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Abstract \
To elucidate the physiological, cellular, and molecular mechanisms responsible for initiating and sustaining ocular neuropathic pain,

we created a blue light exposure model in C57BL/6 mice. Mice were exposed to 12 hours of blue or white light followed by 12 hours
of darkness. Before blue light exposure, baseline tear secretion, stability, and ocular hyperalgesia were assessed by measuring
hyperosmotic or hypoosmotic solution-induced eye wiping, wind-induced eye closing, and cold-induced eye blinking. At 1 day after
blue light exposure, alterations in hypotonic or hypertonic-induced eye wiping and tear film abnormalities were observed. Eye-wiping
behaviors were abolished by topical anesthesia. The cold-stimulated eye blinking and wind-stimulated eye closing behaviors began
after day 3 and their frequency further increased after day 9. Blue light exposure reduced the density of nerve endings and increased
their tortuosity, the number of beadlike structures, and the branching of stromal nerve fibers, as assessed by whole-mount confocal
microscopy. Blue light exposure also increased TRPV1, but not TRPV4 staining intensity of corneal-projecting neurons in the
trigeminal ganglia, as detected by FluoroGold retrograde labeling and immunohistochemistry. TRPV1 and substance P expression
was increased, whereas CGRP expression deceased at the mRNA level in isolated corneal projecting neurons. Hence, our blue light
exposure B6 mouse model for assessing tearing and ocular hyperalgesia is useful for studying ocular pain and its underlying
mechanisms. Blue light-induced alterations in tearing and ocular hyperalgesia may be related to the elevated expression of TRPV1,
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substance P, or the suppressed expression of CGRP at the ocular surface.
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1. Introduction

The cornea is innervated by sensory nerves from the ophthalmic
branch of the trigeminal ganglia.?? It has the highest density of
sensory nerve endings in the body and is highly sensitive to noxious
stimuli.? When the pain is initiated or sustained by dysfunctional
elements in the nociceptive system, it is known as neuropathic
pain.’ Comeal nociceptors are predominantly unmyelinated C
fibers, with the remainder being the lightly myelinated AS fibers.?*4°
As with pain fibers elsewhere in the body, corneal nerve endings
have various receptors, including the transient receptor potential
channels TRPV1, TRPV4, TRPA1, as well as TRPM8."#>8 These
receptors can respond to osmotic, mechanical, thermal, and
chemical stimuli.”® TRPV1 nerves were accounted for a higher
proportion of corneal nerves at the ocular surface.”?® Despite its
insensitivity to cold, TRPV1 has been shown to sensitize TRPM8™*
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sensory neurons and promote neuropeptide substance P (SP)
release to signal cold nociception.?® TRPV4 is responsible for
sensing hypoosmotic and mechanical signals.?' Neural TRPV4 has
been shown to be critical to maintaining stemness of peripheral or
limbal basal cells.*® Compared with TRPV1, the role of TRPV4 in
neuropathic pain is less clear. The involvement of these nociceptors
in mediating corneal response to noxious stimuli and in ocular
surface sensitization and hyperalgesia are largely elusive, partially
due to the lack of proper animal models that resemble the
pathogenesis of human ocular neuropathic pain.

Existing ocular pain models, including humidity chambers,
topical agents, cauterization, finasteride, alkali burns, and
lacrimal gland excision, are used mainly for the study of dry eye
disease or short-lived acute pain behaviors,*810:18:81.54.63.64
Computer vision syndrome encompasses a range of ocular and
visual symptoms, including tearing, gritty, dryness, redness,
buring sensation, and ocular pain associated with screen
use.®24450 The major culprit behind computer vision syndrome
is believed to be blue light.® Blue light is a high-energy and high-
frequency light; prolonged exposure can result in photophobia,
ocular pain, cataract, and age-related macular degenera-
tion,3:30:86:45.83.56 | Jsing a B6 mouse blue light exposure model,
strong (mice housed in mirrored-wall boxes) and acute (3 hours
blue light exposure has been shown to increase corneal
mechanical sensitivity, tear secretion, and photophobia, imme-
diately after illumination or within 3 days of recovery).%® Hence,
blue light exposure may be used as a pathogenic factor for
establishing an animal model of ocular neuropathic pain.

We established a mouse model of ocular neuropathic pain or
computer vision syndrome, with mice reared in alternating cycles
of 12 hours blue light and 12 hours of darkness. We also
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developed several behavior-based assessments of ocular pain.
Our study revealed that blue light exposure enhanced osmotic-
induced eye wiping, cold-induced eye blinking, and wind-
induced eye closing at different time points, compared with
controls. These abnormalities were associated with sensory
neuron degeneration or malfunction.

2. Methods
2.1. Animals

Wild-type C57BL/6 (B6) mice (8 weeks of age; 20-24 g weight;
male and female) were purchased from The Jackson Laboratory
(Bar Harbor, ME). The animals were treated in compliance with
the ARVO Statement for the Use of Animals in Ophthalmic and
Vision Research. The Institutional Animal Care and Use Commit-
tee of Wayne State University approved all animal procedures.

