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Purprosk. Dry eye—induced chronic ocular pain is also called ocular neuropathic pain.
However, details of the pathogenic mechanism remain unknown. The purpose of this
study was to elucidate the pathogenic mechanism of dry eye-induced chronic pain in
the anterior eye area and develop a pathophysiology-based therapeutic strategy.

MetHODS. We used a rat dry eye model with lacrimal gland excision (LGE) to eluci-
date the pathogenic mechanism of ocular neuropathic pain. Corneal epithelial damage,
hypersensitivity, and hyperalgesia were evaluated on the LGE side and compared with
the sham surgery side. We analyzed neuronal activity, microglial and astrocytic activ-
ity, a26—1 subunit expression, and inhibitory interneurons in the trigeminal nucleus. We
also evaluated the therapeutic effects of ophthalmic treatment and chronic pregabalin
administration on dry eye—induced ocular neuropathic pain.

Resurts. Dry eye caused hypersensitivity and hyperalgesia on the LGE side. In the trigem-
inal nucleus of the LGE side, neuronal hyperactivation, transient activation of microglia,
persistent activation of astrocytes, a,6—-1 subunit upregulation, and reduced numbers
of inhibitory interneurons were observed. Ophthalmic treatment alone did not improve
hyperalgesia. In contrast, continuous treatment with pregabalin effectively ameliorated
hypersensitivity and hyperalgesia and normalized neural activity, «,5—1 subunit upregu-
lation, and astrocyte activation.

Concrusions. These results suggest that dry eye—induced hypersensitivity and hyperalge-
sia are caused by central sensitization in the trigeminal nucleus with upregulation of the
«26-1 subunit. Here, we showed that pregabalin is effective for treating dry eye-induced
ocular neuropathic pain even after chronic pain has been established.

Keywords: dry eye, corneal hyperalgesia, voltage-gated calcium channel «,;5-1 subunit,
pregabalin

D ry eye exhibits a variety of clinical manifestations,
including discomfort, pain, and surface damage.! With
a prevalence of approximately 5% to 30%, dry eye is a
common disease.>* Risk factors for dry eye have increased
in recent years because of the increased use of contact lenses
and work involving visual display terminal use.’> Chronic
pain caused by dry eye is sometimes described as “corneal
pain without stain” or “phantom cornea.” Many patients
whose symptoms do not match the clinical findings in the
anterior segment of the eye experience significantly reduced
quality of life because of dry eye-induced chronic pain.}7-?
However, because there is currently no effective treatment,
the present study was conducted to facilitate establishment
of a treatment based on the pathogenic mechanism of the
disease.

Noxious stimuli to the cornea are received by nociceptor
fibers such as the corneal and ciliary nerves and conducted
through the trigeminal ophthalmic nerve branch and trigem-
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inal ganglion to the trigeminal nucleus in the bridge of the
brainstem, where the signals are transmitted to second-order
neurons. Nociceptive signals are finally transmitted to the
somatosensory cortex and perceived as pain or unpleasant
dysesthesia.

Chronic pain caused by corneal epithelial damage in
the anterior segment of the eye has been referred to as
“ocular neuropathic pain.”’’ Patients with ocular neuro-
pathic pain present with photoallodynia, symptoms of
burning, irritation, dryness, and grittiness in the eyes.!’’
When chronic dry eye patients present with ocular surface
pain after recovery from corneal epithelial damage, persis-
tent pain under ocular anesthesia, corneal hypersensitivity,
or allodynia, it has been suggested that the neuropathic
pain may have developed at the level of the trigeminal
nerve or upper neurons. However, the mechanism under-
lying dry eye-induced ocular neuropathic pain remains
unknown.
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Neuropathic pain is defined by the International Asso-
ciation for the Study of Pain as “pain caused by a lesion
or disease of the somatosensory nervous system.”” A previ-
ous study investigated the pathogenic mechanism of neuro-
pathic pain in the dorsal root ganglion and spinal dorsal
horn (SDH) using an animal neuropathy model.!’ In the
SDH, activated microglia are reportedly involved in the onset
of neuropathic pain.!! On the other hand, activated astro-
cytes have been shown to play critical roles in maintaining
neuropathic pain.!?

