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The factors that contribute to pain after nerve injury remain incompletely understood.
Laser-assisted in situ keratomileusis (LASIK) and photorefractive keratectomy (PRK)
are common surgical techniques to correct refractive errors. After LASIK or PRK, a
subset of patients suffers intense and persistent pain, of unknown origin, described
by patients as feeling like shards of glass in their eye. Here, we evaluated a TRPV1
variant, p.V527M, found in a 49-y-old woman who developed corneal pain after
LASIK and subsequent PRK enhancement, reporting an Ocular Surface Disease Index
score of 100. Using patch-clamp and Ca®* imaging, we found that the V527M muta-
tion enhances the response to acidic pH. Increasing proton concentration induced
a stronger leftward shift in the activation curve of V527M compared to WT, result-
ing in channel activity of the mutant in acidic pH at more physiological membrane
potentials. Finally, comparing the responses to consecutive applications of different
agonists, we found in V527M channels a reduced capsaicin-induced desensitization and
increased sensitization by the arachidonic acid metabolite 12-hydroxyeicosatetraenoic
acid (12-HETE). We hypothesize that the increased response in V527M channels to
protons and enhanced sensitization by 12-HETE, two inflammatory mediators released
in the cornea after tissue damage, may contribute to the pathogenesis of corneal neu-
ralgia after refractive surgery.

TRP channels | human mutation | corneal neuralgia

Neuropathic pain (NeP) is defined as pain caused by a disease or injury to the somatosen-
sory nervous system, which undetlies the perception of touch, pressure, pain, temperature,
position, and vibration (1, 2). A number of different diseases, injuries, or medications
(e.g., diabetes, surgery, trauma, nerve compression, use of chemotherapeutic agents) can
affect the peripheral and/or central nervous system (3), causing an alteration in nociceptive
signaling and modulation leading to increased sensitivity and pain. These types of injury
can alter the function of sensory nerves and increase excitatory input into the spinal cord,
where alterations in the balance of excitatory and inhibitory modulation can result in
enhanced excitability and pain (4). Although NeP represents a disabling condition that
affects millions of patients worldwide, the therapies available to treat it are often inade-
quate. This may be due to lack of diagnostic accuracy, insufficient understanding of the
pathophysiological mechanisms of pain, relative ineffectiveness of medications, and/or
side effects of existing drugs (3).

A better understanding of interindividual differences in susceptibility to NeP (5-8) is
also needed. We recently analyzed two mutations of transient receptor potential (TRP)
channels found in patients affected by trigeminal neuralgia (9, 10), showing that both
mutations contribute to abnormal hyperexcitability of trigeminal ganglion neurons, which
may predispose the carriers to the development of pain (11, 12). However, the observation
that both mutations were also found in unaffected siblings (13) suggests that these muta-
tions are not causal per se but instead act as risk factors in a multihit model.

Persistent postsurgical pain provides a model in which the exogenous insult is well
defined and can be temporally linked to the onset of pain (14, 15). Persistent pain after
laser-assisted in situ keratomileusis (LASIK) and photorefractive keratectomy (PRK), two
surgical techniques commonly used to correct myopia, provides a model in which there
is reproducible injury into trigeminal afferents. In LASIK, the distal axons of trigeminal
ganglion sensory neurons within the cornea are transected; in PRK, nerves in the subbasal
plexus and some stromal processes are ablated. After these procedures, a small subset of
patients develops intense and persistent pain, described by patients as feeling like shards
of glass in their eye (16). NeP following refractive surgery is rare; there are no population
data on prevalence. A recent retrospective series reviewing approximately 16,000 LASIK
cases performed by a single surgeon from 1996 to 2021 identified 18 instances of
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neuropathic corneal pain that occurred postprocedure, which is
1/900 cases, or occurrence of 0.11%, with no reports on PRK
enhancement among those cases (16).

A recent study investigated the contribution of genomic factors
to corneal neuralgia after refractive surgery (17), revealing, through
whole exome sequencing (WES) analysis, multiple variants in
electrogenisome-related ion channel and collagen gene panels.
Many of these variants belong to TRP channels, widely expressed
in sensory nerve terminals innervating the eye.

In the present study, we analyzed a mutation of the Transient
receptor potential vanilloid 1 (TRPV1) channel, p.V527M, found
in a woman who had LASIK in both eyes at age 30. She subse-
quently had a PRK procedure, in both eyes, at age 49. Four weeks
later, she developed severe, persistent pain in both eyes, reporting
the maximum Ocular Surface Disease Index (OSDI) score of 100.

TRPV1 is a nonselective Na*- and Ca2+-permeable cation
channel found primarily in trigeminal and dorsal root ganglion
nociceptors (18). This polymodal receptor detects a wide range
of thermal and chemical painful stimuli, playing a significant
role in nociception (19). It is activated by noxious heat (>42 °C),
protons (low pH), voltage, plant and animal toxins, and bioac-
tive lipids (20). Activators of TRPV1 engage several binding
domains, among them the intracellular vanilloid binding site
located between S3 and S4, to which capsaicin, a vanilloid found
in chili peppers, and endogenous bioactive lipids, produced
mainly during inflammation, bind (20-22). Early mutagenesis
studies (21, 23) and the more recent cryo-EM structures of the
channel (24, 25) have shown that the residues Y511, S512, and
T550 are critical for channel activation by capsaicin. Capsaicin
binds to the vanilloid pocket assuming a “tail up, head down”
configuration and the binding is mediated both by hydrogen
bonds that stabilize capsaicin head, and by van der Waals inter-
actions between the capsaicin tail and residues along the trans-
membrane region (24, 25).