2.2. Blue light exposure model of ocular neuropathic pain

Ten (5 males and 5 females) 8-week-old C57BL/6 mice from
Jackson Laboratory were reared in cycles consisting of 12 hours
neutral white or blue light (420 nm wavelength), alternating with 12
hours darkness (WL/BL:D). The light source is an overhead 15-W
light bulb (Babaoshop) placed 20 cm above the mice. The
irradiance of blue light was measured with a power meter (model:
PM120D) at the center (area A) and 4 sides (total area — area A) of
the cage. The average irradiance was 2.722 mW/cm? (vs 6 mW/
cm? for Marek et al.*%). The radiant exposure was 117.6 J/cm?
(versus 64.8 for Marek et al.), and average illuminance was 320 Lux
(vs 400 for Marek et al). There were no other sources of ambient
lighting. Mice underwent the first white or blue light cycle starting at
6 av and then a night cycle at 6 Pm Behavioral tests were performed
at 10 av the following morning; this was considered as “1 day
postexposure (p.e.)” (the extra 4 hours of light exposure are to
overcome the effects of potential dark recovery). This WL/BL:D
cycle and testing scheme apply to all other time points. For
example, 7 day p.e. was a full 7 exposures of WL/BL:D plus 4 hours
light exposure on day 8 (the day of measurement). White light and
blue light-exposed eyes were also treated with 1 drop of topical
proparacaine; 5 minutes after the treatment, the eyes were
stimulated with 1 M NaCl, and the number of eye-wiping behaviors
was counted. Tearing and behavior tests (described below) were
performed for up to 14 days.

2.3. Aqueous tear production and Rose Bengal staining

Tear production was measured with phenol red-impregnated cotton
threads (ZONE-QUICK, Billerica, CA).2 The threads were held with
jeweler forceps and applied to the lateral canthus for 5 seconds. The
length of wetting of the thread was measured in millimeters.

The comeal surface was examined with 1% Rose Bengal staining
and photographed under a slit lamp. To quantitate Rose Bengal
staining, each comea was divided into 4 quadrants, and each
quadrant was scored based on the following scale: O, no staining; 1,
punctate staining; 2, continuous staining covering <50% area; 3,
continuous staining covering =50% area but not confluent; and 4,
confluent staining covering =90%. The final score for each comea is
the sum of the scores from all quadrants.®?

2.4. Behavior tests

A: Eye-wiping test. The eye-wiping test was performed as
previously described.'®%® The mice were placed in a glass testing
chamber to allow habituation for 30 minutes. Test solutions of 5 wL
1 M NaCl or H>,O were applied to the center of the cormeas. The
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number of “eye-wiping” behaviors using the forelimbs was
recorded on video and counted over 90 seconds. B: Wind
stimulation. A variable area flow meter (Westernn Medica) was
connected with an airflow source by a polyvinyl chloride (PVC) tube
with a 10 pL pipette tip at the end. Wind stimulation was applied
using airflow of 2 L/minute at room temperature (23°C). During
testing, mice were restrained manually, and their eyes were placed
5 mm away from the airflow. The “eye-closing” behaviors were
photographed and video recorded. The maximum ocular length or
width ratio was calculated based on the measurement of the length
and width of the palpebral fissure.>®> Moreover, “eye-closing”
behaviors are defined as holding the eyelids closed without
blinking, in contrast to blinking being less than or equal to 1 to 2
seconds. Tightening and closing of the eyelids were considered
surrogate measure of pain.?*?° C: Cold stimulation. Cold
stimulation was applied using temperature-controlled airflow.?®
Like wind stimulation, a variable airflow meter was connected with
an airflow source by a PVC tube with a 10 pL pipette tip at the end.
To control temperature, the PVC tube was immersed in a water
bath, and the tip at the end of PVC was kept out of the water bath to
avoid water entering, and the temperature was adjusted until the
outflow air was maintained at 12°C. A low flow speed of 0.5 L/
minute was used. The number of blinks was recorded on video and
counted over 30 seconds. Corneal sensitivity was measured using
Cochet-Bonnet contact esthesiometer.®®

2.5. Corneal whole-mount confocal microscopy

At the end of the tearing and behavioral tests (day 15), 4 corneas (2
from male and 2 from female mice) were subjected to whole-mount
confocal microscopy (WMCM) to assess for anatomical changes in
cormneal innervation. Because no gender differences were observed in
tearing, behavior tests, and corneal sensory innervation at day 14, in
the following experiments, female mice only were subjected to the
indicated exposure cycles. Three tissues per group were processed
for WMCM (7 days postexposure) and immunostaining of SP (3and 5
days post exposure), as well as retrograde labeling for immunohis-
tochemistry and quantitative polymerase chain reaction (QPCR).

Whole-mount confocal microscopy was used for B-tubulin Il (@
panneuronal marker) and SP staining. Comneas were excised and fixed
in 4% paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA)
and stored at 4°C until further processing. Whole-mount staining of
anti-B-tubulin lIl (R&D System, Minneapolis, MN) or anti-SP (Sigma,
St. Louis, MO) was performed as previously described.' Comeal
whole mounts were examined using a Nikon ECLIPSE 90i
microscope. Comeal innervation was quantified as the percentage
of threshold area positive for B-tubulin lll staining with Imaged software.
The number of branch points on the main nerve fibers (per mm?), nerve
tortuosity (showing abrupt and frequent changes in direction, defined
as the number of acutely angled fioers per mm?),*? and the number of
beadlike formations (per mm?) were manually counted and verified by
a second blinded laboratory member.

