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Purrose. To investigate the corneal nerve damage in neurotrophic corneal persistent
epithelial defects by an in vivo imaging system using in vivo multiphoton confocal
microscopy (MCM) and calcitonin gene-related peptide (CGRP):GFP Tg mice.

MerHops. Corneal epithelium was scraped, followed by administering a single dose of
benzalkonium chloride (BAK) to develop a neurotrophic persistent epithelial defect.
The defect was imaged with fluorescein staining for up to 24 hours, and wound closure
percentage (%, WCP) was calculated. CGRP:GFP Tg mice were used in combination with
in vivo MCM to acquire in vivo images of corneal nerve before and 24 hours after the
creation of a corneal epithelial defect. GFP signals from CGRP-positive nerves were
reconstructed into three-dimensional (3D) images, and nerve volume was analyzed.
Additionally, corneal mechanosensation was evaluated using Cochet-Bonnet
esthesiometry.

Resurrs. BAK-treated eyes showed a significant delay in WCP at 24 hours. In CGRP:GFP
Tg mice, CGRP-positive nerves were successfully captured by in vivo MCM and
reconstructed into 3D images. BAK-treated eyes showed a significant decrease in both
stromal nerve volume and corneal mechanosensation compared to no BAK eyes at
24 hours after corneal scraping, suggesting that BAK impaired the stromal nerves in
both structural and functional asides.

Concrusions. Our in vivo corneal nerve imaging system using the combination of in vivo
MCM and CGRP:GFP Tg mice demonstrated a longitudinal observation of murine corneal
nerves. This system revealed that corneal stromal nerves were selectively damaged in
persistent neurotrophic corneal epithelial defects and offered outstanding potential for
various applications.

Keywords: corneal nerves, corneal epithelial wound healing, in vivo nerve imaging,
in vivo confocal microscopy

he corneal epithelium plays a crucial role as a barrier,

preventing the entry of microorganisms and fluids from
entering the eye. Consequently, the cornea depends on
a high wound-healing rate to repair epithelial defects.
However, certain comorbidities may affect the cornea’s
repair capabilities, increasing the risk of persistent epithe-
lial defects (PEDs), which, if left unaddressed, can have
severe consequences such as infection and vision loss.!2
Management of PEDs is complex and involves a wide spec-
trum of treatments, ranging from topical anti-inflammatory
medications, amniotic membrane grafts, autologous serum
tears, and whole blood-derived products. More invasive
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approaches, such as conjunctival flaps, corneal neurotiza-
tion, and even penetrating keratoplasty, may be necessary
when perforation is imminent.>-® The corneal epithelium is
one of the most densely innervated tissues in the human
body, receiving branches from the V,;/ophthalmic division
of the trigeminal nerve.” Corneal nerves play a significant
role in the corneal epithelial wound-healing process, and
compromise of corneal nerve integrity is associated with
PEDs.! Previous studies on corneal epithelial wound healing
have led to the development of murine models that repli-
cate this condition. However, these models are designed
in the context of other specific pathologic backgrounds
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like diabetes mellitus.8~!! In contrast, neuropathic PEDs can
develop in healthy individuals as a result of certain topical
medications or physical damage to the corneal nerves. For
example, the antimicrobial compound benzalkonium chlo-
ride (BAK), a common preservative in eye drop formula-
tions, can cause neurotrophic PEDs'*!? and delayed corneal
wound healing'4'® due to its notable impact on the corneal
epithelial surface!’-? as well as corneal nerves.?4-2

From the perspective that the corneal nerves are involved
in maintaining corneal epithelia, it is imperative to assess
the pathogenesis of delayed corneal wound healing from
both an epithelial and a neural perspective. Traditional
analysis of corneal innervation in animal models relies on
whole-mount sections of the cornea and immunostaining
for neural markers such as g-IlI-tubulin and PGP-9.5, recep-
tors like transient receptor potential vanilloid 1 (TRPV1), and
neuropeptides like substance P and calcitonin gene-related
peptide (CGRP).>"102°-32 However, this approach presents
challenges, including the potential for incomplete staining
due to insufficient penetration of the antibody through-
out cornea.”® In addition, the requirement for euthanasia
precludes longitudinal observation of the corneal epithelium
and nerves over time. Therefore, visualization of the corneal
epithelium and nerve organization/patterning would greatly
benefit from a noninvasive technique with in vivo longitudi-
nal capabilities that does not depend solely on immunohis-
tochemistry.