TRPV1 is mainly expressed in a specific subgroup of polymodal
nociceptors, small-diameter unmyelinated C fibers, which are
slow-conducting, and express calcitonin gene-related neuropeptides
and substance P (26). TRPV1 activation in nociceptive neurons
leads to an increase in cytosolic Ca™, subsequent depolarization,
and release of inflammatory peptides from primary afferent nerve
terminals (27). TRPV1 is also activated by a variety of inflammatory
mediators such as cytokines, prostaglandins, bradykinins (BK), and
neurotrophins that act on their specific receptors by indirectly mod-
ulating TRPV1 through intracellular signaling pathways (28).

In this study, we explored the biophysical properties of the
TRPVI mutation V527M found in a patient affected by corneal
NeP and studied the effect of this mutation on excitability of
trigeminal ganglion neurons. We found that V527M exhibits an
enhanced response to acidic pH and heat and a reduced capsaicin-
induced desensitization. Trigeminal neurons expressing V527M
showed an enhanced response to acidic pH and increased sensiti-
zation by BK due to a higher affinity of the mutant channel for
the arachidonic acid (AA) metabolite, 12-hydroxyeicosatetraenoic
acid (12-HETE), one of the inflammatory mediators released in
the cornea after tissue damage.

Results

V527M Enhances Response to Acidic pH and Heat. The heterozy-
gous missense variant ¢.1579G>A results in the substitution of
valine by methionine at p.527 in transmembrane segment 3 of
the TRPV1 channel (p. Val527Met). The residue is located near
the vanilloid binding pocket, where exogenous vanilloid ligands,
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such as capsaicin, and endogenous bioactive lipids bind (Fig. 1A4).
Human embryonic kidney (HEK) 293 cells were transiently
transfected with plasmids encoding hTRPV1 wild-type (WT)
and V527M and green fluorescent protein (GFP)-positive cells
were analyzed by Ca”* imaging and patch-clamp experiments.

First, by performing Fura-2 experiments, we tested the response
of TRPV1 to capsaicin and acidic pH to understand whether the
mutation affects TRPV1 agonist response leading to a gain-of-
function or loss-of-function phenotype.

External application of 250 nM capsaicin evoked a large and
similar in amplitude increase of [C3.2+]i in both WT and V527M
channels (Fig. 1 B and D). On the contrary, Ca®* influx in
response to acidic pH (5.5) elicited a significantly larger response
in V527M mutant compared to WT channels (Fig. 1 C and E).
These results were confirmed by patch-clamp experiments.
Whole-cell currents were elicited by a voltage ramp protocol
ranging from -100 to +100 mV and TRPV1 currents were acti-
vated by perfusion with a solution containing capsaicin and
acidic solution, respectively (Fig. 1 Fand /). Capsaicin activation
elicited a current of similar amplitude in WT and V527M chan-
nels (Fig. 1 G and H), and the capsaicin dose-response curves
revealed similar ECs, values for WT and mutant receptors (267
+ 55 nM and 248 + 34 nM, respectively, Fig. 1/). On the con-
trary, the response to acidic pH was significantly higher in
V527M mutant than in WT channels (Fig. 1 K'and L). Finally,
we investigated the effects of V527M mutation on TRPV1 heat
activation properties, by recording whole-cell currents in response
to a heat ramp from room temperature to 45 °C. Activation by
heat was markedly elevated in the mutant compared with WT
(Fig. 1 M and N). Overall, these results suggest that V527M is
a gain-of-function mutation for acidic pH and heat, but not for
capsaicin.

