for at least 48 hr at room temperature to allow for
adequate penetration through the multiple layers. The corneas were then rinsed three times
in PBS and blocked for another 20 min. Donkey anti-mouse and donkey anti-rabbit
secondary antibodies conjugated with Alexa Fluor 488 or Alexa Fluor 594 (Invitrogen,
Carlsbad, CA, USA), respectively, were used for detection. Secondary antibodies were
diluted in blocking solution and incubated on corneas for at least 24 hr. Corneas were then
washed twice for 5 min in PBS, incubated overnight in fresh PBS, and whole mounted on
slides with Fluoromount-G (Southern Biotech, Birmingham, AL, USA).
Immunofluorescence was detected by confocal microscopy using a Leica TCS SP2
microscope (Wetzlar, Germany) and images were captured using Leica software. To label
the nuclei, 18.3 mM 4',6-diamidino-2-phenylindole (DAPI) was added to the blocking
solution containing secondary antibodies.

To quantify the amount of CGRP staining, cornea whole-mounts were viewed under an epi-
fluorescent microscope with a 40x objective. Corneas were labeled 24 hr, 12 d, and 4 mo
following treatment with 20 pug RTX or vehicle (n=4-5 per group per time point). Ten fields
of view with clear B-tubulin staining in both stromal fibers and the sub-basal plexus were
chosen throughout each cornea. Each field was subsequently assessed as positive (any
visible fiber staining) or negative for CGRP staining. Data were analyzed using Fisher’s
exact test.

RTX dose response

When CAP was applied to control (untreated) eyes, the rats immediately began wiping with
their forepaws and occasionally the ipsilateral hindpaw; the wiping response generally
persisted for less than 30 sec. The mean number of wipes in the untreated eye was 16.6 +
0.9, and this response was not affected by treatments to the opposite eye (e.g., RTX). The
effect of RTX on the eye wipe response was dose-dependent. The lowest doses of RTX
tested (0.02 and 0.2 pg) were ineffective at suppressing the CAP eye wipe response at any
time point examined, 1ug of RTX reduced but did not eliminate the wiping response, 2 jig
RTX eliminated the response in 3 of 5 rats, and 20 ug RTX eliminated the response in all
rats at the one day time point (Figure 1 A).

RTX Time Course

Rats treated with 2 and 20 pg RTX had a markedly decreased CAP eye wipe response 2 hr
after treatment (Figure 1 B). At 1 and 3 days post-treatment with 2 ug RTX, the eye wipe
response remained inhibited (p < 0.001 for both times), with mean eye wipes of 1.4 £ 0.9
and 2.0 + 0.6, respectively. Normal response in eyes treated with 2 pg RTX returned by 5
days. The 20 ug dose completely blocked the eye wipe response at days 1 and 3, and
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continued to have a significant effect until day 5 (11.6 * 3.9; p=0.048) before returning to
baseline at day 7 (14.4 + 4.4).

Lidocaine Pretreatment and RTX

Pretreatment with lidocaine 5 to 10 min prior to RTX administration significantly reduced
the nocifensive behavior caused by RTX, characterized by vigorous squinting following
application. Of 5 rats that received lidocaine and RTX, 3 showed no response to RTX and 2
had a markedly diminished squinting response. Lidocaine did not impair the analgesic
effects of RTX (Fig 1 C). The capsaicin eye wiping response one day after receiving
lidocaine and RTX did not significantly differ from responses observed after RTX alone.
Lidocaine alone produced no significant effects when the CAP eye wipe test was performed
at 24 hr after application.

Von Frey test

The blink response, elicited by touching the cornea with von Frey hairs, was not
significantly affected by topical application of 2 pg RTX (Fig 1 D). The positive control, 2%
lidocaine, markedly reduced the blink response frequency. With a 0.023 g von Frey
filament, the mean + SEM blink response frequency was 50 + 12% for RTX compared to 55
+ 13% for untreated controls (equivalent to random chance), and was reduced to 20 + 12%
after lidocaine.

Corneal integrity after RTX

Corneal damage was not observed 24 hr following RTX administration. Under gross
inspection using a fluorescent dissecting microscope, fluorescein-stained RTX-treated and
control eyes were indistinguishable, indicating the absence of corneal surface abrasions or
other damage to the epithelium. Neither H&E nor PAS staining revealed an increase in
epithelial cell edema, glycoprotein, irregularity, or any other indication of damage (Fig 2 A—
D). The stroma, Decement’s membrane, and endothelium were entirely normal. Consistent
with the lack of damage to the epithelium, we did not detect TRPV1 expression in corneal
epithelial cells (Fig 2 E). The RT-PCR conditions used here (8 ng RNA and 36 cycles) were
designed to detect very low levels of TRPV1 [17]. TRPV1 expression was easily detected
after 30 cycles (8 ng RNA) in trigeminal ganglia, used as a positive control (Fig 2 E).