Voltage-gated Ca*" channels consist of a pore-forming «;,
subunit and accessory B and «,8 subunits. The a8 subunits
play essential roles in membrane transport and Ca** channel
function,'>'* and among the four subtypes of the «,8 subunit
family, @,8-1 is ubiquitously expressed.!® In a previous study
using a mouse spinal nerve ligation model, we found that
the a,6-1 subunit protein level is significantly increased in
the dorsal horn because of up-regulated expression in the
dorsal root ganglion on the injured side of the spinal cord.'®
It has also been reported that «,5-1 transgenic mice develop
tactile allodynia.!” Therefore the a,8-1 subunit is thought
to play an essential role in the development of neuropathic
pain.lS’M

Gabapentinoids have been tried to treat ocular neuro-
pathic pain symptoms.!® Pregabalin, a member of the
gabapentinoid family, is reportedly effective in relieving
neuropathic pain by attenuating voltage-gated calcium chan-
nels, excitatory amino acid transporters, potassium chan-
nels, N-methyl-D-aspartate receptors, and inflammation."
However, details of the mechanism linking the develop-
ment of neuropathic pain of corneal origin in the trigemi-
nal nerve with the effects of pregabalin remain to be eluci-
dated. Therefore we planned this study with the aim of
elucidating the pathogenic mechanism of dry eye-induced
chronic pain in the anterior eye area to facilitate devel-
opment of a therapeutic strategy based on the underlying
pathophysiology.

METHODS
Animals

This study was approved by the Toho University Animal
Care and User Committee and conducted in accordance
with the Guidelines for the Care and Use of Laboratory
Animals approved by Toho University and the “ARVO State-
ment on the Use of Animals in Ophthalmic and Vision
Research.” Six-week-old male Sprague-Dawley rats (125-
150 g, Sankyo Labo Service Corp., Tokyo, Japan) were used
in the study.

Lacrimal Gland Excision

Under inhalation anesthesia using isoflurane (3%), the exor-
bital and infraorbital lacrimal glands on the left side were
excised. We designated this as the LGE side.”® The right
lateral lacrimal gland was sutured without removal and
designated the sham side. Carprofen (Zoetis, Parsippany,
NJ, USA) was administered subcutaneously once daily for
three days (5 mg/kg) for postoperative analgesia.”® In accor-
dance with the “ARVO Statement on the Use of Animals
in Ophthalmic and Vision Research,” unilateral LGE was
performed to minimize pain and discomfort. We confirmed
that visual function was not impaired on the sham side. To
check whether the bilateral dry eye model conforms ARVO
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Statement, we compared the phenotypic analysis results of
the bilateral dry eye model with those of control-sham rats
that underwent unilateral sham surgery. We confirmed that
the sham surgery did not induce corneal hypersensitivity
or hyperalgesia (Supplementary Fig. S1). We also confirmed
that the results of phenotypic analysis of the sham surgery
side of our bilateral dry eye model rat were similar to those
of the sham side of control-sham rats. Thus we confirmed
that the sham side of the bilateral dry eye model does not
suffer damage, pain, or discomfort.

Phenotype Analysis in Dry Eye Model Rats

Tear Measurements. Tear fluid volume was measured
by the length of color change occurring on cotton phenol red
threads (Zone-Quick; FCI Ophthalmic, Pembroke, MA, USA)
placed in the lateral canthus of the eye for 30 seconds.?

Blinking Measurements. To assess corneal hyper-
sensitivity, the frequency of blinking was measured the
day before surgery, the day after surgery, and once per
week thereafter. Rats were placed in a 24 x 45 X
20 cm (L x W x H) chamber and allowed to habituate
for 15 minutes. The number of spontaneous blinks in each
eye was quantified for five minutes by an observer using a
manual counter.?’ The number of blinks was measured twice
at the same time on the same day, and it was confirmed
that there was no deviation in the number of observations
between the two measurements. The number of blinks was
measured between 2:00 and 4:00 PM to account for diurnal
variations.

Eye Wiping Behavior. To assess corneal pain sensi-
tivity, eye wipe responses were examined. After a 10-minute
acclimation period, the total time each rat spent wiping the
eye in response to administration of 5 M NaCl solution was
recorded for three minutes.”° Because the administration of
5 M Nacl solution can induce corneal epithelial damage, we
carefully measured the duration of eye wipe behavior only
once per measurement.

Fluorescein Staining. The extent of corneal damage
was assessed by corneal fluorescein staining. Flores 0.7 mg
ophthalmic test paper (Ayumi, Tokyo, Japan) was applied to
the cornea for one minute under isoflurane anesthesia. After
washing out excess fluorescein dye, the eyes were examined
under cobalt blue light from an ophthalmic slit lamp hand-
held model scope (KOWA, Inc., Aichi, Japan). The degree of
staining was scored on a 0- to 4-point grading scale: score
0, absence of punctate fluorescein staining; score 1, one-
eighth or less of the corneal surface exhibited staining; score
2, one-eighth to one-fourth of the corneal surface exhib-
ited staining; score 3, one-fourth to one-half of the corneal
surface exhibited staining; score 4, greater than one-half of
the corneal surface was stained.?