V527M Affects pH-Mediated Channel Gating. Since protons act
as inflammatory mediators released during persistent corneal
pain after nerve injury (30), we investigated the molecular
mechanism of modulation of V527M by protons. Previous
studies have shown that acidic pH shifts the TRPV1 activation
curve toward physiological membrane potentials, functioning as
a gating modifier of the TRPV1 channel (31) similarly to heat
and capsaicin (32). We performed patch-clamp experiments on
HEK293 cells transiently expressing human TRPV1 to address
whether V527M mutant affects gating properties of TRPV1
in response to pH. Whole-cell currents were activated using a
protocol of +20 mV voltage steps from -100 to +200 mV at
different values of extracellular pH (Fig. 2 A and B). For each pH,
we plotted the conductance/voltage relationship (G/G,,,, vs. V)
and found that increasing proton concentration induced a gradual
leftward shift in the activation curve, resulting in channel activity
at more physiological potentials (Fig. 2 C and D). The half-
activation voltage (V) shifted with pH, for WT and mutant
respectively, as follows: At pH 7.3, V,,, values were 130 + 4 mV
and 133 + 6 mV; at pH 6.5, V|, were 95+ 7 mV and 87 + 7 mV;
at pH 6.0, V,,, were 38 + 7 mV and 3 + 4 mV; and at pH 5.5,
V), values were 9 £ 5 mV and -1926 mV. Overall, V,,, was
shifted by 121 £ 5 mV for WT and 152 + 6 mV for V527M when
extracellular pH was reduced from 7.3 to 5.5 (Fig. 2E). These
data show that protons activate TRPV1 causing a large leftward
shift in the voltage dependence of activation; notably, this trend
is more pronounced for the mutant, suggesting that when the pH
drops, e.g., during tissue inflammation, the activity of V527M is
increased at more physiological potentials compared to WT. This
is a gain-of-function feature of V527M.
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Fig. 1. V527M enhances response to acidic pH and heat. (A) A zoom-in view of the capsaicin binding pocket in the high-resolution structure of ratTRPV1 determined
by cryo-EM (PDB7LPE) (29). A capsaicin molecule (Caps) is colored in red. The residue V527M is located in the S3 region in proximity of the vanilloid binding pocket.
(B) Average changes in the Fura-2 ratio of HEK293 cells transfected with WT TRPV1 (black) and V527M mutant (red), in response to capsaicin (250 nM; the arrow
indicates the time of addition). (C) Average changes in the Fura-2 ratio of HEK293 cells transfected with WT TRPV1 (black) and V527M mutant (red), in response to
protons (pH5.5). (D) Average increase in Fura-2 ratio in response to capsaicin (unpaired Student's t test, n = 9 experiments, 3 transfections). (E) Average increase
in Fura-2 ratio in response to acidic pH (***P < 0.001, unpaired Student’s t test, n = 11 experiments, 3 transfections). (F) Representative | - V traces of whole-
cell currents before (gray trace) and after (black and red traces) perfusion of capsaicin (250 nM) in HEK293 cells expressing WT TRPV1 (Left) or V527M mutant
(Right). Pooled data of whole-cell current at +80 mV (G) and -80 mV (H) evoked by 250 nM capsaicin, from WT TRPV1 and V527M transfected cells. Each column
represents mean = SEM of n = 15 cells, three independent experiments (unpaired Student’s t test). (/) Concentration dependence of capsaicin responses in WT
TRPV1-channels and V527M mutant. Increasing concentrations of capsaicin were applied to cells expressing TRPV1-WT or TRPV1-V527M channels. Intervals
between applications were 3 min. The peak amplitudes of capsaicin-activated currents were measured, normalized to the maximum response measured in
each cell (which corresponds to the current elicited in the presence of 10 uM capsaicin), and plotted against capsaicin concentration. Lines represent Hill fit to
the data. The values of EC50 are as follows: 267 + 55 nM for WT and 248 + 34 nM for V527M. The values of the Hill coefficient are as follows: 1.03 + 0.11 for WT
and 1.02 £ 0.10 for V527M. (/) Representative | - V traces of whole-cell currents before (gray trace) and after (black and red traces) perfusion of acidic pH (pH
=5.5) in HEK293 cells expressing WT TRPV1 (Left) or V527M mutant (Right). Pooled data of whole-cell current at +80 mV (K) and -80 mV (L) evoked by protons,
from WT TRPV1 and V527M transfected cells. Each column represents mean + SEM of n = 15 cells, three independent experiments. **P < 0.01 and ***P < 0.001
(unpaired Student’s t test). (M) Representative | - V traces of whole-cell currents before (gray trace) and after (black and red traces) perfusion of preheated solution
(T =45 °C)in HEK293 cells expressing WT TRPV1 (Left) or V527M mutant (Right). (N) Pooled data of whole-cell current at +80 mV evoked by heat stimulus. ***P < 0.001
(n = 8 cells, unpaired Student's t test).
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Fig. 2. V527M affects pH-mediated channel gating. Representative whole-cell current traces through WT TRPV1 (A) and V527M (B) transfected cells at the
indicated pH, in response to 20 mV-voltage steps from =100 mV to +200 mV. (C) Normalized steady-state maximal conductance curves at different pH values,
obtained from current traces shown in A, recorded in HEK293 cells expressing WT TRPV1. (D) Normalized steady-state maximal conductance curves at different
pH values, obtained from current traces shown in B, recorded in HEK293 cells expressing V527M. Lines represent Boltzmann fit to the data. (F) AV, , as a function
of pH for WT TRPV1, and V527M. Lines represent Hill fit to the data. Error bars represent SEM (**P < 0.01 and ***P < 0.001, 2-way ANOVA with the Bonferroni

post hoc test, n = 10 cells).

V527M Increases Trigeminal Ganglia (TG) Neuronal Excitability.
To address whether V527M expression alters excitability of sensory
neurons innervating the eye, current-clamp recordings were
performed on cultured TG neurons transiently transfected with
WT and V527M TRPV1 plasmids.

TRPV1 plasmids were transfected in TG neurons obtained
from WT rat pups, with an efficiency of ~20% as previously
reported for primary sensory neurons (33). All experiments were
performed on small-diameter sensory neurons (diameter < 25 pm)
expressing GFP-tagged WT TRPV1 and V527M. Representative
action potential traces from WT and V527M TG neurons in
response to depolarizing current steps show that an action poten-
tial was elicited at a threshold of 200 pA for WT TRPV1 and 80
pA for V527M expressmg neurons (Fig. 34). While the basal
intracellular Ca™, as assessed by initial Fura-2 signal ratios, was
not significantly different between WT and V527M transfected
TG neurons (Fig. 3B), the resting membrane potential was signif-
icantly depolarized in V527M neurons compared to WT neurons
(WT,-50.8 £ 1.4 mV, n =22; V527M, -44.3 + 1.5 mV, n = 18;
Fig. 3C). In addition, the V527M mutation almost doubled the
evoked firing activity in TG neurons, expressed as the maximum
average number of action potentials in response to a 750 pA stim-
ulus of 1 s duration (WT, 5+ 1,n=22;V527M, 10 + 1, n = 18;