Current available methods for imaging corneal nerves in
preclinical models include fluorescent microscopy, intrav-
ital confocal microscopy, transmission,> scanning?’® and
serial block face scanning electron microscopy.® CGRP is
a neuropeptide and has previously been employed as a
marker for labeling peptidergic sensory neurons and their
terminals.”2° In the mouse cornea, CGRP is released from
nociceptive C-fibers along with substance P, making it ideal
for neuronal evaluation in rodent models, especially in
those related to pain sensation.?®> With this understanding,
Bouheraoua et al.?*> used a CGRP-green fluorescent protein
(GFP) transgenic (Tg) mouse model to observe nerve distri-
bution in the cornea. Notably, CGRP* nerves account for
56% to 64% of all B-1lI-tubulin™ nerves in the central cornea.
Given the critical role of CGRP neurons in pain perception
pathways, the use of CGRP:GFP transgenic mice presents a
unique opportunity to understand the pathophysiology of
PEDs.

The combination of in vivo microscopy and fluorescent-
labeled Tg mice allows noninvasive visualization of tissues
without any need for antibodies or dyes. The in vivo imag-
ing system of corneal nerves and dendritic cells using
CD11c¢"™ x Thy1Y™* Tg mice and multiphoton microscopy
has been first reported to evaluate real-time interactions
between nerves and conventional dendritic cells in the
cornea.’” In this study, a novel in vivo corneal nerve
imaging system for corneal nerve mapping was developed
using in vivo multiphoton confocal microscopy to image
corneal nerves in CGRP:GFP Tg mice without euthanasia.
Three-dimensional (3D) images of CGRP-positive corneal
nerves were reconstructed, enabling 3D analysis of nerve
morphology. Furthermore, this new in vivo imaging system
of murine corneal nerves was successfully applied to a
mouse model of delayed corneal epithelial wound heal-
ing induced by topical BAK administration to observe the
morphology and distribution of corneal nerves at multi-
ple time points, thereby demonstrating that BAK selectively
damages the deep corneal nerve plexus. By acquiring longi-
tudinal data, we propose that this approach provides a new
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method for evaluating corneal wound healing and corneal
nerves.

MATERIALS AND METHODS
Animals (C57/B6 and CGRP:GFP Tg Mice)

Bacterial artificial chromosome CGRP:GFP transgenic (Tg)
mice (female, aged 8 to 10 weeks) were used to
visualize CGRP-positive corneal nerve axons without
immunostaining- In the CGRP:GFP Tg mouse construct,
CGRP is labeled by downstream insertion of GFP in the
Calca gene, which encodes CGRP3? Female 8- to 10-week-
old C57/B6 mice (purchased from the Jackson Labora-
tory, Bar Harbor, ME, USA) were used in corneal epithelial
wound-healing experiments. All animals were housed and
handled at the Albert Eye Research Institute at Duke Univer-
sity (Durham, NC, USA) in compliance with the tenets of
the ARVO Statement for the Use of Animals in Ophthalmic
and Vision Research. Animal procedures were previously
approved by Duke’s Institutional Animal Care and Use
Committee.

In Vivo Multiphoton Confocal Microscope
Imaging and Acquisition of 3D Images of Corneal
Nerves

CGRP:GFP Tg mice were anesthetized with an intraperi-
toneal injection of xylazine (10 mg/kg) and ketamine
(100 mg/kg). To achieve adequate general anesthesia, we
waited until eye movements were completely suppressed.
The mouse’s head was then secured in a three-point holder
(one point on the teeth and two on the temporal head), care-
fully adjusting the holder’s height and tilt to position the
corneal apex directly toward the objective lens. Due to respi-
ratory suppression from the anesthesia, head fixation mini-
mized any eyeball vibration from residual breathing. This
setup was inside a light-shielded box with a heater to main-
tain a stable body temperature of 37°C during the process.
Then, 1 pL 0.3% hydroxypropyl methylcellulose (Ciba Vision,
Duluth, GA, USA) was instilled on the ocular surface to
prevent desiccation.

A Leica SP8 DIVE in vivo multiphoton confocal micro-
scope (Leica Microsystems, GmbH, Wetzlar, Germany) was
used for acquiring images composed of GFP fluorescence
from CGRP" axons as well as second harmonic genera-
tion (SHG) from the corneal stroma matrix. Signals were
obtained at a detection range of 490 to 560 nm for GFP
and 455 to 470 nm for SHG with an excitation wavelength
of 925 nm. GFP signals from CGRP" axons (green chan-
nel) and the second harmonic signals from the corneal
stroma (blue channel) were obtained using a 16x objective
lens. Then, 0.3% hydroxypropyl methylcellulose was placed
between the lens and the corneal surface. A nine-tile Z-
stack of coronal corneal images was acquired using LAS X
software v.3.5.5 (Leica Microsystems, Bensheim, Germany).
Each tile was 553.57 x 553.57 pm (512 x 512 pixels, with
a 1.08-um pixel size). Z-stacks ranged from 10 pm above
the corneal apex to approximately 400 pm below. Z-stack
interval was automatically determined by the LAS X software
to be 1.63 pm. In addition, “line averaging” feature, which
averages four images during imaging, was constantly used
to compensate for movements caused by breathing and fine
eye movements.