2.6. Trigeminal ganglion immunohistochemistry

To label trigeminal ganglia corneal-projecting neurons, 0.5 L of
4% FluoroGold (FG, Biotium, Fremont, CA) or 5 mg/mL wheat
germ agglutinin-Alexa Fluor 555 (WGA, Thermo Fisher Scientific,
Waltham, MA) in phosphate buffered saline (PBS) was injected
into the corneal stroma with Nanofil syringe.?® Mice were
euthanized for trigeminal ganglia immunohistochemistry staining
or cell sorting 3 days after injection.

FluoroGold-labeled trigeminal ganglia were fixed in 10% formalde-
hyde for 4 hours, embedded in Tissue-Tek optimum cutting
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temperature (OCT) compound (Sakura Finetek, Torrance, CA), and
frozen in liquid nitrogen. Next, 6-pm thick sections were cut and
mounted to polylysine-coated glass slides. Slides were blocked with
10 -mM sodium phosphate buffer containing 2% Bovine serum
albumin (BSA) for 1 hour at room temperature. Sections were then
incubated with mouse anti-TRPV1, anti-TRPV4 (Alomone Labs,
Cheshire, WA), or anti-SP (Milipore Sigma, St. Louis, MO). This was
followed by a secondary antibody, Fluorescein isothiocyanate (FITC)-
conjugated goat anti-hamster and cy3-conjugated anti-rabbit 1gG
(Jackson ImmunoResearch Laboratories, West Grove, PA), and
slides were mounted with Vectashield mounting medium and
examined under confocal microscopy. Controls were similarly treated,
but the primary antibodies were replaced with nonspecific IgG.

2.7. Enrichment of corneal-projecting neurons

Two days post-Alexa Fluor 555 WGA labeling, the mice were exposed
to BL:D/WL:D cycles. After 1 day, B6 mice were anesthetized;
trigeminal ganglia were removed and cut into small pieces, followed
by enzymatic dissociation using 60 U/mL papain, 4 mg/mL
collagenase II, and 4.7 mg/mL dispase. Neurons were isolated by
Percoll density-gradient centrifugation as previously descrioed.*®
Neurons were labeled by Sytox (dead cell stain, eBioscience,
Waltham, MA) for assessing viability. The labeled neurons were
sorted by NanoCellect and collected as corneal-projecting neurons
(WGA™ Sytox ") and noncormeal-projecting neurons (WGA™ Sytox").
The collected neurons were subjected to gPCR analysis.

2.8. Real-time PCR

cDNA was generated from the sorted corneal-projecting neurons
(CPNs) and non-CPNs ™. cDNA using Invitrogen SuperScript lll Cells
Direct cDNA Synthesis Kit (Millipore Sigma, St. Louis, MO),
according to the manufacturer’'s recommended protocal, followed
by analysis using real-time PCR with Power SYBR Green PCR
Master Mix (Applied Biosystems, Waltham, MA), based on B-actin
levels. Primer sequences were as follows: TRPV1, TGCCAGAG-
TATGCCCAGAGC and GGCTGGGGGCTCAGATTCAT; CGRP,
AGCACTGCTCAACTATGA and AGGTGATGGCGTTCAAGTTCT;
galanin, ATGCCATTGACAACCACAGA and
GGTCTCCTTTCCTCCACCTC;  Tact, GGCCAAGGAGAG-
CAAAGA and CGAGGATTTTCATGTTCGATT; TRPV4, GCTCCCA-
GAAAGCACAGTTC and AGATGTGGCTAACCGTGTCC; CNTFRa,
CACAACACTACGGCCATCAC and GGTAGCGCAGGAA-
GAACTTG; NGFR, TTGCTTGCTGTTGGAATGAG and AAATAC-
CACCGAGCACAAGG; and TAFA4, AGGGACAT
TCACGGTCACTC and CAGCACCCACTTAGCACAGA.

2.9. Statistical analyses

Data were presented as the mean = SD. Experiments with a
single treatment group was analyzed for statistical significance
using a Student t test. Experiments with more than 2 groups were
analyzed using 1-way analysis of variance (ANOVA), and if more
than 2 sets of groups of mice were used, a 2-way ANOVA was
used. Analysis of variance analysis was followed by the Tukey
post hoc test. Significance will be accepted at P < 0.05.

3. Results
3.1. Blue light exposure increased hyperalgesia in B6 mice

We first investigated whether blue light exposure induces ocular
neuropathic pain in B6 mice. Mice were exposed to alternating
cycles of 12 hours blue light/12 hours darkness, with 12 hours
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white light/12 hours darkness cycles as the control. We observed
that blue light exposure increased hypertonic or hypotonic
solution—-induced eye-wiping behaviors within a 90 seconds
window compared with control mice or baseline measurements
before blue light exposure. This alteration was observed starting
after day 1 of exposure. It remained elevated levels at 14 days
after exposure (p.e.) without significant upregulation or down-
regulation (Figs. 1A and B). Treating the blue light and white
light-exposed mice with proparacaine eye drops greatly reduced
the number of hyperosmolarity-induced eye-wiping behaviors
and abolished blue light-induced hyperalgesia (Fig. 1C).