https://doi.org/10.1073/pnas.2406186121

Fig. 3D). The mean current threshold for action potential firing
in V527M transfected neurons was significantly lower compared
to WT transfected TG neurons (WT, 133 + 13 pA n = 22;
V527M, 64 + 15 pA, n = 18; Fig. 3F). Finally, Ca* imaging
experiments were performed to address whether response to pro-
tons was enhanced in TG neurons expressmg the mutant. Our
results show that the amplitude of Ca®* signals generated by
TRPV1I activation in response to protons (pH 5.5.) was signifi-
cantly increased in neurons expressing V527M compared with
WT neurons, confirming that V527M is a gain-of-function muta-
tion for acidic pH leading to increased neuronal activity under
acidic conditions (Fig. 3 Fand G).

V527M Affects Capsaicin-Induced Desensitization. Activation of
TRPV1 by agonists, e.g., capsaicin, is followed by desensitization
and tachyphylaxis of nociceptors, via a process that dampens the
ability of the receptor to respond to further application of capsalcm
or other noxious stimuli. The desensitization of TRPV1 is a Ca®*-
dependent process and involves different intracellular signaling
pathways (34). The classical model of TRPV1 desensitization
holds that the fast component of desensitization is triggered by
the Ca**-dependent binding of calmodulin to the channel while
the second phase of desensitization involves Ca**-dependent

pnas.org
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Fig. 3. V527M increases TG neuronal excitability. (A) Representative traces from a WT TRPV1 and V527M transfected TG neuron, showing current threshold (Left)
and action potential frequency (Right) in response to current stimuli shown on Top. Arrows indicate the current amplitude used to elicit the labeled response
(200 pA for WT and 80 pA for V527M, respectively). Comparison of basal Ca®* concentration (n = 11 coverslips) (B), resting membrane potential (C), maximal
number of action potentials evoked in response to external current stimuli of 1's, up to 750 pA (D), and current threshold (E) in WT (n = 22) and V527M (n = 18)
transfected neurons. Each column represents mean + SEM. **P <0.01 (unpaired Student's t test). (F) Average changes in the Fura-2 ratio of TG neurons transfected
with WT TRPV1 (black) and V527M mutant (red), in response to protons (pH 5.5); the arrow indicates the time of addition of acidic pH solution. (G) Average
increase in Fura-2 ratio in response to acidic pH (**P < 0.01, unpaired Student's t test, n = 17 for WT, 30 for V527M).

phosphorylation/dephosphorylation processes that modulate endo-
cytosis and degradation of TRPV1 in nociceptors via a clathrin-
independent pathway (35, 36).

To test the effect of the V527M mutation on agonist-induced
TRPV1 tachyphylaxis, we performed patch-clamp recordings and
measured the response to consecutive applications of 250 nM
capsaicin (Fig. 44). As expected from the classical behavior of
TRPV1 (34), we found that in WT TRPV1 channels the second
response to capsaicin was reduced to about half of the first response
(43 + 4%, Fig. 4C). We then tested the capsaicin-induced desensi-
tization of V527M under the same conditions (perfusion of 250 nM
capsaicin, 2 mM Ca® in the extracellular solution) (Fig. 4B) and
found that the ratio of the second to the first response of V527M
to capsaicin was 82 + 6% (Fig. 4C), which was significantly higher
than that of WT. Moreover, the deactivation rate was markedly
slowed down in V527M. At +80 mV, the desensitization time
constant was 7.8 + 2.3 s for WT and 25.0 + 5.3 s for V527M
(Fig. 4D). Overall, these data indicate that V527M affects the
deactivation gating process, by reducing capsaicin-induced desen-
sitization and tachyphylaxis, and thus demonstrate another pro-
excitatory effect on the mutant TRPV1.

PNAS 2024 Vol.121 No.37 2406186121

To characterize the neuronal response to capsaicin and test
whether V527M also affects desensitization of nociceptors, we
performed patch-clamp recordings in acutely dissociated
trigeminal neurons transfected with WT and V527M hTRPV1.
As shown in Fig. 4F, 250 nM capsaicin exposure of TG neurons
expressing TRPV1 WT evoked robust depolarization and a
series of spikes, followed by immediate depolarization blockade
and acute desensitization as the membrane potential recovered
quickly to resting membrane potential values, as previously
described (37). In TG neurons expressing V527M the same
stimulus with the same duration (250 nM capsaicin for 15 )
produced a significantly longer depolarization stimulus com-
pared with TG neurons expressing WT and a slower acute
desensitization induced by capsaicin (Fig. 4E). To describe and
compare acute desensitization quantitatively for TG neurons
expressing TRPV1-WT and V527M, we measured the areas
under the current curves from the beginning of the experiment
until the restoration to resting membrane potential. These
experiments showed that the mean value of the area relative to
the mutant was significantly higher than WT (850 + 253 mV*s
for WT; 2,787 + 164 mV*s for V527M, suggesting that V527M