The Imaris software v.9.9.1 (Oxford Instruments Andor,
Belfast, UK) was used to construct 3D image stacks and
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to quantify the epithelial and stromal nerve volumes. First,
each tile of the nine-tile Z-stacks was manually aligned using
the application Imaris Stitcher v.9.9.1 (Oxford Instruments
Andor). Afterward, a stromal volumetric surface was created
using the Surface tool based on the SHG signal through the
blue channel. The absolute intensity threshold was manually
set for each Z-stack image, followed by automatic tracing and
surface rendering.

GFP signal through the green channel was segmented
depending on its intra- or extra-stromal location to visu-
alize corneal nerves separately. To achieve this, the mask-
ing function was used on the rendered stroma volumetric
surface. Briefly, the Mask All option was selected to elimi-
nate the nerve signals inside or outside the stromal volume.
To isolate the extra-stromal nerve signal, the corneal nerve
intensity inside the stromal volume defined by the Surface
tool was set to 0.0. Conversely, to isolate the intrastromal
nerve signal, the signal intensity external to the stroma was
set to 0.0. Separate channels for extra-stromal and intrastro-
mal nerves were labeled in yellow and red, respectively.
Then, using the Filament tool, the volumetric structure for
the extra- and intrastromal corneal nerves was rendered.
Finally, the statistical data were retrieved from the Statis-
tics tab in Imaris, obtaining the volume parameter data from
inside the Detailed section.

Neurotrophic Corneal Persistent Epithelial Defect
Wound-Healing Model

To develop the neurotrophic corneal PED wound-healing
model, corneal epithelial defects were physically created in
C57BL/6 mice, and the cornea was treated or not with topi-
cal BAK administration. Briefly, mice were immobilized in a
head holder and put under general anesthesia with isoflu-
rane. The corneal surface was additionally anesthetized
with 1% proparacaine hydrochloride ophthalmic eyedrops
(Alcon, Fort Worth, TX, USA). The central 2 mm of the cornea
was exposed to 20% ethanol for 30 seconds using a 2-mm
circular trepan, then gently debrided with a blunt golf club
spud held at approximately 45° from the corneal surface.
In the BAK-treated group, 10 pL 0.1% BAK was instilled in
the central cornea using a pipette. Ten seconds later, the
corneal surface was rinsed four times with 2 mL PBS to
prevent prolonged BAK exposure. In the untreated group,
PBS was administrated instead of BAK. After creation of
the corneal defect, fluorescein corneal staining and imaging
were performed at 6-hour intervals for up to 24 hours.

To obtain in vivo corneal nerve images in the
neurotrophic corneal PED model, CGRP:GFP Tg mice were
used to induce corneal epithelial defects; corneal defects
were created and treated or not with BAK, as described
above. Measurement of corneal mechanosensation and in
vivo multiphoton confocal microscopy (MCM) corneal imag-
ing were performed at baseline (before defect creation) and
24 hours after epithelial defect creation. Fluorescein staining
was not performed on these mice to avoid contamination of
fluorescent signals when acquiring images with the in vivo
MCM.

Correlation and Quantification of Persistent
Epithelial Defect With Intravital Imaging

Imaging of corneal epithelial defects was performed under
general anesthesia via isoflurane inhalation. The cornea was
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stained with 10 pL 0.5% fluorescein solution and immedi-
ately washed with PBS. The defects were then imaged under
a microscope using a cobalt blue light filter. The obtained
images were analyzed using Photoshop software (Adobe
Inc., San Jose, CA, USA); the border of the corneal limbus and
the epithelial defect border were manually traced. The area
of the entire cornea, defined by the corneal limbus border,
and that of the epithelial defect, defined by the epithelial
defect border, were calculated by Photoshop and quantified
in pixels. The relative area of epithelial defect was defined
as the ratio of the absolute area of the defect to the absolute
area of the entire corneal. Wound closure percentage at each
time point was determined as follows>®:

WCP, (%) = (A, — Ax) /A, x 100

WCP is the wound closure percentage, A, is the initial
corneal epithelial defect area, and A, is defect area at x hours
after creating a corneal epithelial defect.

Corneal Esthesiometry Measurement

Corneal mechanosensation was measured with a Cochet-
Bonnet esthesiometer (Western Ophthalmics, Lynwood, WA,
USA) as previously described.®® The filament was first
applied in the central cornea at 60 mm (maximum length).
Filament length was decreased by 5-mm increments and
reapplied to the central cornea until a positive response,
defined as reflexive blinking, was elicited. Measurements
were obtained before (baseline) and 24 hours after the
epithelial defect was created.