Ocular hyperalgesia may be provoked by noxious stimuli such
as cold, strong wind, and bright sunlight in patients.14 Hence, we
investigated behavioral changes in blue light-exposed mice in
response to wind and cold stimulation. In our model, wind-
induced eye-closing behaviors were tested by an airflow system
connected with a PVC tube (Fig. 2A) and quantified as the ratio of
the length and width of the palpebral fissure®® (Fig. 2B; Video 1,
and Video 2) while cold-induced eye-blinking behaviors within a
90 seconds window were counted. Unlike hypertonic or
hypotonic solution-induced eye-wiping, wind-induced eye-clos-
ing, and cold-induced eye-blinking behaviors were increased
starting from 3 days p.e. and further increased at 7 days p.e. and
reached a peak at 9 days p.e. (Figs. 2C and D).

3.2. Blue light exposure impaired tear film integrity and
increased tear deficiency

Dry eye disease is one of the most common symptoms associated
with computer vision syndrome and ocular neuropathic pain.®°" To
determine whether dry eye disease accompanies hyperalgesia in our
model, blue light-exposed mice were examined with fluorescein and
Rose Bengal staining, as well as Schirmer testing. Blue light—
exposed mice showed increased Rose Bengal staining (expressed
as staining scores reflecting stained surface area, with O as no
staining and 12 as 100% staining), compared with control mice as
early as 1 day p.e (4.20 = 0.89 vs 0.60 = 0.54) (Figs. 3A and B). No
fluorescein staining was observed (data not shown). Meanwhile, blue
light exposure reduces tear secretion, starting from 1 day p.e.
compared with the white light-exposed mice (3.58 = 1.21 mm vs
5.20 = 1.30 mm), and tear secretion continued to decline after 7
days (1.90 = 0.74 mm) (Fig. 3C).

3.3. Blue light exposure impairs corneal innervation and
increases nerve sprouting

Ocular neuropathic pain is associated with malformed corneal
sensory fibers and endings, namely, microneuromas, which are
commonly seen in patients with neuropathic corneal pain.*® To
determine if blue light exposure is causative for these sensory
fiber abnormalities, corneas were stained for B-tubulin Il (pan-
neuronal marker) and examined using whole-mount confocal
microscopy at 7 and 14 days after exposure (p.e.) (Fig. 4A). At the
central cornea, the densities of sensory nerve fibers and endings
were 19.9% = 1.77% vs 14.70% = 0.42% at 7 days p.e. and
18.34% * 0.66% vs 12.47% = 0.18% at 14 days p.e. in white
light vs blue light-exposed corneas, respectively (Fig. 4B). The
abnormalities of corneal sensory nerves were also quantitated by
counting the number of branches, tortuous (acutely angled fibers
per mm?), and beadlike fibers or endings. Blue light exposure
increased branching of the major nerve fibers: There were 6 =
0.95 (7 days p.e.) and 6 = 0.5 (14 days p.e.) branches in white
light-exposed corneas vs 6 = 0.6 (7 days p.e) and 9 = 0.8 (14
days p.e.) branches in blue light-exposed corneas (Fig. 4C). Blue
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Figure 1. Effects of hyper or hypoosmotic-induced hyperalgesia on blue light-exposed mice. B6 mice were reared in cycles of either white (WL) or blue light (BL)
alternating with darkness for 1 to 14 days. They were then placed in a glass testing chamber and allowed to habituate for 30 minutes. Five microliter of 1M NaCl
(hypertonic stimulus) (A) or H>O (hypotonic stimulus) (B) was applied to the ocular surface. (C) Topical proparacaine was applied to the cornea for 5 minutes, and
1M NaCl was then applied to the ocular surface. The activity was recorded on video. Number of eye-wiping behaviors within 90 seconds were counted (the mean
of the number of eye-wiping behaviors was calculated and shown by y-axis; the days after exposure to light were indicated by x-axis). (*P < 0.05, **P < 0.01,n =
10, 5 male and 5 female). Data represent a representative experiment (from 2 independent experiments) performed in a single run. Experimental data were not
pooled because the measurements showed some variations among 2 experiments.

light exposure increased nerve tortuosity (arrows, Fig. 4D), with  also increased the number of beadlike formations (arrowheads,
25 * 9.29 tortuous fibers at 7 days p.e. and 26 * 4.24 tortuous  Fig. 4E): There were 34 = 11.11 (7 days p.e) and 43 + 6.58 (14
fibers at 14 days p.e. in white light-exposed corneas, vs 68 =  days p.e) formations in white light-exposed cormeas and 180 =
4.97 tortuous fibers at 7 days p.e. and 46 = 7.53 tortuous fibersat ~ 53.17(7 days p.e) and 203 = 37.94 (14 days p.e) formations in
14 days p.e. in blue light-exposed corneas. Moreover, blue light  blue light-exposed corneas.