Tracing the Trigeminal Ganglion of Corneal
Origin

Under inhalation anesthesia with isoflurane (3%), the cornea
was epithelially abraded to a diameter of approximately
3 mm. Next, 7.5 pL of Cholera Toxin Subunit B Alexa Fluor
488 Conjugate (Invitrogen, Carlsbad, CA, USA) at 1 mg/mL
was applied to the cornea for 10 minutes. One week after
treatment, trigeminal ganglia were identified using confocal
microscopy.
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Eye Drop Treatment

Eye drops (0.1% hyaluronic acid eye drops; Santen, Osaka,
Japan) were administered four times to both eyes during
the daytime for local treatment of corneal epithelial damage
in rats eight weeks after LGE surgery. During the night,
Vaseline (FUJIFILM Wako Pure Chemical, Osaka, Japan) was
applied as an ophthalmic ointment. Recovery of corneal
epithelial damage was confirmed by fluorescein staining
after one and two weeks of eye drop treatment.

Chronic Pregabalin Administration

Under inhalation anesthesia with isoflurane (3%), an osmotic
micropump (Alzet; Durect Corp., Cupertino, CA) filled
with either 0.9% saline solution (saline control group) or
1% pregabalin (Lyrica; Pfizer Inc., New York, NY, USA)
dissolved in saline solution (pregabalin treatment group)
was implanted in the subcutaneous space of each rat. The
pump delivered approximately 10 mg/kg of pregabalin or an
equivalent volume of 0.9% saline solution per day. Systemic
administration of this dose was shown to provide anal-
gesic effects without inducing fatigue or other side effects
in a rat neuropathic pain model.?!** Considering the phar-
macokinetics of pregabalin in rats,>*?* we chose continu-
ous subcutaneous administration using an osmotic pump to
approximate the pharmacokinetics of oral administration in
humans.®

Statistical Analysis

Data were analyzed using GraphPad Prism (GraphPad Soft-
ware Inc., San Diego, CA, USA). The Student’s ¢ test was used
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to compare differences between two groups, and Dunnett’s
multiple comparison test was used to compare differences
among three or more groups. A P value <0.05 was consid-
ered statistically significant. The remaining methods are
available in the Supplementary Materials.

RESULTS

Time Course of Hypersensitivity and Hyperalgesia
Progression After LGE

We first evaluated the time course of the progression of dry
eye—induced corneal hypersensitivity and hyperalgesia. The
amount of tear fluid on the LGE side dropped within one
week after surgery (hereinafter referred to as “lw”) and
remained at a low level for up to eight weeks (“8w”) after
surgery. In contrast, there was no change on the sham side
(Fig. 1A). Corneal epithelial damage on the LGE side, eval-
uated by fluorescein staining, was scored as a value of 2 at
1w and then progressed to a score of 4 at 3w and thereafter.
In contrast, the sham side had a score of 1 at 4w (Fig. 1B,
Supplementary Fig. S2).

Corneal sensory hypersensitivity, measured as the
number of blinks, increased continuously from 1w to 8w
after LGE surgery, whereas there was no change on the sham
side (Fig. 1C). Corneal hyperalgesia was assessed by time
spent wiping the eye in response to osmotic stimulation.
Persistent hyperalgesia developed at 2w to 8w on the LGE
side, but there was no change in corneal hyperalgesia on
the sham side (Fig. 1D). The slight increase in the fluores-
cein staining score on the sham side (Fig. 1B) was similar to
the above results of control-sham surgery rats (Supplemen-
tary Fig. S1). Therefore it was considered to be due to the
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LGE gave rise to corneal epithelial damage, hypersensitivity, and hyperalgesia progression. (A) Change in the tear fluid volume in

LGE rats. The “pre” in the abscissa axis indicates the day previous to the LGE surgery. (B) Time-dependent progression of corneal epithelial
damage evaluated by fluorescein staining scoring in LGE rats. (C) Progression of hypersensitivity in LGE rats evaluated by the number of
blinks. (D) The time course of hyperalgesia progression in LGE rats evaluated by eye wipe response. Each point represents the mean + SEM

(n = 9). *P < 0.05 versus the sham side (Student’s #-test).
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Identification of the cornea-derived trigeminal ganglion and trigeminal nucleus, and evaluation of the neuronal activity.

