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Purrose. Millions of people suffer from diseases that involve corneal nerve dysfunction,
caused by various conditions, including dry eye syndrome, neurotrophic keratopathy,
diabetes, herpes simplex, glaucoma, and Alzheimer’s disease. The morphology of corneal
nerves has been studied extensively. However, corneal nerve function has only been
studied in a limited fashion owing to a lack of tools. Here, we present a new system for
studying corneal nerve function.

MertHobs. Optical imaging was performed on the cornea of excised murine globes taken
from a model animal expressing a genetically encoded calcium indicator, GCaMP6f, to
record calcium transients. A custom perfusion and imaging chamber for ex vivo murine
globes was designed to maintain and stabilize the cornea, while allowing the introduction
of chemical stimulation during imaging.

Resurrs. Imaging of calcium signals in the ex vivo murine cornea was demonstrated.
Strong calcium signals with minimal photobleaching were observed in experiments last-
ing up to 10 minutes. Concentrated potassium and lidocaine solutions both modulated
corneal nerve activity. Similar responses were observed in the same neurons across multi-
ple chemical stimulations, suggesting the feasibility of using chemical stimulations to test
the response of the corneal nerves.

Concrusions. Our studies suggest that this tool will be of great use for studying functional
changes to corneal nerves in response to disease and ocular procedures. This process
will enable preclinical testing of new ocular procedures to minimize damage to corneal
innervation and therapies for diminished neural function.

Keywords: corneal nerves, functional imaging, calcium imaging, genetically encoded
calcium indicators

he cornea is the outermost tissue of the anterior

eye and critical to vision. The cornea and tear film
are maintained by the corneal nerves, whose peripheral
sensory terminals are densely integrated into the corneal
epithelium.!2 Numerous diseases, such as diabetes mellitus,
herpes simplex, glaucoma, and Alzheimer’s disease, detri-
mentally affect the ocular surface, likely through deleterious
effects on the function of the corneal nerves.!>~1° Diseases
such as dry eye syndrome and neurotrophic keratopa-
thy, which are principally of the ocular surface, are at
least partially due to abnormal corneal nerve function.
Additionally, common ocular procedures such as refrac-
tive surgery and corneal cross-linking cause damage to the
corneal nerves and can result in long-term morbidities.
These conditions and diseases collectively affect millions of
people in the United States and many more worldwide.
Study of the corneal nerves has been conducted in human
subjects for a number of years using confocal microscopy

to image nerve morphology and aesthesiometers to broadly
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is known that the corneal nerves change in response to
disease, surgery, and aging®' There is significant inter-
est in treatments to improve the condition of the corneal
nerves in disease, as evidenced by the development and
recent approval by the U.S. Food and Drug Administra-
tion of recombinant human nerve growth factor (Oxervate,
Dompe, Milan, Italy)®? to treat neurotrophic keratopathy.
However, the limited range of tools for studying corneal
innervation has made it difficult to assess the progres-
sion of corneal neuropathy and the efficacy of treatments.
Understanding how corneal nerve signaling changes during
normal development and during disease progression, such
as in type 1 diabetes, may provide insight into the etiology
of eye diseases and neurologic disorders. Before progress on
understanding the role of corneal nerve function in disease
states can be made, better tools need to be developed and
refined. Such tools would enable development of new treat-
ments for corneal nerve dysfunction.

Previous functional study of corneal nerves has
been limited by a lack of experimental techniques.
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A schematic of the continuous flow apparatus and sample chamber designed to allow stable imaging of the ex vivo globe.

A murine globe is suspended above a cover slip in a microscope-slide (25 x 75 mm) sized chamber, designed to allow solutions to be
continuously flowed past the cornea while imaging. The cornea is held in place by a low-toxicity silicone adhesive, such as Kwik-Sil. An
arbitrary number of reservoirs and a manifold can be used to control which solution flowed past the cornea, and a break pressure chamber
was used after the imaging chamber to minimize motion owing to suction from gravitational forces on the fluid in the outflow line.

Electrophysiologic methods have been used both on the
ciliary nerves of excised globes and directly on the corneal
surface.?>3% Direct measurement of the ciliary nerves has
informed much of what is known about the function of the
corneal nerves. Additionally, fluorescent calcium reporter
dyes, which change in fluorescence in response to changes
in calcium concentration, have been used to image cultured
or excised corneal neurons.?>~37 Although this is a promising
approach, the use of calcium dyes requires detergents to get
into the corneal neurons and tend to be at least somewhat
phototoxic. Most recently, genetically encoded calcium indi-
cators (GECIs) have been used to image excised and cultured
nerves.”® While this work is promising, further development
of tools for functional study in situ and in vivo is needed
to study the long term effect of injury and disease on the
corneal nerves.