B Flow - + +
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Figure 2. Wind-stimulated and cold-stimulated ocular hyperalgesia in blue light-exposed mice. Mice were reared in a prespecified number of cycles of either white
or blue light alternating with darkness at the indicated times. A variable airflow meter was connected with an airflow source by a PVC tube with a 10 L pipette tip at
the end. To control temperature, the PVC tube was immersed in a water bath, and the tip at the end of PVC was kept out of the water bath to avoid water entering,
and the temperature was adjusted until the outflow air was maintained at 12°C. A low flow speed of 0.5 L/minute was used (A). Eye-closing responses were
photographed under wind stimulation. Wind stimulation was applied using airflow of 2 L/minute at room temperature (23 °C) (B). Solid and dashed lines indicate the
length and width of the palpebral fissure, respectively. The representative length or width ratio changes of white and blue light-exposed mice in response to wind at
the indicated times (C). The representative eye blinking of white light (WL) and blue light (BL)-exposed mice in response to cold air (12°C) (D) (the mean of length or
width ratio or the number of eye blinking was calculated and shown by y-axis; the days after exposure to light were indicated by x-axis) (*P < 0.05, “*P < 0.01,n =
10, 5 male and 5 female).
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Figure 3. Effects of tear secretion in blue light-exposed mice. The mice were reared in cycles of either white (WL) or blue light (BL) alternating with darkness for 14
days (C). Corneas were stained with 1% RB and photographed (A). Rose Bengal staining scores were assessed (B). Tear secretion was measured by applying
phenol red-impregnated cotton threads to the ocular surface for 60 seconds, and wetting of the thread was measured in millimeters using the scale on the cotton
thread (C). The mean of scores or the length of the wetting thread was calculated and shown by y-axis; the days of exposure to light were indicated by x-axis (P <

0.01, n = 10, 5 male and 5 female).

Consistent with these anatomical changes, the sensitivity of
blue light-exposed corneas, as measured with the Cochet-
Bonnet anesthesiometer, was significantly lower than that of
white light-exposed control eyes at 7 and 14 days p.e. (Fig. 4F).

3.4. Blue light exposure enhances TRPV1 expression in the
trigeminal ganglia

To further understand the mechanism underlying blue light—
induced hyperalgesia, we next examined the expression of
transient receptor potential (TRP) channels in the trigeminal
ganglia. As corneal sensory nerves make up only a small fraction
of neurons in the trigeminal ganglia, identifying these cells is
essential for accurately determining the expression or activation
of genes in response to blue light exposure. Hence, we injected
FluoroGold into the corneal stroma to serve as a retrograde
neuronal tracer. In FluoroGold-injected corneas, only B-tubulin
11" neuronal fibers were labeled by FluoroGold (Supplementary
materials 2, available as supplemental digital content at http://
links.lww.com/PAIN/B805). As expected, retrograde-labeled
corneal-projecting neurons were located in the dorsomedial part
of the ophthalmic (V1) division, away from the maxillary (V2) and
mandibular (V3) region of the trigeminal ganglia (Fig. 5A).*" In
white light-exposed mice, most but not all FluoroGold-labeled
corneal-projecting neurons are also TRPV1 ™ in the labeled region
of the trigeminal ganglia, and the TRPV1~ corneal-projecting
neurons () are likely A8 or nonpeptidergic C fibers. TRPV4
staining, on the other hand, in most cases, overlapped with only a
portion of FluoroGold-stained corneal-projecting neurons. In blue
light-exposed mice, these TRPV1™ neurons showed increased
staining intensity, indicative of increased expression. Many
TRPV1"" neurons are also TRPV4™ (arrows). There are,
however, TRPV1" FluoroGold™ TRPV4™ (*) and TRPV1 ™ TRPV4
FluoroGold™ neurons (arrowhead, indicative of noncorneal-
projecting neurons) (Fig. 5B).

3.5. Blue light exposure upregulates TRP channel and
neuropeptide expressions at the mRNA levels in the corneal-
projecting neurons