Quantitative Analysis of Corneal Nerves

Corneal nerves were imaged using in vivo MCM and
analyzed by Imaris using the same method as described
above. Nerve volumes using the analysis function of the
Imaris software, the nerve volume (um?®) and nerve length
(um), were obtained from each 3D-rendered corneal nerve
image. Given the possibility of individual variation in abso-
lute GFP intensity between each image, relative nerve
volumes (%) and nerve lengths (%) were calculated with
reference to baseline nerve volumes and then compared
between each group.

Statistical Analysis

All data are presented as mean £ SD. Statistical analyses
were performed using GraphPad Prism version 9.4.1 (Graph-
Pad Software, San Diego, CA, USA). Statistical comparisons
between wound closure percentage, corneal mechanosensa-
tion measurements, and corneal nerve volumes at baseline
and 24 hours were made with the Mann—-Whitney U test. A
P value of <0.05 was considered statistically significant.

RESuULTS

In Vivo Characterization and Quantification of
CGRP-Positive Corneal Nerve Axons Using MCM

First, as shown in Figure 1, using in vivo stereomi-
croscopic fluorescence microscopy of the cornea, CGRP-
positive corneal axons were readily identified in green fluo-
rescence in CGRP:GFP Tg mice. This method effectively
reflects GFP expression as corneal nerves did not exhibit
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Ficure 1. CGRP-positive nerves in CGRP:GFP Tg mouse imaged by fluorescence microscopy. Corneas of (a) wild-type (WT) and
(b) CGRP:GFP Tg mice were imaged using fluorescence microscopy. CGRP-positive corneal nerves are visualized as bright green filaments
only in the CGRP:GFP Tg mice. Corneal images obtained by fluorescence microscopy allow for in vivo visualization of the entire corneal

nerve network.

(2) (b)

(©)

Ficure 2. Slices of corneal images in CGRP:GFP Tg mice obtained by in vivo multiphoton confocal microscopy. Images obtained by in
vivo multiphoton confocal microscopy depicted the unique distributions of the corneal nerves in CGRP:GFP Tg mice. (a) Terminals of
intraepithelial nerve fibers were captured as numerous punctate signals (green) in the most superficial layer of the corneal epithelium.
Within the epithelial layer, (b) nerves formed a dense meshwork, which represent the subbasal nerve plexus. (¢) Nerves that appeared
within the stroma (blue) were thicker than those in the epithelium and represented the subepithelial nerve plexus.

fluorescence in wild-type C57/B6 mice. These images depict
the thick nerves in the corneal stroma as well as some of
the thicker nerves in the epithelial layer but did not have
enough resolution to capture the fine branches such as those
extending terminally into the epithelial layer. This was due
to the limitations of fluorescence microscopy, which involves
more light scattering and has less resolution than confocal
microscopy.

To improve the resolution of intravital microscopy, we
employed MCM to capture the corneal nerves in 3D
images in CGRP:GFP Tg mice with quantifiable elements
and enhanced resolution, identifying distinct morphologic
patterns at various depths in the cornea. In the raw in vivo
MCM images, CGRP-positive nerves were clearly depicted
by a green signal in every optical section (Fig. 2). These
two-dimensional (2D) images depicted the unique distribu-
tion and morphology of corneal nerves that are characteris-
tic of each layer of the cornea, from the superficial epithe-
lium to the deeper stroma. In the superficial layer, numerous
punctate signals were observed that likely represented
intraepithelial nerve terminals. Immediately deep to the

epithelium was a dense network of fine nerves represent-
ing the subbasal plexus. The CGRP-positive nerves within
the corneal stroma appeared thicker but fewer in number
and likely represented the subepithelial nerve plexus
(Fig. 2).

While the collection of 2D optical sections clearly depicts
CGRP-positive corneal nerves, the dome-like shape of the
cornea limits observation of the overall distribution of GFP*
nerves in 2D. Therefore, each series of corneal optical
sections was processed in Imaris, which successfully yielded
3D reconstructions/images of CGRP-positive nerves (Fig. 3).
These images provided valuable spatial information regard-
ing nerve distribution relative to the stroma due to the
unique potential for second harmonic-generated signals in
MCM.

Classification of corneal nerves relative to the SHG
signal of the stroma revealed unique networks of intrastro-
mal (red) and extra-stromal (yellow) nerves. Intrastromal
nerves predominantly contained thick nerves representing
the subepithelial nerve plexus along with a meshwork of
some of the thin nerves. In contrast, the extra-stromal epithe-
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Reconstruction of 3D whole nerve image by Filament tool

Signals

Isolation of GFP signal (green)

Signals

Isolation of second harmonic signal (blue)

from CGRP+ nerves 3D whole nerves

from corneal stroma 3D corneal stroma

Reconstruction of 3D stromal image by Surface tool

Ficure 3. Reconstruction of 3D images of corneal nerves and stroma. GFP (green) signals and second harmonic signals (blue) from the
corneal stroma in CGRP:GFP Tg mice were stitched and processed by image software Imaris. Green and blue signals were isolated from

each other and then reconstructed into 3D images.

lial nerves predominantly contained the network of intraep-
ithelial nerves and subepithelial nerve plexus. Thus, extra-
stromal nerves are interchangeably referred to as epithelial
nerves in this study (Fig. 4a). The successful spatial classifi-
cation of corneal nerves with respect to the stroma can eluci-
date the location of nerve damage in the corneal epithelial
wound-healing model.