(A) Fluorescence images of the trigeminal ganglion of corneal origin identified by cholera toxin tracing. The cholera toxin-labeled neurons
(CTb; green), DAPI staining (white), and the merged images. Scale bar: 300 pm. (B) Higher magnification image of the arrowed area in
A. Scale bar: 10 pm. (C) Nissl staining image of the trigeminal nucleus (Vi/Vc), shown in the dotted area, of the LGE rat at 8w. Scale bar:
1mm. (D) The mRNA level of c-Fos in the trigeminal nucleus of LGE rats at 8w on the sham and LGE sides. RQ (relative quantification) was
calculated as a relative value to the Sham side. Each bar graph represents the mean £ SEM (n = 3). (E) Immunofluorescence images of
trigeminal nuclei at 8w. NeuN (magenta), c-Fos (green), and DAPI (cyan) indicate neurons, the activated neurons, and nuclei, respectively.
Scale bar: 5 pm. (F) The percentage of c-Fos—positive neurons in the trigeminal nucleus at pre and 8w. The vertical axis shows the percentage
of c-Fos positive neurons to the total neurons. Each bar graph represents the mean + SEM (n = 3). **P < 0.001 versus sham side (Dunnett’s

multiple comparison test).

age-dependent changes and the particulates generated from
solid food or wood tips but not the effect of LGE surgery.
In addition, the effect of wiping together with the LGE side
with both paws might be involved as the frequency of eye
wiping increased on the LGE side (Fig. 1D).

These results indicate that corneal hypersensitivity
appeared at 1w, hyperalgesia at 2w, and maximal corneal
epithelial damage occurred by 3w after LGE surgery in the
dry eye model rats.

Dry Eye Enhanced Neuronal Activity and
Upregulated the Voltage-Gated Calcium Channel
a26-1 Subunit in the Trigeminal Nucleus

We hypothesized that dry eye induces hyperactivation of
the primary corneal nerve and facilitates excitatory synaptic
transmission via upregulation of the voltage-gated calcium
channel «,8-1 subunit (hereinafter referred to as “wa,5-1
subunit”), which in turn activates the second-order trigem-
inal neurons, leading to hypersensitivity and hyperalge-
sia. To test this hypothesis, we analyzed neuronal activ-
ity and expression of the «a,5-1 subunit in the trigeminal

nucleus, where corneal primary and second-order neurons
form synapses.

To identify the region for analysis, we first identi-
fied the cornea-derived trigeminal nerve in the trigemi-
nal ganglion and its projections in the trigeminal nucleus.
The cornea-derived trigeminal ganglion was identified by
retrograde labeling with a cholera toxin tracer (Fig. 2A).
Under high magnification, trigeminal cell bodies of corneal
origin were identified based on the accumulation of fluo-
rescently labeled cholera toxin tracer molecules (Fig. 2B).
In the trigeminal nucleus, the Vi/Vc (trigeminal subnucleus
interpolaris/caudalis transition zone), the area indicated by
the dotted line in Figure 2C, was identified. As a pheno-
typic analysis indicated persistent development of sensory
and pain hypersensitivity at 8w, we evaluated the neuronal
activity at that time point. There was no significant differ-
ence between the sham and LGE sides in the level of mRNA
encoding Fos (the c-Fos gene as a marker of neuronal activ-
ity) in the trigeminal nucleus (Fig. 2D). Immunostaining of
the trigeminal nucleus to detect local c-Fos protein expres-
sion was then conducted. Neurons were identified based
on NeuN staining, and neurons double positive for c-Fos
and NeuN were considered activated neurons (Fig. 2E). The
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In the trigeminal nucleus of LGE rats, the a28-1 subunit protein expression was increased on the LGE side at 2w and 8w.

(A) The mRNA level of Cacna2dl, encoding the a28-1 subunit, in the trigeminal nucleus at 8w. Each bar graph represents the mean =+
SEM (n = 3). (B, C) Immunofluorescence images of trigeminal nuclei on the sham side (B) and the LGE side (C) at pre. w8 (green),
NeuN (magenta), and DAPI (cyan) indicate a28-1, neurons, and nuclei, respectively. Scale bars: 30 pm (upper panel); 10 nm (lower panel).
(D, E) Immunofluorescence images of trigeminal nuclei on the sham side (D) and the LGE side (E) at 8w. (F) Summary of the expression
levels of 26-1 in the trigeminal nucleus of pre, 1w, 2w, and 8w. The vertical axis shows the RQ value of total fluorescence intensity (FI) on
the LGE side normalized to that on the Sham side in the same section from the same animal. Each bar graph represents the mean + SEM
(n = 3). *P < 0.05, **P < 0.01 versus sham side (Dunnett’s multiple comparison test).

percentage of c-FOS-positive neurons among all neurons
in the trigeminal nucleus was low before surgery (here-
after designated as “pre”), without a significant difference
between the sham and LGE sides. By 8w, however, a greater
percentage of neurons were activated on the LGE side than
on the sham side (Fig. 2F). These results indicate that dry
eye enhances neuronal activity in the trigeminal nucleus.