To understand the mechanism underlying TRPV1/4-mediated
ocular nociception, we investigated the involvement of neuro-
peptides and neurotrophic factor receptors in the sensitization of
ocular nociception. To that end, we labeled corneal-projecting
neurons using stromal injection of WGA, followed by the viability
assessment (Sytox™ staining) (Fig. 6A) and sorting (NanoCellect
Wolf Cell Sorter), resulting in enriched WGA™ (ie, corneal-
projecting neurons) and WGA™ neurons (noncorneal-projecting
neurons). Corneal-projecting neurons represented approximately
2% of all neuronal bodies (Fig. 6B). This fraction, along with
noncorneal-projecting neurons as the control, was subjected to
quantitative polymerase chain reaction (QPCR) analysis for the
expression of nociceptors, neuropeptides, and neurotrophic
factor receptors. The trigeminal ganglia of white light-exposed
mice served as the control; there were no significant differences
between isolated corneal-projecting neurons and noncorneal-
projecting neurons, suggesting limited, if any, side effects of WGA
labeling on the trigeminal ganglia. Blue light exposure upregu-
lated TRPV1 in corneal-projecting neurons but not in the
noncorneal-projecting neurons (Fig. 6C). On the other hand,
TRPV4 expression is unchanged by blue light exposure,
consistent with the results of our immunohistochemical studies
shown in Figure 5. Interestingly, blue light exposure upregulated
expression of SP (Tac1,Tachykinin Precursor 1), galanin (Gal), as
well as TAFA Chemokine Like Family Member 1 (TAFA), and
downregulated expression of calcitonin gene-related peptide
(CGRP) in corneal-projecting neurons at 1 day after exposure.
The receptors of neurotrophic factors, ciliary neurotrophic factor
receptor subunit alpha (CNTFRa) and nerve growth factor
receptor (NGFR), also increased in blue light-exposed corneal-
projecting neurons, suggesting a potential tissue repair response
at this time point.
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Figure 4. Corneal innervation and nerve structure in blue light-exposed mice. Corneas from white-light (WL) and blue-light (BL) exposed mice at the indicated
times were collected and subjected to whole-mount confocal microscopy analysis with B-tubulin lll. (I) Merged staining of the cornea at all optical layers. (Il) Nerve
branches at the stromal layer. (lll) Intraepithelial nerve endings magnified from the marked area on A(l). Arrows: tortuous fibers, Arrowheads: bead-like formations
(A). Corneal innervation was quantified as the percentage of threshold area positive for B-tubulin Il staining (B). The number of branch points on the main nerve
fibers per mm? (C), the number of the acute angle of fibers per mm? showing abrupt changes in direction (nerve tortuosity, D), and the number of beadlike
structures present per mm? of nerve fiber (beadlike formations), (E) (**P < 0.01). (B-E) data were manually counted from images shown in A(lll) and verified by a
second blinded lab member (**P < 0.05, P < 0.01). Data of day 7 were from 3 corneas from female mice and day 14 from 4, 2 male and 2 female mice. Mice were
subjected to cornea sensitivity measurements with an aesthesiometer (£ < 0.01, n = 10, 5 male and 5 female) (F).

3.6. Blue light exposure increases the density of SP™ cells in
the trigeminal ganglia and SP" sensory nerve fibers or
endings in the cornea

To determine whether SP expression is upregulated at the
protein level, we investigated the expression and distribution of
SP in the trigeminal ganglion and cornea. Figure 7A shows
that blue light induces a significant increase in the number of
SP* corneal-projecting neurons at 3 days after exposure (p.e).
Substance P seemed to be expressed in a selective group of
TRPV1" corneal-projecting neurons in blue light-exposed
trigeminal ganglia. Using whole-mount confocal microscopy,
we further assessed whether upregulation of SP in the
trigeminal ganglia also results in an upregulation in corneal
nerve endings. At 3 days p.e., blue light-exposed corneas

exhibited an increased number of SP* nerve endings
compared with controls; at 5 days p.e., the density of SP™
nerve endings was further increased in blue light-exposed
corneas (Figs. 7B and C). At the protein levels, blue light
exposure resulted in a significantly higher of SP expression
when compared to white light in the corneas (Fig. 7D).

4. Discussion

In this study, we established an ocular neurological pain model in
B6 mice using blue light exposure as a stressor. We found that
blue light caused detectable decreases in tear secretion and
increases in RB staining, but no fluorescein staining, suggesting
that the epithelial barrier function remains relatively intact. An
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Figure 5. Colocalization and upregulation of TRPV1 with TRPV4 in corneal projecting neurons of blue light-exposed mice. 0.5 pL of FluoroGold was injected into
the corneal stroma before light exposure. After 3 days exposure, trigeminal ganglia were cryostat sectioned and stained with B-tubulin Il (A), TRPV1, and TRPV4
(B). The images were collected from the dorsomedial part of the trigeminal ganglion where retrograde-labeled corneal-projecting neurons are found. TRPV4™
TRPV1™ corneal-projecting neurons (arrows), TRPV1™ TRPV4™ (%) corneal-projecting neurons, TRPV1™ TRPV4™~ FluoroGold™ neurons (arrowhead), TRPV1™
corneal-projecting neurons (V). Images represent one of at least 3 images from a representative experiment (from 2 independent experiments). BL, blue light;

WL, white light.

increase in hypertonic or hypotonic solution-induced eye-wiping
behaviors was also observed after 1 day of blue light exposure
and is sustained up to day 14 in a trigeminal ganglion
pain—-dependent manner. However, increases in wind-induced
eye closing and cold-induced blinking behaviors, 2 surrogate
measures for assessing ocular hyperalgesia were detectable only
after day 3. These further increased starting at 7 days p.e. and
were maintained at elevated levels to day 14. Whole-mount
confocal microscopy revealed that blue light exposure resulted in
a decreased subbasal nerve plexus ending density, with in-
creased stromal sensory branching, tortuosity, and beading. We
also used stromal injection of FluoroGold for IHC staining and
WGA for cell sorting of the trigeminal ganglia. We demonstrated
that blue light exposure increased TRPV1 staining intensity,
particularly in TRPV4™ corneal-projecting neurons. It increased
the expression of TRPV1, but not TRPV4, at the messenger RNA
(mRNA) level in corneal-projecting neurons. Furthermore, blue
light exposure increased the expressions of the neuropeptides
Tac1 (encoding SP), galanin, and TAFA and decreased CGRP
expression. There were more SP™ corneal-projecting neurons in
the trigeminal ganglia, with significantly more SP™ nerve endings
in the corneas of blue light-exposed mice (Fig. 7). Finally, blue
light exposure also upregulated the expression of the neuro-
trophic factor receptors, CTNFRa and NGFR, suggesting a
potential regenerative effort of injured corneal-projecting neurons
in response to blue light stress. The results were summarized in
Table 1. Taken together, we have established a murine model of
human ocular neuropathic pain with multiple quantifiable
parameters, and our results suggested that the upregulation of
TRPV1 and SP may be contributing factors for the development
of ocular pain.