These 3D images allow for observation of corneal nerves
from virtually any angle and magnification, providing a
comprehensive overview of the corneal nerve topography
(Fig. 4b) and detailed representations of fine structures
(Figs. 4c, 4d). These virtual models can be manipulated in
various ways, including viewing angles and image magni-
fication, while also allowing for the analysis of quantita-
tive parameters such as volume, surface area, and length
of each nerve fiber using Imaris. Overall, the in vivo MCM
and Imaris-based imaging system for murine corneal nerves
in CGRP:GFP Tg mice was successfully developed and facili-
tated distinct visualization of the corneal nerves in live mice.

Delayed Corneal Epithelial Wound Healing
Induced by Benzalkonium Chloride

In C57BL/6 mice, the progression of wound healing in the
BAK-treated group (10 eyes of 10 mice) was compared to
a control group (5 eyes of 5 mice) in which BAK was not
applied for 10 seconds. The initial surface of the corneal
lesion was comparable in the control group (47.8% =+ 2.5%
of the total cornea surface) and BAK group (50.4% =+ 2.2%;
P =0.1). However, the time course of wound closure for each
group revealed delayed onset of wound healing in the BAK
group, which was evident 12 hours postprocedure. In the
control group, the lesion almost entirely re-epithelialized by
the 24-hour endpoint, whereas a complete epithelialization
was not achieved in the BAK group (Figs. 5a, 5b). The wound
closure percentage at the 24-hour endpoint was significantly

lower in the BAK group compared to the control group
(51.2% + 13.3% vs. 96.9% + 6.0%, respectively; P = 0.0007)
(Fig. 5¢). These results suggest that brief exposure to 0.1%
BAK after corneal abrasion impairs the corneal epithelial
wound-healing process and delays re-epithelialization.

Benzalkonium Chloride Induces Functional and
Structural Damages on Corneal Nerves in the
Delayed Corneal Epithelial Wound Healing

Corneal epithelial lesions were created in 12 eyes of six
CGRP:GFP Tg mice, with 6 eyes treated with BAK and
6 eyes left untreated. Baseline corneal nerve images obtained
before the procedure exhibited a similar distribution of the
epithelial nerve plexus and network of thick stromal nerves
in both groups.

The comparison of images taken 24 hours postproce-
dure showed that the epithelial nerve plexus disappeared
in both groups, mainly in the central cornea (Fig. 6). A
pronounced reduction of epithelial nerve length (19.0% £
7.0% in control vs. 19.2% + 9.2% in BAK-treated; P > 0.99)
and volume (20.0% + 11.2% in control vs. 16.0% + 7.3% in
BAK-treated; P > 0.99) compared to baseline was observed
in both groups (Figs. 7a, 7b). These reductions in length
and volume of epithelial nerves were attributable to the
experimental corneal epithelial debridement. In the BAK
group, the stromal nerve network was fragmented with a
loss of continuity, whereas stromal nerves remained rela-
tively preserved in the control group (Fig. 6). Regarding stro-
mal nerves, although nerve length did not show a significant
difference between both groups (44.3% =+ 6.1% in control
vs. 36.2% =+ 14.7% in BAK-treated; P = 0.352), nerve volume
was significantly decreased at 24 hours in the BAK group
compared to the control group (49.4% + 14.4% in control
vs. 27.0% £ 11.0% in BAK-treated; P = 0.019) (Figs. 7a, 7b).
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( a Reconstruction of 3D extra-stromal nerve image by Filament tool

Signals from CGRP+ nerves Signals of extra-stromal nerves 3D epithelial nerves

Separation of intra- and extra-stromal nerve
signals through the 3D comeal stroma

Signals of intra-stromal nerves 3D stromal nerves

Reconstruction of 3D intra-stromal nerve image by Filament tool

(b)

100 ym

Ficure 4. In vivo 3D image reconstruction of corneal nerves segmented into epithelial and parenchymal nerves based on corneal parenchy-
mal signals. The 3D images of the CGRP-positive corneal nerves in CGRP:GFP Tg mice were successfully captured by in vivo multiphoton
microscopy and processed by Imaris software. (a) Based on the 3D confines of corneal stroma revealed by its second harmonic-generated
signal, GFP signals (green) were separated into two categories: extra-stromal (yellow: stromal nerves) and intrastromal (red: epithelial nerves)
signals. Each category was then individually reconstructed into 3D images. In low magnification, the entire corneal nerve distribution can be
observed. (b) Corneal epithelial nerves are distributed radially around the central corneal vortex, forming a subbasal nerve plexus. From a
lateral view with high magnification, (c) the branches of epithelial nerves extending toward the corneal epithelium (intraepithelial terminals)
are well represented. (d) Thick stromal nerves consisting of the subepithelial nerve plexus were identified from a posterior view.