Epithelial wound healing

We evaluated the effect of RTX treatment on corneal wound healing following chemical
debridement of corneal epithelial cells by n-heptanol. The region of debrided epithelium
healed at a similar rate in eyes treated either with 20 ug RTX or vehicle (Fig 3 A).
Measurement of average wound width during healing revealed that all wounds healed by 42
hr. At all time points tested (0 to 42 hr), average wound width in RTX- and vehicle-treated
eyes was not significantly different (Fig 3 B-D).

Immunohistochemistry

To visualize ablation (loss of immunoreactivity) of TRPV1-positive corneal nerve fibers
after RTX, we co-stained corneas for the pan-neuronal marker p-tubulin and the
neuropeptide CGRP, which has been reported to be expressed primarily in TRPV1-positive
corneal nerves [19]. Fig 4 A-C shows B-tubulin-immunoreactivity in fibers penetrating the
stromal (arrows) and sub-basal plexus (asterisks) layers as well as in distal nerve terminals
projecting towards the surface of the cornea (plus sign). Under our immunohistochemical
conditions, in control corneas, CGRP staining was readily visualized in nerve fibers of the
stromal layer (Fig 4 D), which are generally bundled and larger [14,15,18]. Our procedure
was not sensitive enough to resolve CGRP in the very small-caliber distal terminals or in
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sub-basal plexus fibers. Fig 4 D—F shows that loss of CGRP immunoreactivity was clearly
seen at the level of the stromal fibers. Administration of 20 pg RTX significantly reduced
CGRP staining at 24 hr and 12 days after treatment (p<0.001 and p=0.005, respectively)
while sparing other fibers as indicated by the retention of B-tubulin labeling. Vehicle-treated
corneas had CGRP staining in 94 = 2% of fields examined. RTX-treated corneas had CGRP
staining in 18 + 8% of fields at 24 hr, 68 + 7% of fields at 12 days, and 100% of fields at
four months.

Discussion

The present data demonstrate that topical application of RTX to the cornea significantly
inhibits nociception as assessed by the CAP eye wipe test. The effects are profound but
reversible; the maximum effect is present for at least 3 days but less than 5 days. RTX elicits
a dose-dependent analgesic effect, with 0.2 ug exhibiting no analgesic actions and 20 ug
entirely blocking the CAP eye wipe response. Complete behavioral recovery occurred
between 5-7 days. We also observed that RTX resulted in a temporary loss of CGRP-
expressing nociceptive fibers; the majority of fibers returned within 12 days and, while
intermediate time points were not examined, full recovery was seen when assessed at four
months. Importantly, RTX caused no apparent damage to the cornea, did not affect the
normal blink response, nor did it impair wound healing.

RTX is a potent vanilloid receptor agonist. Therefore, application of RTX initially evokes a
nociceptive response upon binding to and activation of TRPV1. However, since RTX
maintains TRPV1 in an open state, causing sustained influx of calcium through the channel,
the end result is calcium-induced cytotoxicity and inactivation [13]. RTX has therefore been
used to ablate TRPV1-expressing neurons and/or their central projections to obtain
permanent analgesia via intraganglionic, intracisternal and intrathecal injection [3,11]. In
contrast, peripheral injections of RTX result in a distal axonopathy (dying back) of TRPV1-
expressing nociceptive fibers with significant (or complete) preservation of TRPV1-
expressing neurons in the ganglion [21]. This manipulation therefore results in temporary
analgesia and subsequent return of normal nociception. It is noteworthy that RTX does not
have an impact on sensory neurons and fibers that do not express TRPV1, thus sensory
modalities such as proprioception and tactile discrimination are preserved [23] and, in
particular for the cornea, the blink reflex.

In the present study, 2 pg RTX was used to achieve prolonged, but temporary, analgesia
when applied to the cornea. This dose is 200x greater than that necessary to produce dying
back of nociceptive fibers after subcutaneous injection into the paw [21]. Several differences
in the delivery method may account for the increased dose. When RTX is directly injected
into the paw, the drug has unimpeded access to TRPV1-expressing fibers. In contrast, in the
present study, RTX was applied topically to the cornea. The corneal epithelium, which is
several cell layers thick (six in humans), appears to present a significant barrier to
penetration of the drug. A lower dose might be more effective with increased exposure time
of the cornea to RTX. Here, we used two brief (one-minute each) applications of RTX;
future studies can be performed to determine whether increasing the exposure time will shift
the dose-response. Furthermore, although we applied 20 pl of solution to the cornea, only a
thin film makes direct contact with the eye and there is likely a local dilution effect due to
tear production.