We used an exposure protocol with a lower intensity of blue light at
2.72 mW/cm? (vs 6 mW/cm? for Marek et al.>%) and longer exposure
(12 hours each day, up to 14 days, vs 3 hours by Marek et al), yielding
117.6 J/cm? radiant exposure (vs 64.8 for Marek et al.). Among the
nociceptive behaviors tested, changes in tear secretion and eye
wiping were detected after 1 day of blue light exposure and
remained at elevated levels for up to 14 days. Rapid alterations in tear

secretion and stability in response to blue light exposure suggest a
sensitive and tightly controlled sensory neuron circuit at the ocular
surface, including the afferent sensory nerves in the comea and
conjunctiva and efferent parasympathetic and sympathetic nerves
that innervate the lacrimal gland.*® Decreased tear stability assessed
by RB staining suggests involvement of the meibomian glands as
well.®® We showed that although exposure to both hyperosmolarity
and hypoosmolarity, known to be performed by TRPV1' and
TRPV4,2 respectively, increased eye-wiping behaviors, the hyper-
osmolar exposure stimulated a much stronger response. The fact
that corneal anesthesia significantly reduced hyperosmolarity
stimulated eye wiping and abolished blue light-induced hyperalgesia
suggests that the blue light exposure—-induced increase in eye wiping
is an outcome of corneal-trigeminal pain. How TRP channels
transmit nociception signaling, leading to hyperalgesia, is currently
under investigation in our laboratory.

An increase in wind-induced eye-closing and cold-induced eye-
blinking behaviors was first detected at 3 days p.e. There was a
second elevation starting at 7 days p.e., reaching peak levels at 9
days p.e., and remained elevated up to 14 days p.e. Strong winds
may cause rapid evaporation of tears, a lowering of the ocular
surface temperature, or increased tactile pressure, which nocicep-
tors may detect. Cold, however, is detected by TRPM8 and TRPA.*®
In the comea, TRPMS is sensitized by TRPV12®; although in most
cases, TRPV1 and TRPMS are not expressed in the same C fibers.®?
The second peak in increased wind-induced eye closing and cold-
induced eye blinking are likely due to further sensitization or further
increases in the levels of TRPs, such as TRPV1 and TRPM8 in C
fibers.”*"52 We speculate that these elevations in hyperalgesia may
be responsible for converting acute to chronic ocular pain due to
persistent light stress and sensory nerve injury.® Hence, our blue
light-induced ocular pain model may also be a model for studying
the transition between acute to chronic pain and how chronic pain is
maintained and becomes autonomous regardless of stimuli.

Patients with ocular pain have varying degrees of reduced nerve
fiber density, increased subbasal nerve tortuosity, nerve fiber
beading, branching, and sprouting.2”%" Our data show that blue
light exposure resulted in sprouting from small nerve fibers (increase
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Figure 6. Altered expressions of TRPs and neuropeptide in corneal-projecting neurons of blue light-exposed mice. Corneal-projecting neurons were retrogradely
labeled using wheat germ agglutinin—Alexa Fluor 555 (WGA). At 2 days postlabeling, the mice were exposed to cycles of either blue light (BL) or white light (WL)
alternating with darkness. At 1 day after exposure, trigeminal ganglia were excised and digested. Neurons were isolated by Percoll density-gradient centrifugation
and sorted by NanoCellect. Viable neuronal cells were identified using Sytox staining(A) WGA™ Sytox ™ (corneal-projecting neurons) or WGA™ Sytox ™ neurons
(noncorneal-projecting neurons) were sorted (B). Corneal-projecting neurons with noncorneal-projecting neurons cells as controls were subjected to qPCR
analysis (C) (P < 0.01, n = 3). CPN, corneal-projecting neuron.
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Figure 7. Substance P was released from TRPV1™" corneal-projecting neurons. Corneal-projecting neurons were retrogradely labeled by FluoroGold and
exposure with blue light (BL) or white light (WL). At 3 days after exposure, trigeminal ganglia were excised, cryostat sectioned, and stained for TRPV1 and SP.
Arrows show SP expressed in TRPV1™* corneal-projecting neurons (A). Corneas from white light and blue light-exposed mice at the indicated times were collected
and subjected to whole-mount corneal confocal imaging analysis with SP staining (B). Images were quantified as the percentage of threshold area using Image J
(C). (D) Measurement of SP in the corneas of control by ELISA, white light (WL 3 d and 5 d), and blue light (BL 3 d and BL 5 d) exposed mice. (P < 0.01, n = 3). SP,

substance P.

bead-like formations and nerve tortuosity) and nerve branching, with
a significant decrease in sensory nerve density, similar to that
observed in human patients with diabetes and ocular pain.®2° To
compensate for blue light exposure—induced sensory nerve de-
generation, regeneration must also occur. Indeed, we observed the
upregulation of the receptors for neurotrophic factors NGF and
CNTF in blue light exposed cormeal-projecting neurons at 1 day post
p.e. However, prolonged blue light exposure resulted in the
dysregulation of axon degeneration and regeneration, and the
presence of malformed sensory fibers and endings, as seen initially
at 7 days p.e. and becoming more apparent at 14 day p.e. (Fig. 4).
We conclude that blue light-induced hyperalgesia may be linked to
structural abnormalities, which results in abnormal activation, firing,
and pain transmission in a TRP channel-related manner. These
altered corneal neuronal cytoarchitectures may also be the
pathological basis for transforming ocular pain from the acute to
chronic phase.