These results suggest that BAK had a detrimental effect on wild-type and CGRP:GFP Tg mice (50.0 vs. 53.3 &+ 0.41 mm)
stromal nerve damage after the intervention. (P = 0.2). However, at 24 hours postprocedure, a significant

Functional analyses of corneal mechanosensation decrease of mechanosensation was observed in the BAK
revealed no significant difference at baseline between group (25.0 = 0.58 mm vs. 1.7 £ 2.6 mm) (P = 0.0095)
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Ficure 5. Delayed wound-healing process by benzalkonium chloride administration. Corneal epithelial defects were created with a 2-mm
diameter and imaged with fluorescein staining using a blue-free filter every 6 hours, ranging from immediately after the creation of the defect
up to 24 hours later. (a) Representative photos of cornea and corneal fluorescein staining showed that the control group showed quick and
complete re-epithelialization at 24 hours while the BAK-treated group showed delayed wound healing and incomplete re-epithelialization at
24 hours. Wound closure percentage (WCP) was calculated as the percentage of area epithelialized over the baseline defect area. (b) Wound
healing was significantly delayed in the BAK group compared to the control group at 12 hours after defect creation. (c) At 24 hours, the
BAK group showed a significantly lower WCP than the control group (P = 0.007).

(Fig. 7¢). These results indicate that BAK disrupted stromal
nerve structure and impaired the corneal nerve function.

DiscusSION

There is a need for an in vivo model of neurotrophic corneal
PEDs. In addition, there is also a need for a high-resolution
and quantitative imaging modality that can provide visual
data on corneal nerves in vivo. The combination of this
model and imaging modality will facilitate investigating the
pathophysiology of and therapeutics for diseases such as
neurotrophic keratitis. This study presents both an effective
murine model of neurotrophic corneal PEDs under specific
treatment conditions as well as a method for in vivo visual-
ization of corneal nerves in a transgenic mouse model.

In this study, we combined an in vivo MCM and
CGRP:GFP Tg mice to visualize corneal nerves and obtain
3D images of them. This novel in vivo imaging tech-
nique allowed us to successfully observe corneal nerves
over time to assess nerve damage in BAK-induced delayed
corneal epithelial wound healing. Our mouse model reca-
pitulates the pathophysiology of corneal epithelial defects
in neurotrophic Kkeratopathy, and it is ideal for this
mouse model to use the CGRP:GFP Tg mice developed
through the efforts of Bouheraoua et al.*® which allows
us to focus on CGRP" nerves since they are peptidergic
neurons involved in pain sensation,”3>4%4! and neuropep-
tides such as CGRP, substance P, and vasoactive intestinal
peptide play a role in the corneal epithelial wound-healing
process.511:42,43
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(b) BAK

24 hours

Ficure 6. Destructive corneal epithelial and stromal nerve structures after corneal debridement and following benzalkonium chloride
administration. The 3D models of corneal nerves in CGRP:GFP Tg mice were obtained by in vivo multiphoton microscopy and Imaris at
baseline (inset) and 24 hours after corneal epithelial debridement. (a, b) Images show a drastic decrease in epithelial nerve volume (yellow),
and the dense subbasal plexus virtually disappeared after corneal epithelial debridement in both the control and BAK groups. Stromal
nerves (red) were fragmented and lost their continuity in (b) the BAK-applied eye, while the continuity of the stromal nerves was relatively

preserved in (a) the control group.

The most important advantage provided by the combina-
tion of in vivo MCM and CGRP:GFP Tg mice is the ability
to image the nociceptive axons in the cornea of live mice.
This allows longitudinal analysis of corneal nerve struc-
ture, which is impossible with conventional histologic meth-
ods. Furthermore, a unique feature of multiphoton confo-
cal microscopy is the ability to obtain second harmonic
generation from the corneal stroma. It enables imaging
of the corneal stroma without the need for any staining
of the tissue or genetic modification for the expression
of fluorescent proteins. Besides, the two-photon excitation
is generally less scattered than one-photon excitation and
therefore provides a higher resolution. The development
of CGRP:GFP Tg mice also overcomes the possibility of
incomplete immunohistochemical staining due to insuffi-
cient tissue penetration of antibodies. In fact, the GFP signals
obtained in this study were sharp/strong enough to allow
generating high-resolution 3D images of corneal innervation
in a wide area and across its entire depth.