Here, we introduce an experimental model and prepara-
tion that allows for functional imaging of the corneal inner-
vation in an ex vivo murine globe. The overarching goal of
this work is to develop tools to study functional changes
to the corneal nerves. This approach may enable a better
understanding of the mechanisms of ocular surface home-
ostasis in health and disease, which ultimately may be used
to develop treatments, optimize procedures, and minimize
injury to the ocular surface.

METHODS
Mouse Strains

All animal work was performed in adherence with the
ARVO Statement for the Use of Animals in Ophthalmic
and Vision Research. GECIs for high-fidelity Ca*" imaging
in excitable cells are used to study neural circuitry in the
brain and peripheral nervous system. When paired with
the appropriate promoter, murine models express GECIs in
specific neural subtypes or in all neurons. For use in the
cornea, we crossed a C57BL mouse strain with a plasma
membrane-targeted GCaMP6f conditional allele (Jackson
stock #029626) to a C57BL mouse strain expressing nestin

cre (JAX stock #003771).3°4 The nestin cre was chosen
because it is a promoter for a type VI intermediate filament
prominent in nerve cells.*>4! The model only needs to be
heterozygous for both the GCaMP6f conditional allele and
the nestin cre to achieve expression of GcaMPO6f. This model
strongly expresses GCaMPOf in the corneal nerves, observed
as a strong blue/green fluorescent signal (Fig. 1). Several
other transgenic murine lines with GCaMPO6f expressed
against other promoters (including VGLUT?2, Chat, and Thy1)
were also tested and found not to strongly express GCaMP6f
in the corneal nerves. We found that we achieved the best
results with animals at least 3 months old because expres-
sion of GCaMPO6f in the corneal nerves was observed to grad-
ually increase after birth.

Tissue Preparation

All animal experiments were performed according to proto-
cols (Jenkins 2016-0042, 2019-0015) approved by the Insti-
tutional Animal Care and Use Committee of Case Western
Reserve University. Mice were sacrificed by isoflurane over-
dose followed by cervical dislocation. Both globes were
enucleated, taking care to preserve as much of the ciliary
nerves as possible, and placed in artificial cerebral spinal
fluid (aCSF) (124 mM NacCl, 2.7 mM KCl, 1.25 mM NaH2PO,,
10 mM MgSO4, 3 mM CaCl,, 26 mM NaHCO;, 18.6 mM
dextrose, and 2 mM ascorbic acid; pH = 7.3-7.4). Globes
were then immediately used for imaging or chilled on ice.
Although it is known that the corneal nerves begin to degen-
erate quickly postmortem,? we found that chilled globes
were observed to still display basal nerve signaling visi-
ble with functional imaging after being returned to room
temperature at least 3 hours postmortem. An example of
this is shown in Supplementary Figure S3. Each experiment
shown results from the testing of a single globe.

Imaging

All imaging was done using a Leica SP8 confocal micro-
scope. The microscope was inverted and a 10x/0.4 NA air
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objective (Leica HC PL APO CS 10x/0.40 DRY) was used.
The 488-nm line of an argon jon laser was used for exci-
tation in our experiments with a typical average power of
165 pW. Light in the 500-580nm range was collected by
the SP8 hybrid detector. A custom sample chamber was
designed to minimize globe motion while imaging (model
included in the Supplementary Data). In the chamber, the
globe is suspended just above a #0 coverslip (EMS 63750-
01) without applanating the cornea. A low-toxicity silicone
adhesive (Kwik-Sil, WPI, Sarasota, FL) was placed over the
back of the globe to help hold it in place and prevent dehy-
dration. The 2.5-mm diameter opening in the chamber is
expected to expose most or all of the mouse cornea (2.3-
to 2.6-mm diameter®?) to fluid flow. We observed in early
experiments that addition of buffers and chemicals to the
sample chamber would cause the globe to move. To address
this phenomenon, we designed a continuous flow appara-
tus in which buffer is continuously passed around the cornea
while imaging. The solution can easily be changed to intro-
duce drugs or other chemicals to the solution without alter-
ing the fluid force on the cornea. Depending on how well
the globe is mounted, sometimes there is a small motion arti-
fact when changing between solutions owing to the fluid
flow change from opening or closing a valve. Most of the
time, the image remains highly stable both axially and later-
ally during imaging. A schematic of our imaging chamber
and setup is shown in Figure 1. The use of a break pres-
sure chamber (shown as a funnel in Fig. 1) after the imaging
chamber was critical to eliminating both unwanted suction
and motion owing to the dripping of fluid after exiting the
imaging chamber.