We then analyzed the expression level of the w«,5-1
subunit in the trigeminal nucleus. At 8w, there was no signif-
icant difference in the mRNA level of Cacna2dl (which
encodes the a,5—-1 subunit) between the sham and LGE sides
(Fig. 3A). In immunostaining, the «;6—1 subunit exhibited a
granular signal. Before surgery, there was no difference in
localization of the «,6-1 subunit or signal intensity between
the sham and LGE sides (Figs. 3B, 3C). In contrast, at 8w,
a26-1 subunit signals were significantly higher on the LGE
side than on the sham side (Figs. 3D, 3E). We also evalu-
ated the level of «,6-1 subunit protein at the following time
points: pre; at 1w, when hypersensitivity first appeared; at
2w, when significant pain was observed; and at 8w. The «,5-
1 subunit protein level began to increase at 1w, and signifi-
cant increases were observed at 2w and 8w (Fig. 3F).

The time course of progression of corneal hyperalgesia
coincided with the upregulation of «;5—1 subunit expres-
sion, and enhanced neuronal activity was observed at 8w.
These results suggest that dry eye caused neural hyperac-
tivity and hyperalgesia via upregulation of «;5-1 subunit
expression.

Dry Eye Induced a Reduction in Inhibitory
Interneurons in the Trigeminal Nucleus

In the trigeminal nucleus of rats, inhibitory interneurons
prevent over-excitation associated with sensory nerve inputs
from the eyes, whiskers, and mouth. We hypothesized that
the pathogenic mechanism of hypersensitivity and hyper-
algesia involves downregulation of inhibitory interneu-
rons in the trigeminal nucleus. Therefore we analyzed
inhibitory interneurons in the trigeminal nucleus. Cells
double immunopositive for NeuN and PARV were counted
as inhibitory interneurons (Fig. 4A). Although there was no
significant difference between the sham and LGE sides in
terms of the percentage of inhibitory interneurons among
all neurons in the trigeminal nucleus up to 1w, the percent-
age was significantly lower on the LGE side compared with
the sham side at 2w and 8w (Fig. 4B). Based on these results,
we postulated that the loss of inhibitory interneurons may
be due to neurodegeneration. We identified degenerated
neurons using FJC staining at 1w and 2w, before and after the
reduction in the number of inhibitory neurons. FJC-positive,
NeuN-positive, and PARV-positive cells were counted as
degenerated inhibitory interneurons (Fig. 4C). There was
no significant difference in the percentage of degenerated
inhibitory interneurons among all neurons between the
sham and LGE sides. In contrast, at 2w, the percentage of
degenerated inhibitory interneurons was significantly higher
on the LGE side compared with the sham side (Fig. 4D).
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Ficure 4. The number of inhibitory interneurons was reduced on the LGE side at 2w and 8w. (A) Immunofluorescence images of NeuN
(magenta) and parvalbumin (PARV; green) in the trigeminal nucleus of LGE rats on the sham and LGE sides at pre and 8w. Neurons double
positive for NeuN and PARV were counted as inhibitory interneurons. Scale bar: 30 ym. (B) The percentage of inhibitory interneurons to

sham side (Student’s ¢ test). (C) Immunofluorescence images of trigeminal nuclei of LGE rats. FJC (green), NeuN (magenta), PARV (red)
indicates the degenerated neurons, neurons, and inhibitory interneurons, respectively. Scale bar: 5 pm. (D) Summary of the percentage of
denervated neurons at 1w and 2w. Each bar graph represents the mean + SEM (n = 3). ***P < 0.001 versus sham side (Dunnett’s multiple

comparison test).

These results suggest that dry eye-induced hypersensitiv-
ity and hyperalgesia involve a degeneration-related decrease
in the number of inhibitory interneurons in the trigeminal
nucleus.

Microglia and Astrocyte were Activated in
Different Time Course by Dry Eye in the
Trigeminal Nucleus

We hypothesized that dry eye-induced enhancement of pain
signaling in the trigeminal nucleus involves the activation
of glial cells such as microglia and astrocytes. Activation of
microglia and astrocytes was therefore evaluated by quan-
tifying the expression levels of mRNAs encoding respective
markers at 8w. There was no significant difference at 8w
in the mRNA level of Itgam (which encodes the microglial
marker CD11b) in trigeminal nucleus between the LGE and
sham sides (Fig. 5A). There was no difference in the inten-
sity or shape of the immunostaining CD11b signal in the
trigeminal nucleus between the sham and LGE sides in
the pre-analysis, and the signal was uniformly distributed
with small somatic cells with thin, branched projections. At
three days after surgery (hereinafter referred to as “3d”),
almost no change in the shape of microglia on the sham
side was observed. On the LGE side, however, the microglia

assumed an enlarged ameboid shape with short and thick
processes, and the fluorescence intensity (FI) was signif-
icantly increased. Activation of the microglia subsided by
2w (Fig. 5B). The CD11b expression level on the LEG
side, normalized to that on the sham side, was significantly
enhanced and peaked (approximately eightfold) at 3d. At
2w and 8w, microglial activation returned to the preopera-
tive level (Fig. 5C).