Regarding other in vivo microscopy techniques that visu-
alize corneal nerves in mice, the use of confocal laser scan-
ning microscopy, which has already been clinically applied
in humans, has been reported to easily capture unlabeled

corneal nerves.?’”** Although corneal nerve mapping is a
challenging process due to the small scanning area and the
difficulty of repeatedly targeting precisely specified areas,
varjous attempts have resulted in the successful delineation
of a wide field of view of corneal innervation.**=>° On the
other hand, compared to the approach described herein,
in vivo multiphoton confocal imaging far outperforms in
terms of resolution, as confocal laser scanning microscopy
cannot easily detect thin nerves such as intraepithelial termi-
nals. Although fluorescence microscopy provides enough
images to overview the entire corneal neural network, it was
insufficient to visualize fine nerves, obtain detailed nerve
distribution, or reconstruct 3D structures because it does
not provide z-axis data. To summarize, the imaging system
reported in this study using CGRP:GFP Tg mice and in vivo
multiphoton confocal microscopy has a remarkable capa-
bility for repeated, noninvasive, longitudinal evaluation of
corneal nerves with high resolution in mice, which allows for
a comprehensive visualization of corneal innervation with-
out the need of immunohistochemistry procedures.

It is necessary to carefully interpret the quantitative
parameters obtained from the 3D imaging process. In this
study, there was a discrepancy between the length and
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Ficure 7. Corneal nerves were damaged both functionally and structurally by benzalkonium chloride. Corneal nerves were evaluated from
both structural and functional perspectives. (a, b) Based on nerve lengths and volumes obtained in Imaris, the ratios of length and volume

between baseline and 24-hour postprocedure of epithelial and stromal

nerves were calculated. (a) Nerve length did not show significant

differences between the BAK and control groups in both epithelial and stromal nerve length at 24 hours. (b) Although there was no

significant difference between the BAK and control groups in epithelial
(P = 0.0095) less in the BAK group than in the control group. (¢) Corneal

nerve volume, stromal nerve volume at 24 hours was significantly
mechanosensation was measured using Cochett-Bonnet at baseline

and 24 hours after corneal debridement. The BAK group showed significantly (P = 0.0095) impaired mechanosensation compared to the

control group at 24 hours.

volume of the stromal nerves in the BAK and control groups.
In the “filament” analysis process of Imaris software, the
software recognized GFP signals as a series of points of
varying size according to the intensity and reconstructed 3D

nerve fibers by filling in the gaps. Therefore, reduction in
GFP intensity or number of points directly affects the recon-
structed nerve fiber’s thickness and volume, as the fiber
appears thinner. However, the length of fibers could be over-



Investigative Ophthalmology & Visual Science

Corneal Nerve Damage and In Vivo Confocal Imaging

estimated due to the modifications by the software in which
gaps are filled in by the software, even when the signal count
or intensity is reduced. Consequently, fiber length alone may
not fully capture changes in GFP signal intensity or volume.
In addition, after surgical intervention, morphologic changes
in the nerve, such as swelling of the nerve axon, may affect
nerve diameter and thus volume measurements. However,
the CGRP-GFP transgenic mice used in this study express
GFP, which labels the neurotransmitter CGRP, rather than
directly labeling nerve fibers or axonal structures. While GFP
enables visualization of CGRP-positive pathways, it repre-
sents changes in the localization and amount of CGRP, not
the structural nerve alterations themselves. Therefore, the
intensity and number of GFP signals reflect CGRP levels,
indicating changes in neurotransmitter presence rather than
nerve fiber morphology. Through this indirect analysis, we
observed neuronal pathway changes as fluctuations in CGRP
expression rather than direct structural modifications of the
neural tissue. Therefore, it should be noted that both length
and volume aspects require to be comprehensively inter-
preted.

In the present study, the volume of stromal nerves was
significantly decreased in the BAK group compared to the
control group, while there was no significant difference in
the length of nerve fibers between the two groups. Accord-
ing to these results, GFP signals were reduced and/or weak-
ened, suggesting that functional changes, such as CGRP
production and transport, were impaired. On the other hand,
it could be understood that there was no significant differ-
ence in the extent of structural destruction of the nerve
fibers, at least for the total length of the nerve, suggesting
that the pathways of CGRP-positive nerves may have been
maintained at the same level in the two groups. It is therefore
considered that the results of this study emphasize impair-
ment of neurotransmitter activity rather than the physical
integrity of the neural pathways.