https://doi.org/10.1073/pnas.2406186121
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Fig. 4. V527M affects capsaicin-induced desensitization. Representative time courses (Left) and | to V traces (Right) of development of TRPV1 currentin response
to two consecutive applications of 250 nM capsaicin are shown for WT (A) and V527M (B). (C) Ratios of second response/first response at +80 mV after two
consecutive applications of capsaicin. (D) Summary of desensitization single exponential time constant. Data were expressed as mean + SEM; n = 13 cells for WT
and n = 12 cells for V527M. **P < 0.01 (unpaired Student’s t test). (F) Representative current-clamp recordings (I = 0) from a TRPV1 WT and V527M transfected
TG neuron in response to capsaicin (250 nM) that was applied for 15 s. (F) Areas under the curves of current-clamp recordings (I = 0) from TRPV1 WT and V527M
transfected TG neurons in response to capsaicin (250 nM). Each column represents mean + SEM. ****P < 0.0001 (unpaired Student's t test, n = 7). (G) Time to
half maximum current (ts) in response to 250 nM capsaicin. Each column represents mean + SEM. ****P < 0.0001 (unpaired Student's t test, n = 7).

showed significantly reduced acute desensitization compared
with WT TG neurons (Fig. 4F). Finally, we compared the des-
ensitization rate of capsaicin-activated current represented by
time to half maximum current (ts, the time taken for the cur-
rent to decrease to 50% of its level after capsaicin application)
measured during the acute desensitization phase: We found
that the t;, was markedly increased in V527M-expressing TG
neurons, confirming that V527M significantly slowed-down
capsaicin-induced desensitization in nociceptors (Fig. 4G).

V527M Increases Capsaicin Sensitization by BK and Enhances
12-HETE Activation. Inflammation of the ocular surface after
nerve injury promotes the release of a large variety of chemicals
by local cells (epithelium cells, fibroblasts, mast cells, neutrophils,
monocytes, and platelets), including protons and BK (38).
Previous studies have shown that BK potentiates TRPV1 channel
activity leading to nociceptor hyperexcitability and NeP (27, 39-42).
To assess whether V257M mutation affects BK potentiation and
sensitization of the TRPV1 channel, we performed Ca* imaging

https://doi.org/10.1073/pnas.2406186121

experiments on TG neurons expressing WT and V527M hTRPV1,
respectively. Application of BK resulted in a small and not signifi-
cantly different increment of intracellular Ca®* in TG neurons
expressing WT and V527M TRPV1 channels (Fig. 5 A and B).
However, a subsequent pulse of capsaicin, the TRPV1 agonist, pro-
duced a significantly higher response in V527M-transfected neurons
compared with WT. Specifically, the response to capsaicin after BK
administration was 1.5 + 0.2-fold greater in the mutant, consistent
with a stronger enhancement of the BK-induced V527M response
than in WT (Fig. 5 4 and C).

To gain a deeper understanding of the molecular mechanism
underlying the increased BK sensitization in V527M mutant, we
performed Ca* imaging experiments in the presence of endogenous
lipids that are known to activate TRPV1 channels and are mainly
produced during inflammation (20, 43-46). We focused on the
endovanilloid lipid 12-HETE, which is a product of AA metabolism
by lipoxygenases (LOX), downstream of the Gq/G protein-coupled
receptors (GPCR) pathway (47-50) and is known to be released in

the cornea during inflammation and after tissue damage (51-58).
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Fig. 5. V527M increases capsaicin sensitization by BK and enhances 12-HETE activation. (A) Average changes in the Fura-2 ratio of TG neurons transfected with
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Average increase in Fura-2 ratio in response to 12-HETE (H) and capsaicin (/).

These experiments showed that the response to 12-HETE was
significantly increased in V527M-transfected neurons compared
with WT (Fig. 5 D and E). In addition, we observed increased
capsaicin sensitization for the mutant channel after 12-HETE appli-
cation compared with WT (Fig. 5 D and £), similar to what was
observed after BK application, suggesting that the BK-induced
increased sensitization of V527M may be linked to the increased
affinity of the mutant for the endogenous vanilloid ligand 12-HETE.
As expected, in the presence of the TRPVI antagonist BCTC
(100 nM) the effect of 12-HETE and capsaicin was completely
abolished (Fig. 5 G-1), pointing to a direct binding between TRPV1
and 12-HETE.

Discussion

PRK and LASIK are common surgical techniques to correct refrac-
tive error. These procedures provide a human model in which
there is reproducible injury into trigeminal afferents. In LASIK,
the distal axons of trigeminal ganglion sensory neurons within the

PNAS 2024 Vol.121 No.37 2406186121

cornea are transected; in PRK, nerves in the subbasal plexus and
some stromal processes are ablated. In a small fraction of patients,
these procedures are associated with persistent postoperative pain,
called corneal neuralgia (16).

Consistent with other models of pain related to nerve injury,
corneal neuralgia is attributed to an abnormal hyperexcitability
of nociceptors and peripheral sensitization, plausibly with a con-
tribution by altered activity of ion channels involved in sensory
transduction (59).

A recent study investigated the contribution of genomic factors
to corneal neuralgia after photorefractive surgery (17), revealing,
through WES analysis, several variants in electrogenisome-related
ion channel and collagen gene panels. A large number of these
variants belong to TRP channels, that are widely expressed in
sensory nerve terminals innervating the eye (60).