Astrocyte activation was analyzed by quantifying the
expression level of mRNA encoding the marker GFAP (Gfap
gene) in the trigeminal nucleus. At 8w, there was no signif-
icant difference in GFAP expression between the LGE and
sham sides (Fig. 5D). Preoperatively, there was no differ-
ence in immunostaining of GFAP in the trigeminal nucleus
between the sham and LGE sides. In contrast, at 8w, staining
volume and FI were enhanced on the LGE side compared
with the sham side (Fig. 5E). We also evaluated the reac-
tive astrocytes on the LGE side relative to the sham side.
Compared with the preoperative level, the level of GFAP
protein on the LGE side had doubled by 1w and increased
3.5-fold from 2w through 8w (Fig. 5F). In the trigeminal
nucleus on the LGE side, microglial activation peaked at 3d,
and astrocyte activation began at 2w and persisted there-
after, suggesting that activation of microglia and astrocytes is
involved in the onset and persistence, respectively, of hyper-
sensitivity and hyperalgesia.
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FiGure 5. Activation of microglia and astrocytes evaluated by the expression levels of CD11b and GFAP, respectively, in the trigeminal
nucleus of LGE rats. (A) The mRNA level of CD11b in the trigeminal nucleus on the sham and LGE sides at 8w. (B) Immunofluorescence
images of CD11b (green) in the trigeminal nucleus at pre, 1w and 2w. (C) Summary of CD11b protein expression at pre, 3d, 1w, 2w, and
8w. The vertical axis indicates the RQ value of total FI on the LGE side normalized to the sham side in the same section obtained from the
same animal. (D) The mRNA level of GFAP in the trigeminal nucleus at 8w. (E) Representative images of GFAP (red) immunostaining in the
trigeminal nucleus at pre and 8w. Scale bar: 5 ym. (F) Summarized results of GFAP protein expression at pre, 1w, 2w, and 8w. The vertical
axis shows the RQ value of total fluorescence expression on the LGE side normalized to the sham side in the same section obtained from
the same animal. Each bar graph represents the mean = SEM (n = 3). *P < 0.05, **P < 0.01, **P < 0.001 versus the Sham side (Dunnett’s

multiple comparison test).

Treatment with Pregabalin, but not Ophthalmic
Treatment, Ameliorated the Hypersensitivity and
Hyperalgesia Induced by Dry Eye

Phenotypic analysis of dry eye model rats showed that
hypersensitivity and hyperalgesia chronically persisted
through 8w. Our results suggest that dry eye-induced
chronic pain involves central sensitization via upregula-
tion of «,6-1 subunit expression and activation of both
microglia and astrocytes. Therefore we investigated whether
pregabalin treatment at 8w, after chronic pain was estab-
lished, would ameliorate hypersensitivity and hyperalge-
sia. To improve the corneal epithelial damage, ophthalmic
treatment (hyaluronic acid drops four times per day and
ophthalmic ointment treatment at night) was first performed
for two weeks beginning at 8w (designated as “E”). After
ophthalmic treatment, continuous treatment with either
pregabalin or saline solution was carried out for another
two weeks (designated as “E + S” and “E + P”, respec-
tively). Improvement of hypersensitivity and hyperalgesia
associated with each treatment was evaluated by measur-
ing the number of blinks and eye wipe responses at 8w,
after E, and after E + S or E + P. Although hypersensitivity
improved slightly with E 4+ S, more significant improvement
was observed with E + P (Fig. 6A). Treatment with E + S

was not effective for hyperalgesia. In sharp contrast, E + P
significantly improved hyperalgesia (Fig. 6B). These results
show that pregabalin treatment effectively improved hyper-
sensitivity and hyperalgesia, whereas the improvement in
epithelial damage was not sufficient for complete recovery.

Pregabalin and Ophthalmic Treatment
Suppressed Neurological Activity, Increased a,§-1
Subunit Expression, and Activated Astrocytes in
the Trigeminal Nucleus, but not Ophthalmic
Treatment Alone

We evaluated the therapeutic effect of E 4+ P on the patho-
logical mechanism in the trigeminal nucleus in comparison
with 8w. Neuronal activity, evaluated as the percentage of
c-Fos—positive neurons among all neurons in the trigeminal
nucleus, did not differ significantly between rats pretreated
at 8w versus those treated with E. In contrast, treatment with
E + P ameliorated the effect on neuronal activity on the
LGE side to the same extent as on the sham side (Fig. 7A).
The level of o;6-1 subunit mRNA expression did not differ
significantly different between the 8w, E, and E + P groups
(Fig. 7B). In addition, the level of «;8-1 subunit protein in
the trigeminal nucleus did not differ significantly between
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Figure 6. Effects of ophthalmic treatment and continuous subcutaneous administration of pregabalin on the dry eye-induced hypersensitiv-
ity and hyperalgesia in rats. Eye drop treatment only improved hypersensitivity, whereas chronic pregabalin administration further improved
hypersensitivity and hyperalgesia. (A) Hypersensitivity in 8w, E, and E + S/P groups was evaluated by the number of blinks. The data for
8w were replotted from Figure 1C for comparison. (B) Hyperalgesia was measured by the eye wipe response in 8w, E, and E + S/P groups.
The data for 8w are the same as those presented in Figure 1D. Each bar graph represents the mean £ SEM (n = 3). ##P < 0.01 versus 8w
group (Dunnett’s multiple comparison test). TP < 0.05 versus E group (Dunnett’s multiple comparison test). **P < 0.01 versus E + S group