Herein we describe a novel mouse model for investi-
gating BAK-induced delayed corneal epithelial wound heal-
ing. Although our model of BAK-induced keratopathy may
not fully represent the pathophysiology of neurotrophic
keratopathy (NK), patients using glaucoma medications
containing BAK are known to develop decreased corneal
sensitivity and “NK”-like keratopathy.”! The mechanism of
BAK damage to corneal epithelial cells has been well inves-
tigated, as it involves such factors as cytotoxicity, oxida-
tive stress/reactive oxygen species production, inhibition
of metabolic activity, membrane permeability, induction of
apoptosis, and production of inflammatory cytokines.!”’=23
It has been documented that BAK induces neurotoxicity
directly by its detergent effect and indirectly by its infil-
tration of inflammatory cells and promotion of inflamma-
tion.24-28:52 Several reports evaluate the effect of BAK on
corneal epithelial wound healing in mice, and all of them
reported that BAK causes a delay in corneal epithelial wound
healing.'>'® The delayed corneal epithelial wound healing
and neuronal damage observed in our study should also be
caused by those previously described mechanisms. In addi-
tion, it should be considered there was a possibility that
poor wound healing could also be affected by BAK toxi-
city to limbal stem cells. In our model, it is important to
note that the corneal epithelium was intentionally debrided
and BAK was administered at a concentration more than
five times higher than the usual ophthalmic formulation.
Although the multilayered structure and tight junctions of
the corneal epithelium provide barrier function,® the lack
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of the barrier resulted in the toxicity of BAK directly affect-
ing the basement membrane, stroma, and nerves. Therefore,
it was considered that the corneal wound healing and nerves
were damaged even though the exposure to BAK was only
once for 10 seconds. Our model allows for testing other ther-
apeutic agents without concern for any interference such as
dilution, washout, or interaction with BAK due to repeti-
tive BAK administration. This is an advantage of our model
for evaluating treatment efficacy in delayed corneal wound
healing.

Corneal mechanosensation was dramatically reduced in
eyes exposed to BAK or not, a phenomenon likely explained
by the loss of epithelial nerve terminals after epithelial
debridement. In an intact cornea, numerous intraepithelial
terminals extend from the subbasal plexus to the epithe-
lial layer, providing exquisite sensation to this organ.! Since
stimulus sensing begins with the activation of receptors
present in nerve terminals, the loss of intraepithelial nerve
endings by scraping could lead to a dramatic decrease
in mechanosensation. Interestingly, corneal mechanosensa-
tion was significantly lower and almost abolished in the
BAK group compared to the control group. Several possi-
ble mechanisms might underlie the differences in corneal
mechanosensation between the BAK and control groups. As
can be seen from the in vivo nerve images, most of the
intraepithelial nerves were lost in the central cornea after
epithelial defect creation. This finding is consistent with the
dramatic decrease in nerve volume in both groups. However,
focusing on the overall distribution of epithelial nerves,
epithelial nerves grew toward the center of the cornea in
the control group over time, whereas large areas without
epithelial nerves in the center of the cornea persisted in
the BAK group. This suggests that the decreased number
of epithelial nerves growing toward the center of the cornea
may contribute to impaired mechanosensation.

Another possible explanation is that the stromal nerves
partially contribute to mechanical sensation, as suggested
by the clear difference in the morphology of stromal nerves
between both groups. Receptors of corneal nerves are
considered located almost entirely at the epithelial nerve
endings,’* while the presence of receptors deeper than the
epithelium layer in the central cornea has not been clarified.
However, the presence of nerve-end bulbs, called corpuscu-
lar nerve endings, has been reported in the corneal limbus
and conjunctiva.>*5> There is a possibility that there may be
unknown sensory receptors in the corneal stroma, in the
same way that there are various sensory receptors in differ-
ent layers of epidermis and dermis.”® Given these consid-
erations, it is not surprising if sensory receptors exist in
corneal stroma, and our results may reflect the possible
function of these hypothetical sensory receptors. Of course,
since this study focused only on CGRP-positive nerves,
which are polymodal fibers, it is possible that other CGRP-
negative nerves, such as pure mechanical sensory nerves, are
involved in mechanosensation and remained after removal
of the corneal epithelium.

Although further research is needed to elucidate the
mechanism of perception of mechanical stimulation in the
cornea lacking corneal epithelium, our results suggest that
BAK administration may have triggered damage to the
neural structure and receptor function of the stromal layer.
Therefore, BAK application might delay corneal epithelial
wound healing by damaging both the corneal epithelium
and the corneal nerves. In addition, while there is no doubt
that an impairment of corneal axons was caused by BAK
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administration, the reduction of corneal nerve volume could
also reflect a decrease in CGRP or GFP expression. There-
fore, further studies are needed to elucidate the underlying
pathophysiology, such as structural destruction of neurons
and axons or impairment of functions such as neuropeptide
production, distribution, and transport.

In summary, we successfully observed corneal nocicep-
tive nerves longitudinally using CGRP:GFP Tg mice and
in vivo multiphoton confocal microscopy. Combining our
wound-healing model with a novel imaging system enabled
us to evaluate structural and functional changes in corneal
nerves longitudinally in conjunction with assessing wound
healing through conventional methods. This experimen-
tal system offers outstanding potential for various appli-
cations and will contribute to the detailed investigation of
neurotrophic persistent epithelial defects and the develop-
ment of new therapeutic approaches.
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