The stromal layer of the cornea contains bundles of nerve fibers that enter from the
peripheral border and extend toward the center of the cornea. In control and vehicle-treated
eyes, we observed that all fibers within bundles were positive for B-tubulin I11. In contrast,
only a subpopulation of the fibers within bundles was positive for CGRP, a surrogate marker
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used to identify TRPV1-expressing nociceptive fibers [19]. After application of RTX, B-
tubulin I11 fibers were still detected in the bundled fibers. CGRP-staining was largely absent
in the bundles 24 h after RTX application, indicating that the CGRP-positive fibers were
ablated within bundles or CGRP-containing vesicles were eliminated following RTX
treatment. By day 12, the proportion of bundles that contained CGRP-positive fibers
significantly increased compared to 24 hr. The majority of fields examined under high
power (40% objective) showed staining, suggesting that the fibers had regenerated or had
been replenished with CGRP. Importantly, it appeared that CGRP-positive fibers
regenerated along the intact bundle tracts, thereby maintaining a normal pattern of stromal
innervation. By four months, CGRP staining had returned to baseline, indicating complete
restoration of corneal nociceptive innervation. Full return of nociceptive behavior following
RTX treatment occurs substantially earlier than complete return of CGRP-positive fibers (5
days vs >12 days, respectively). This is consistent with the idea that a partial return of
nociceptive fibers is sufficient to elicit a normal eye wipe response to CAP. The sensory
endings in the conjunctiva and eyelid are also exposed to RTX at the same time as the
cornea. Thus, it is possible that, while these endings may be similarly inactivated by RTX,
they return more quickly than those in the cornea and contribute to reestablishment of a
normal eye wipe response.

The present study disclosed no overt adverse side effects associated with corneal application
of RTX. When grossly assessed using fluorescein and histology, resident corneal cells
appeared unaffected by a single dose of RTX. Local anesthetics, however, are precluded
from chronic use (i.e., several days of analgesia) due to direct corneal toxicity [16] and are,
therefore, not appropriate agents for post-operative pain control during recovery from
ophthalmic surgery. The absence of TRPV1 mRNA in corneal epithelial cells suggests that
RTX acts only on TRPV1-expressing nerve fibers innervating the cornea whose cell bodies
reside in trigeminal ganglia. In fact, non-TRPV1-expressing cells and processes are resistant
to RTX toxicity at doses that are clearly cytotoxic to TRPV1-expressing neurons in sensory
ganglia [5,11]. A previous study which relied primarily on immunohistochemical methods to
detect TRPV1 suggested that TRPV1 is expressed in human and mouse corneal epithelial
cells [32]. In the present study, we used RT-PCR in the cornea with amplification conditions
(36 cycles; 8 ng total RNA each) that were far more sensitive than those required to robustly
detect mMRNA in our positive control, the trigeminal ganglion (30 cycles; 8 ng total RNA
each). Thus, if TRPV1 mRNA is present in corneal epithelial cells, the transcript levels are
very low and, likely, the amount of receptor protein produced is too limited to trigger
detectable epithelial cell toxicity. It should be mentioned, however, that application of
pepper spray, which resulted in varying degrees of corneal desensitization between 30 min
and 1 week, did cause epithelial cell toxicity [30]. The pepper spray used contains 64%
isopropy| alcohol vehicle and extremely high CAP concentration (180 mM versus 1.6 mM
RTX in the present study), and the vehicle, the CAP or the combination may produce
toxicity. Mechanical sensitivity was also reduced by pepper spray, which is not likely to be a
direct effect of CAP on TRPV1-expressing fibers as it has been reported that response to
mechanical stimulation is primarily mediated by endings that are negative for TRPV1
staining [6].

Unlike local anesthetics, we found no effect of RTX on protective mechanosensitive
behaviors mediated by non-nociceptive fibers, such as the blink response. RTX-treated rats
maintained a blink response to mechanical stimulation identical to untreated controls,
whereas the blink reflex was clearly blocked by lidocaine pretreatment. Also, RTX did not
affect wound healing, in contrast, local anesthetics have been reported to impair healing
[10].
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There are several conditions that lead to acute corneal pain including surgery (e.g.,
photorefractive keratectomy, PRK), corneal abrasions, and corneal ulcers. In the present
study, a single application of RTX produced analgesia lasting between 3 and 5 days.
Chronic pain conditions may require multiple applications to achieve longer lasting
analgesia and the reapplication point would have to be determined empirically. For treating
acute corneal pain, it is likely that a single application of RTX is sufficient. In clinical
settings, this may be relevant for patients undergoing PRK, a reliable but lesser-used
refractive surgery, partially because of the associated acute pain.