The terminal branches of the ophthalmic nerve exhibit specific
sensitivities to distinct stimuli due to the selective expression of ion
channels, mainly TRP channels, in the cornea: About 40% of ocular
TG neurons are polymodal nociceptors, sensitive to heat, acidity,

https://doi.org/10.1073/pnas.2406186121
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and chemicals due to the presence of TRPA1 and TRPV1 channels
and acid-sensing ion channels (ASICI and 3) (61); 50% are cold
thermoreceptors due to the expression of TRPM8 channel (62),
and 10% are mechanoreceptors due to the presence of Piezo-2
mechanosensitive channel (63). In addition, TG neurons express
voltage-gated sodium (Nay), potassium (K), and calcium (Cay) chan-
nels and ligand-gated channels, such as hyperpolarization-
activated cyclic nucleotide-gated channels, which shape neuronal excit-
ability and modulate frequency and firing pattern of nerve impulses
generated at peripheral sensory terminals in ocular tissues (64).
Dysregulation of these channels following LASIK or PRK could
contribute to corneal neuralgia.

Here, we analyzed a mutation of the TRPV1 channel, V527M,
found in a 49-y-old woman who developed persistent corneal pain
1 mo after PRK enhancement of LASIK surgery performed at age
30. The purpose of the study was to understand whether and how
the V527M mutation predisposes the carrier to the onset of cor-
neal neuralgia. The V527M variant (rs201666201) in the gno-
mAD (v4.1.0) database is 23/15930.

First, we found that V527M mutation confers a gain-of-function
attribute on the channel in acidic pH. Tissue acidosis is a common
phenomenon found in inflammation, in lesions or incisions, and
even in malignant tumors. High local proton concentrations in
inflamed tissues can excite and sensitize rat skin nociceptors (65, 66)
and can cause sustained pain in experimental acidosis of human
skin and cornea (67-69). In a rat model of postoperative pain,
incision of the hind paw caused local decrease in pH that activates
ASIC and TRPV1 channels (70). The opening of these channels
induced peripheral sensitizations that was involved in the devel-
opment and maintenance of chronic surgical pain (71).

Similarly, in the eye, protons are released from damaged cells
in the ocular surface during inflammation, after tissue injury, or
during chronic conditions (72). Our data show that TG neurons
expressing V527M generate higher Ca* influx in response to
acidic pH, suggesting that the peripheral corneal terminals express-
ing V527M are more sensitive to tissue acidosis. We therefore
hypothesize that in the patient carrying the V527M mutation,
protons released during corneal inflammation generate increased
depolarization in trigeminal neurons, inducing peripheral sensi-
tization of these afferents and leading to NeP.

However, the TRPV1 channel is known to be activated by
strong acidification, with a pH threshold for acid-induced activa-
tion between 5.9 (at 22 °C) and 6.4 (at 37 °C) (26), so the channel
is likely to be activated at pH < 6 at physiological temperatures
in the cornea. These data suggest that the acidification that occurs
during ocular inflammation is most likely not sufficient to activate
TRPV1 directly; instead, it may enhance its response to other
TRPV1 agonists, e.g., heat, voltage, or inflammatory agents, thus
intensifying painful sensations. Interestingly, our data show that
V527M affects pH-mediated channel gating, causing a leftward
shift in the voltage dependence of activation at acidic pH. This
suggests that when pH drops, for example under inflammatory
conditions, the activity of the mutant is greater than WT at more
physiological potentials and less acidic pH. Moreover, the proton
sensitivity of TRPV1 can be further enhanced by inflammatory
mediators (e.g., BK, AA metabolites, lactate, or hypertonicity)
which shift acid activation toward less acidic pH values. These
inflammatory mediators are commonly found in the cornea after
tissue damage (38). Notably, it has been previously shown that
the combination of inflammatory mediators (BK, 5-HT, PGE2,
and histamine) in acid solution (pH 6.1) can excite and sensitize
rat skin nociceptors (64).

Our results show that V527M enhances BK-induced sensitization
of TRPV1 channels. We found that the response to capsaicin after

https://doi.org/10.1073/pnas.2406186121

BK administration was 1.5 + 0.2-fold greater in trigeminal neurons
expressing V527M compared to TG neurons expressing WT TRPV1,
consistent with a stronger potentiation of the BK-induced V527M
response in trigeminal neurons that carry the mutant channel. Hence,
we can speculate that in the carrier of V527M mutation, the combi-
nation of BK and moderate acidification associated with corneal
inflammation may sensitize nociceptors and cause NeP.

It has been previously demonstrated that TRPV1 is activated, via
GPCRes, by inflammatory compounds, e.g., BK, histamine, prosta-
glandin, and serotonin, that cause sensitization of peripheral nocic-
eptors during thermal and inflammatory hyperalgesia (27, 39-42).
It has been also shown that BK sensitizes TRPV1 through protein
kinase C (PKC-) and protein kinase A (PKA)-mediated phospho-
rylation of specific intracellular Ser/Thr residues of the receptor,
resulting in increased channel activity (4042, 72-74).

Endogenous lipids such as anandamide (44) and lipoxygenase-
derived metabolites of the membrane phospholipid AA, e.g., hydrop-
eroxyeicosatetraenoic acid (HPETE) and HETE (48-50), have been
suggested as possible mediators of GPCR-activation of TRPV1.

We found that the response to the endovanilloid lipid 12-HETE,
produced during corneal pain, was significantly increased in
V527M-transfected neurons compared with WT and was com-
pletely abolished in the presence of the TRPV1 antagonist BCTC.
Moreover, the response to capsaicin after perfusion of 12-HETE was
significantly enhanced in V527M-transfected neurons, thereby elic-
iting in the mutant the same effect as BK-sensitization. These results
may support the idea that 12-HETE is the lipid mediator responsible
for the different effect of BK in the V527M-tranfected TG neurons
compared to WT TG neurons.