(Dunnett’s multiple comparison test).

the 8w and E groups but was significantly reduced on the
LGE side in the E + P group to a level almost the same as that
on the sham side (Fig. 7C). We quantified the level of «,5—
1 subunit mRNA in the trigeminal ganglion using samples
from three rats and found that the level of «,5—1 subunit
mRNA was markedly reduced in the E 4+ P group compared
with the 8w group, whereas there was no difference between
the 8w and E groups (Supplementary Fig. S3). With regard
to astrocyte activation, there was no significant difference
between the 8w, E, and E + P groups (Fig. 7D). Interest-
ingly, when evaluated based on GFAP protein expression
level, astrocyte activation was significantly suppressed by
E + P treatment on the LGE side to a level similar to that
of the sham side, whereas there was no significant differ-
ence between the 8w and E groups (Fig. 7E). These results
suggest that pregabalin treatment alleviated hyperalgesia by
inhibiting neuronal activation, «;8-1 subunit upregulation,
and astrocyte activation.

DISCUSSION

A number of clinical reports have suggested dry eye involves
central sensitization with neuropathic pain-like symptoms;
thus development of appropriate therapeutic strategies has
become an urgent issue."»>"%2° At the animal model level,
the mechanism of peripheral sensitization of the cornea has
been elucidated.?’-3° Although electrophysiological studies
have also suggested the involvement of central sensitiza-
tion,>! the molecular mechanism in relation to dry eye—
induced chronic pain has not been elucidated, and therefore
treatments based on the pathological mechanism are not yet
available.

In our dry eye model, hypersensitivity of the cornea
appeared at 1w, hyperalgesia appeared at 2w, and the symp-
toms persisted thereafter (Figs. 1C, 1D). The time course of
symptom progression was similar to that previously reported
in a rat LGE model study.?® Sensory and pain hypersen-
sitivity persisted long term and remained even after the
corneal epithelial damage was cured by local treatment
(Fig. 6A), suggesting the involvement of central sensitiza-
tion and neuropathic pain. Thus the clinical symptoms of
dry eye, such as persistent hypersensitivity and hyperalge-
sia after recovery of corneal damage, could be reproduced
in dry eye model rats. It has been reported that invasion and

inflammation of the unilateral cornea can cause symptoms in
the contralateral eye.?? In our preliminary study, the number
of blinks did not differ between the contralateral sham side
and a unilateral sham surgery control group, suggesting that
unilateral LGE may not have affected the contralateral sham
side. However, because the change in the LGE side was eval-
uated relative to the sham side, the degree of the changes
on the LGE side may have been partially masked.

The time course and pregabalin sensitivity of neural acti-
vation and upregulation of «,5-1 subunit expression were
very similar to the results of corneal hyperalgesia assessed
as eye wipe time (Figs. 1D, 6B), suggesting that upregulation
of «,8-1 subunit expression is a critical event in dry eye—
induced hypersensitivity and hyperalgesia (Figs. 3F, 7C, 8A).
As for the origin of the «,5—1 subunit upregulated in the
trigeminal nucleus, it was considered to be derived from
primary neurons but not second-order neurons or interneu-
rons, because the level of «;5-1 subunit mRNA expression
on the LGE side was significantly increased in the trigeminal
ganglion but not in the trigeminal nucleus (Fig. 3A). These
results may reflect the accumulation of «,6-1 subunit in
primary neurons in response to sustained pain signal input
to primary neurons by dry eye and the accumulation of o8-
1 subunit in nerve endings of primary neurons projecting
into the trigeminal nucleus via axonal and membrane trans-
port, which is consistent with the mechanism reported for
SDH.16’53

In addition, the number of inhibitory interneurons on
the LGE side decreased after 2w (Fig. 4A). A decrease in
the number of inhibitory interneurons in the SDH has been
proposed as a causative factor in neuropathic pain.3%-3°
Taken together, our results suggest that a decrease in the
number of inhibitory interneurons in the trigeminal nucleus
is involved in dry eye—induced neuropathic pain (Fig. 8A).