RTX may be a valuable tool for managing post-surgical eye pain with many clear
advantages over local anesthetics, NSAIDs, and opioids. Examination of translational
clinical pain models in, for example, large animals such as the horse, which frequently
develop painful eye problems, will allow further optimization of drug delivery and
evaluation of the clinical utility of RTX as a corneal analgesic.
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Figure 1.
RTX suppression of CAP eye wipe response 1 day after treatment was dose-dependent (A).

Doses of 0.02 and 0.2 ug had no significant effect, while doses of 1 pug and above reduced or
eliminated eye wipe response. Stars indicate statistical difference from the contralateral eye
using a paired t-test; number of stars indicates the p-value (one star, p<0.05; 2 stars, p<0.01;
3 stars, p<0.001). A single dose of RTX applied to the corneal surface ablates the eye wipe
response to 0.02% CAP for several days (B). Contralateral eyes received no treatment prior
to the CAP eye wipe test. By day 7, response in RTX-treated eyes normalized. Animals
treated with 0.02 and 0.2 pg RTX were only assessed at 2 hr and 1 day, as no effect was
observed. As determined by 2-way ANOVA, stars indicate statistical difference between 2
pg RTX and vehicle and pound signs indicate statistical difference between 20 ug RTX and
vehicle. Lidocaine pretreatment does not interfere with RTX therapeutic action (C). Animals
received RTX alone, lidocaine alone, or lidocaine pretreatment 5 to 10 minutes prior to RTX
(n=5 per group). The eye wipe test was performed one day later. RTX suppressed eye wipe
response, both with and without lidocaine pretreatment. Lidocaine alone had no effect on
eye wipe response 24 hr after application. Lidocaine did blunt the nociceptive stimulation
that occurred with acute application of RTX. Treatment with 20 ug RTX spares corneal
blink response to mechanical stimulation with von Frey hairs (D). 20 pg RTX or 20 pL 2%
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lidocaine was applied topically onto the cornea 24 hr and 10 min, respectively, before
testing, with the contralateral eye receiving no treatment (n=4 per group). VVon Frey hairs
were touched to the corneal surface to assess blink response. Each hair was touched 5 times
to each eye. RTX had no significant effect on the sensitivity of blink response, while
lidocaine significantly suppressed response.
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Figure 2.

RTX-treated and untreated corneas were histologically indistinguishable using H&E and
PAS staining. Corneas were acquired 24 hr after treatment with 2 pg RTX, post-fixed in
10% formalin, and embedded in methyl methacrylate. Sections were stained with H&E or
PAS and evaluated by a masked observer. “E” indicates the epithelial layer and “S”

indicates the stromal layer. (A) H&E untreated; (B) PAS untreated; (C) H&E 2 ug RTX; (D)

PAS 2 ug RTX. Scale bar =200 um. (E) RT-PCR shows TRPV1 transcripts are expressed
in trigeminal ganglia (TG) but not the cornea, using GPDH as a normalizing control. Thus,
RTX likely has no direct effect on resident corneal cells.
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Figure 3.
Corneal wound healing rates were not significantly different for eyes treated with 20 pg

RTX or vehicle (A). The epithelial layer was removed from an area of the cornea by
applying a circle of filter paper soaked in n-heptanol to the cornea for 30 s, followed by
copious saline flushing. The wound was visualized at 0, 10, 15, 22, 32, 37, and 42 hr by
applying fluorescein solution to the cornea under UV light and the width of the wound was
measured with digital calipers in the dorsal-ventral and medial-lateral dimensions. 2-way
ANOVA identified no significant difference between average wound widths of RTX- and
vehicle-treated eyes at any time point. The area of debridement contracted over time as it
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was reepithelialized from the edge, and complete reepithelialization occurred by 42 hours in
all eyes (B, C, and D). Scale bar: 2 mm.
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Figure 4.
Immunohistochemistry shows selective, long-lasting, reversible removal of CGRP-positive

fibers from the rat cornea following topical RTX. Staining of the cornea with the
panneuronal marker B-tubulin 111 (green) reveals large fiber bundles in the stroma (arrows)
giving rise to a sub-basal plexus of parallel fibers at the interface of the epithelial and
stromal cell layers (stars) and terminating in the superficial epithelium (plus sign) (A,B,C).
Red line (A) denotes the boundary between the epithelial and stromal cell layers as seen
from a cross-sectional perspective. Scale bars: A — 25 pm; B - 500 um; C - 100 um. (D, E,
F) CGRP staining (red), a surrogate for TRPV1, is removed following RTX. Vehicle-treated
eyes showed strong CGRP staining in stromal fiber bundles (D). 24 hr after treatment with
20 pug RTX, CGRP staining was significantly reduced (E), with most stromal fiber bundles
showing no CGRP staining. CGRP staining partially returned by 12 d following RTX
treatment (not shown), and had returned completely when assessed at four months (F).
CGRP-positive nociceptors returned along bundle tracts. Scale bar is 25 pm.
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