We used corneal stroma injections of FluoroGold for immuno-
histochemistry®* and WGA for cell sorting. The FluoroGold-
labeled cells are primarily located in the dorsal part of the
ophthalmic region of the ipsilateral trigeminal ganglion (V1),
consistent with the known location of the corneal-projecting
neurons.>” In control trigeminal ganglia, most, but not all,
FluoroGold™ cells were TRPV1™ and are likely C-peptidergic
neurons.®® FluoroGold ™ TRPV1* cells are likely either Piezo2* C-

tactile low-threshold mechanoreceptors'” or As fibers?? in the
trigeminal ganglion. TRPV4 staining colocalized with only a
fraction of TRPV1* FluoroGold™* neuron bundles, suggesting that
TRPV4 was expressed in a limited number of C-peptidergic
neurons. In blue light-exposed mice, staining intensity of TRPV1
was increased, and there were a few TRPV1 staining neurons that
were FluoroGold ™, suggesting that corneal nerve injury induces
TRPV1 expression in the corneal-projecting neurons and a few
noncorneal-projecting neurons. This upregulation in noncorneal-
projecting neurons may contribute to sensitization and hyper-
algesia, as suggested by Tran et al.*® How blue light-induced
injury causes noncorneal-projecting neurons in the trigeminal
ganglia to express TRPV1 is of great interest in understanding
ocular pain. We propose that this is due to the release of
neuropeptides from neighboring corneal-projecting neurons.
Indeed, we detected the upregulation of neuropeptides SP,
galanin, and TAFA in the corneal-projecting neuron of blue
light-exposed mice using cell sorting and gPCR.

Retrograde labeling and cell sorting with WGA revealed that 2% of
trigeminal ganglia were corneal-projecting neurons. Our study, for the
first time, showed that the expression of neuropeptides, Taci,
galanin, and TAFA were upregulated, whereas CGRP was down-
regulated in corneal-projecting neurons in blue light-exposed mice
after 1 day. The upregulation of SP was confirmed in the trigeminal
ganglia and comea. Significantly more SP™ sensory nerve endings

Summary of nociception and structural molecular alterations in blue light exposure. ND: no detection)

Days Behavior changes Tear film abnormalities Structural changes (corneal innervation) Molecular changes
1 Eye wiping 1 Tear secretiont TRPV11,Tac11,Gal11, CGRPJ
Rose Bengal stainingt
3 Eye wipingt Tear secretion? TRPV1t
Blinking or closingt Rose Bengal stainingt
7 Eye wiping?t Tear secretiont Altered ND
Blinking or closingt Rose Bengal stainingt
9 Eye wiping?t Tear secretiont ND
Blinking or closingt Rose Bengal stainingt
14 Eye wipingt Tear secretiont Altered ND

Blinking or closingt Rose Bengal stainingt
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were found in the cornea of blue light-exposed mice after day 3. This
increase is more pronounced after day 5. The increase in SP™ sensory
nerve endings may be associated with wind-induced and cold-
induced ocular hyperalgesia and the transformation of acute to
chronic pain, as shown by Li et al?® On the other hand, the
downregulation of CGRP is intriguing as elevated expression of CGRP
in the trigeminal system is associated with migraine.® One potential
explanation is that the expression of CGRP is time dependent. Unlike
CGRP and SP, the roles of galanin and TAFA in nociception and
ocular pain are less clear. Further studies are warranted to understand
the role of different neuropeptides and nociceptors in the initialization
and maintenance of ocular neuropathic pain.

In humans, females have a higher incidence rate and severe
pain, many of which are related to dry eye diseases.'®>* In this
study, we did not see detectable sex differences in tearing,
hyperalgesia responses, and structural alteration of sensory nerves
in response to blue light exposure. In humans, ocular pain may be
driven by dry eye disease; whereas in our animal model, the
damage of the sensory nerve is caused by continuous exposure to
blue light. Furthermore, aging is a known risk factor for dry eye and
ocular pain, particularly for women, while the mice we used were
relatively young. Nevertheless, our inability to reproduce these
gender-specific differences is a limitation of our animal model.

In conclusion, in addition to dry eye and cormeal sensation, blue
light exposure leads to measurable ocular hyperalgesia, as well as
upregulation of TRPV1, SP, galanin, TAFA in the trigeminal ganglia,
and increased SP expression in the corneas of blue light-exposed
mice. The blue light exposure model is suitable for assessing the
mechanisms underlying the pathogenesis of ocular neuropathic pain
and the transformation of ocular pain from acute to chronic states.
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