Microglia on the LGE side of the trigeminal nucleus exhib-
ited transient activation at 3d and 1w (Fig. 5C). Microglial
activation has been implicated as a trigger for the onset
of neuropathic pain.!! Our results indicate that microglial
activation in the early stages is involved in the onset of
neuropathic pain and central sensitization of the trigemi-
nal nucleus (Fig. 8A). In contrast, activation of astrocytes
on the LGE side of the trigeminal nucleus started at 1w
after LGE surgery, peaked at 2w, and was maintained
through 8w (Fig. 5F). Sustained activation of astrocytes is
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Ficure 7. Chronic pregabalin administration normalized the neuronal activity, upregulation of «26-1 subunits, and astrocyte activation.
(A) Neuronal activity was assessed by the expression of c-Fos in the trigeminal nucleus of 8w, E, and E 4 S/P groups. The vertical axis

indicates the percentage of c-Fos positive neurons to total number of
comparison. (B) The mRNA level of «5-1 in the trigeminal nucleus

neurons. The identical data presented in Figure 2F were replotted for
at 8w, E, and E + P. The data for 8w are the same as those shown

in Figure 3A. (C) The expression levels of «26-1 in the trigeminal nucleus of the 8w, E and E + P. The vertical axis shows the RQ value of

the total FI of «8-1 standardized on the Sham side. The data for 8w

were replotted from Figure 3F. (D) Real-time PCR results of GFAP in

the trigeminal nucleus of the 8w, E and E + P. The data for 8w are the same as those presented in Figure 5D. (E) The expression levels
of GFAP in the trigeminal nucleus of the 8w, E and E + P. The vertical axis indicates the total FI of GFAP standardized on the Sham side.
The data for 8w were replotted from Figure SF. Each bar graph represents the mean + SEM (n = 3). **P < 0.01, **P < 0.001 versus 8w

(Dunnett’s multiple comparison test).

reportedly responsible for the maintenance of neuropathic
pain symptoms.'? Our results indicate that the sustained acti-
vation of astrocytes in dry eye is involved in the maintenance
of neuropathic pain symptoms. We propose that dry eye
causes ocular neuropathic pain in the trigeminal nucleus by
activating microglia and astrocytes, upregulating the o,8-1
subunit, and decreasing the number of inhibitory interneu-
rons, resulting in hypersensitivity and hyperalgesia (Fig. 8A).

Based on the above results, we sought to develop a
therapeutic strategy that would address this pathological
mechanism and investigated the effect of pregabalin treat-
ment. Pregabalin acts on the ,5—1 subunit to inhibit exci-
tatory synaptic transmission and synaptic remodeling.'#1%2!
In the present study, pregabalin reduced the expression of
281 subunit and the number of c-FOS-positive cells that
reflect neuronal activity, suggesting that pregabalin allevi-
ates hyperalgesia via the suppression of synaptic transmis-
sion between the corneal primary and second-order neurons

in the trigeminal nucleus. Interestingly, pregabalin treatment
suppressed the activation of astrocytes in the trigeminal
nucleus (Fig. 7F), which may have resulted from the normal-
ization of neuronal activity due to normalization of w,é-1
subunit expression (Figs. 7C, Supplementary Fig. S3). The
mechanism underlying this effect should be elucidated in
a future study. The results of pregabalin treatment in the
present study provide theoretical support for reports indicat-
ing that NSAIDs are ineffective for dry eye-induced ocular
neuropathic pain!® and that gabapentinoids exert therapeu-
tic effects.!??737:38 Taken together, our results suggest that
pregabalin treatment normalizes the level of «,5—1 subunit
protein in the trigeminal nucleus by inhibiting the produc-
tion and transport of «,5-1 subunit from the trigeminal
ganglion to the nerve terminals in the trigeminal nucleus,
thus restoring normal activity of corneal nerves and astro-
cytes (Fig. 8B). We demonstrated that pregabalin is effec-
tive for dry eye—induced chronic ophthalmic pain even after
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Ficure 8. Schematic representation of the summary of this study. (A) Dry eye causes ocular neuropathic pain, involving activation of
microglia and astrocytes, up-regulation of w26-1 subunits, and reduced number of inhibitory interneurons in the trigeminal nucleus.
(B) For the established ocular neuropathic pain, the treatment of corneal epithelial damage alone only slightly improved hypersensitiv-
ity but not hyperalgesia. In contrast, pregabalin administration markedly improved hypersensitivity and hyperalgesia via normalized neural

activity, «28—1 subunit upregulation, and astrocyte activation.

chronic pain has been established. Therefore the application
of pregabalin in actual clinical practice is highly anticipated.
In the present study, we clarified part of the molecular mech-
anism of dry eye—induced chronic corneal pain and demon-
strated that pregabalin treatment is a promising therapeutic
strategy based on the underlying pathological mechanism.
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