It remains unclear whether endovanilloids produced by LOX
metabolism downstream of Gq/GPCR signaling bind directly to
the vanilloid binding site or whether their activity depends on
phosphorylation of TRPV1 by PKC.

12- and 15-(S)-hydroperoxyeicosatetraenoic acids have previ-
ously been shown to activate the TRPV1 channel by direct binding
(48). 20-HETE, also derived from AA, activates and sensitizes
TRPV1 in humans and mice (75) and the activation involves the
Ser502 residue, which is critical for the functional phosphoryla-
tion of TRPV1 (76, 77). Recently, it has also been proposed that
endovanilloids produced by LOX metabolism promote TRPV1
activation through the combined activity of two different mech-
anisms: direct binding of TRPV1 through the endovanilloid bind-
ing site and sensitization of TRPV1 through PKC (50).

The V527 residue is located near the vanilloid binding pocket
(Fig. 1A4). This might suggest an involvement of V527 in direct bind-
ing to 12-HETE. However, the increase of BK-induced sensitization
0f V527M also seems to indicate that the mutation leads to the mod-
ification of channel gating properties through an enhanced phospho-
rylation of TRPV1. Therefore, we cannot rule out the possibility that
a combination of both mechanisms, i.e., direct binding of TRPV1
through the endovanilloid binding site and sensitization of TRPV1
through PKC, may explain the increased activation of V527M by
12-HETE and the increased sensitization of V527M by BK.

Finally, the V527M mutation decreases capsaicin-induced
desensitization. The reduced desensitization represents a
gain-of-function because the decreased extent of desensitization
would increase subsequent TRPV1 signaling in response to
repeated application of agonists. The decrease of desensitization
may influence nociceptor excitability by promoting a small but
continuous accumulation of Ca®* during repeated agonist appli-
cation, which might lead to hyperexcitability and the onset of NeP
in neurons expressing V527M.

This case is notable in that pain did not develop after the first
surgery in the presence of the TRPV1 V527M mutation.

pnas.org
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A plausible explanation is that “two hits” are required. One pos-
sibility is that the first surgery resulted in microglial priming (78).
Within this schema the second hit, PRK enhancement, caused
enhanced pain intensity and duration mediated by the V527M
mutation with its altered integration of inflammatory signals. The
eyes are subject to persistent postoperative pain much like other
organs and tissues and insights garnered from this case might help
in the prevention or treatment of other postoperative pain syn-
dromes (79). Although genetic screening is not yet mainstream
for LASIK or other elective refractive surgery, it is current practice
to screen out patients with uncontrolled autoimmune or immune-
mediated disease or uncontrolled mental illness, including anx-
iety or depression, because of association with problems such as
poor healing, reduced satisfaction, and persistent postoperative
pain (80).

Ghovanloo et al. (81) studied a Na, 1.7 mutation (P610T) found
in two siblings with persistent ocular pain after corneal refractive
surgery and found that it impaired channel slow inactivation and
conferred hyperexcitability in trigeminal ganglion neurons consist-
ent with NeP. We cannot exclude a contribution of inflammatory
pain in the present case but suggest that if inflammatory mecha-
nisms contributed to pain, this occurred following corneal axonal
injury in the context of a TRPVI mutation that increases excita-
bility of trigeminal ganglion neurons. Additionally, patients with
persistent postoperative pain after refractive surgery typically have
no clinical evidence of tissue injury or inflammation on standard
slit lamp examination of the surgical field. The cornea being trans-
parent and at the body surface is special in allowing opportunity
for such microscopic examination of a postoperative field. The more
recent use of In vivo confocal microscopy of the cornea in such
patients shows reduced nerve density, increased nerve tortuosity,
microneuromas, as well as dendritic cells, all of which suggest neu-
ropathic basis with inflammatory components (82).

In the aggregate, our results suggest a mechanism by which this
TRPV1 mutation contributes to corneal neuralgia after refractive
surgery. It also represents an example of a mutation that causes
susceptibility to NeP by increasing the excitability of trigeminal
ganglion neurons in resting conditions and, at the same time,
integrates multiple inflammatory signals, including increased sen-
sitivity to BK and protons released after trigeminal nerve injury,
into the pain-producing cascade.

Methods

Plasmid, Cell Culture, and Transfection. Patch-clamp studies were carried outin
HEK 293 cells transiently transfected with plasmids encoding human WTTRPV1 and
V527M mutant channels. For heterologous expression, cells were plated in 6-well
cell culture dishes with 2-mL growth medium (DMEM, 10% FBS, 2 mM L-glutamine,
2 U/mLpenicillin, and 2 mg/mLstreptomycin) 24 h before transfection. Transfection
was performed using Lipofectamine LTX reagent (Invitrogen) as described previously
(11, 12). Cells were incubated at 32 °C after transfection with WT and mutant to
enhance expression of TRPV1 channels at the membrane. The WTTRPV1 plasmid
was obtained from GenScript, in which the insert was cloned in-frame with 2A-GFP
atthe Cterminus of the channel in the vector pcDNA3.1.The single TRPV1-2AGFP
transcriptis translated into the separate channel protein and the transfection marker
GFP (83, 84).The V527M mutation was introduced into the TRPV1 channel using
QuikChange Lightning site-directed mutagenesis (Agilent Technologies).

Isolation, Culture, and Transfection of Rat TG Neurons. For each transfection,
TGs from three rat pups (1 to 3 d) were dissected and digested with 12.5 mg/mL col-
lagenase and 3 mg/mL dispase for 35 min at 37 °Cand then triturated. The resulting
cell suspension was filtered through a 100 pm cell strainer (VWR) to remove debris.
Transfection of TG neurons was performed as previously described (33). TG neurons
isolated were resuspended with 100 pL of Nucleofector solution (Mouse Neuron
NucleofectorTM Kit, VPG-1001, Lonza) and mixed with DNA (10 pg of plasmids).

PNAS 2024 Vol.121 No.37 2406186121

TG neurons were transfected using the Nucleofector 2b Electroporator (Lonza,
Walkersville, MD) using the protocol G-013. After electroporation, 500 pLof calcium-
free Dulbecco’s Modified Eagle Medium (DMEM) (37 °C) was added to the cell mixture
and incubated for 5 min with 5% CO, at 37 °C to allow neurons to recover. Neurons
were cultured in complete medium containing DMEM/F12, 10% of fetal bovine serum
(FBS),and 1% of penicillin-streptomycin on coverslips coated with 0.1 mg/mLof Poly-
L-lysine and 10 pg/mL of laminin and incubated with 5% CO, at 37 °C. Imaging and
patch clamp experiments were performed 24 to 48 h after culture.

Electrophysiology. Patch-clamp recordings of HEK293 cells were carried out
at room temperature, using an EPC-9 amplifier (HEKA Elektronik, Lambrecht,
Germany) controlled by PatchMaster software (HEKA Elektronik, Lambrecht,
Germany). Patch-clamp electrodes were pulled and fire polished to 4.0 £ 0.5 MQ
resistance when filled with intracellular solution, using a DMZ-Universal Puller
(Zeitz Instruments, Munich, Germany). An AgCl wire was used as a reference elec-
trode. To elicit | -V whole-cell currents, repetitive 400 ms voltage ramps (at 2 s
intervals) from =100 mV to +100 mV were applied, from a holding potential of
0 mV. Currents were sampled at 20 kHz and digitally filtered at 2.9 kHz. For sta-
tistical analysis, the currents were normalized to cell capacitance. Solutions were
applied to cells via a custom-built gravity-fed perfusion system, connected by a
5-way manifold, to a RC25 perfusion chamber (Wamer Instruments). For patch-
clamp experiments involving the activation of TRPV1 by heat, the temperature
was controlled with a Peltier PTC-20 temperature control system (NPI Electronic).

Forvoltage-clamp recordings in HEK cells, the standard extracellular solution had
the following composition (in mM): 140 NaCl, 5 KCl, 2 CaCl,, 1 MgCl,, 10 glucose,
and 10 4-(2-Hydroxyethyl)-1-piperazine ethanesulfonic acid (HEPES), buffered at
pH 7.4 with NaOH. The osmolarity of the extracellular solution was 315 = 5 mOsm.
The intracellular solution had the following composition (in mM): 140 CsCl, 0.08
CaCl,, 10 EGTA, and 10 HEPES, adjusted to pH 7.2 with CsOH (290 = 5 mOsm). For
current clamp recordings in isolated TG neurons, the extracellular composition had
the following composition (in mM): 154 NaCl, 3KCl, 1 CaCl,, 1 MgCl,, and 10 HEPES
adjusted to pH 7.4 with NaOH (350 = 5 mOsm). The intracellular solution had the
following composition (in mM): 137.5 K-Glutamate, 11 NaCl, 11 EGTA, 11 HEPES,
and 11 glucose adjusted to pH 7.2 with KOH (310 = 5 mOsm).

ca®" Imaging. Loading of HEK293 cells and TG neurons with Fura-2 AM was achieved
at 37 °Cin Krebs medium with fluorophore concentration of 5 pMand 0.01% pluronic
acid F-127 for 1 h (Fura2-AM). [Caz"]i was measured in 10 to 15 individual cells for
each experiment using alternative excitation (0.5 Hz) at 340 and 380 nm using a
Lambda DG-4 Ultra High Speed Wavelength Switcher (Sutter Instrument, Novato,
CA, USA). Images were acquired with a Zeiss Axiocam camera coupled to a 510-nm
emission filterand analyzed with Axiovision software. Ca®* imaging experiments were
performed in the following solution: NaCl 140 mM, KCI 5 mM, CaCl, 2 mM, MgCl,
1 mM, HEPES 10 mM, and glucose 10 mM, pH 7.4.The extracellular solution pH was
5.0,5.5, or 6.5 in the experiments where V527M response to acidic pH was tested.

Data Analysis. Current recordings were analyzed using Clampfit 10.7. OriginPro
2016 and GraphPad software were used for statistical analysis and data display.
Pooled data of current and imaging recordings are presented as mean = SEM.
Significance was established at P < 0.05. N is the number of “cells” used for
electrophysiological experiments or the number of “coverslips” (>10 cells) used
forimaging experiments.

To analyze the effects of the mutation V527M on the pH-mediated channel gat-
ing of TRPV1, we applied voltage steps of 20 mV from -100 to +200 mV. G/Gy,, -V
relationship data were fitted using a Boltzmann function, and pH-response rela-
tionships were fitted using a Hill equation.

Data, Materials, and Software Availability. All study data are included in
the main text.
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