Chemical Stimulus

Various chemical stimuli were applied to the cornea to stim-
ulate or inhibit neural activity. aCSF was used as the stor-
age solution and buffer. 0.3 M KCl (Thermo Fisher Scientific,
Waltham, MA) and 10 mM lidocaine (Sigma-Aldrich) were
added to aCSF for stimulation or inhibition and the solu-
tions were checked and adjusted as necessary to ensure a
pH of 7.3-7 4.

Image Processing

Data processing, analysis and image visualization were done
using Matlab 2019b (Mathworks, Natick, MA), Image]J, Fiji,
Amira 6 (Thermo Fisher Scientific, St Louis, MO) and Photo-
shop 21 (Adobe, San Jose, CA).#45 A piecewise rigid motion
correction algorithm for calcium imaging data (NoRMCorre)
was used for image registration.“® All plots of data show
fluorescence amplitude in time without baseline correction
to demonstrate rate of photobleaching. The signal-to-noise
ratio (SNR) was quantified as the peak height above baseline
over the standard deviation of the baseline in regions with-
out apparent action potentials. The AF/F, was quantified as
the difference between peak height and the averaged base-
line in regions without apparent action potential divided by
the baseline.

RESULTS

We assessed the expression of GCaMP6f in the cornea by
recording a scanned volume of a globe excised from an
adult transgenic mouse and placed in aCSF. Axial and lateral
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FiGure 2. (a) Axial intensity projection of a murine cornea express-
ing GCaMPOf against the nestin promoter. Scale bar is 100 pm. (b)
Lateral intensity projection of the middle half of the dataset shown in
(a). GCaMPOf is broadly expressed and appears to be visible across
all of the layers of the cornea, from the stroma to sensory nerve
terminals in the corneal epithelium.
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Ficure 3. (a) Average intensity projection of a region of murine
cornea with a region of interest (ROI) highlighted in blue. The scale
bar is 100 pm. (b) The fluorescent trace for the ROI shown in (a)
over a period of 90 seconds.

projections of this three-dimensional image are shown
in Figure 2. Many of the corneal nerves are clearly visible
and traceable from the ciliary nerve bundles to the sensory
nerve terminals which project into the corneal epithelium.
This matches the expected structure of the corneal nerves,
depicted in Supplementary Figure S1 and described in the
literature.*’

To assess the functional response of our reporter in the
cornea, we prepared an ex vivo globe as described and
imaged baseline activity at room temperature with buffer
flowing past the cornea as shown in Figure 1. The results
are shown in Figure 3 and Supplementary Video S1. Strong
calcium transients corresponding prefer to action poten-
tials were observed. Approximately 165 pW of average
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FiGure 4. Average intensity projection of a region of murine cornea subjected to either 30-second (a) or 60-second (b) pulses of concentrated
potassium solution with regions of interest (ROI) highlighted in various colors (magenta, orange, green). Scale bars are 100 pm. The
fluorescent traces for various ROIs from (a), (c), or (b) and (d) are shown over time. ROI labels in (a) and (b) correspond with the position
of the corresponding time plot in (¢) and (d). Stimulus is shown at the top of the plots in red and corresponds to when the solution valve

was opened at the manifold.

power at 488 nm (laser line from an argon ion laser) and
a pixel residence time of approximately 0.5 psec yielded
a AF/F, between 0.21 and 1.44 (SNR varying between 13
and 96) depending on the strength of the action potential
(in Fig. 3b).

We applied stimulation and anesthetic to the cornea
to demonstrate the feasibility of stimulus-response exper-
iments. Concentrated potassium was added to the buffer to
elicit action potentials in pulses of 30 seconds or 60 seconds,
as shown in Figure 4, Supplementary Videos S2, and Supple-
mentary S3. Stimulated action potential responses consisting
of many action potentials were observed after each pulse of
potassium solution. The timing of the response was consis-
tent with and equivalent to the approximate residence time
of the potassium solution on the cornea. There was a delay
between each stimulus and response corresponding with the
delay between the solution valve opening and the solution
reaching the cornea. The number, amplitude, and timing of
action potentials in each stimulus response are consistent for
each repeated stimulus and suggest a consistent response for
different types of nerves in the various regions of interest.
Minimal photobleaching was observed across the 10 minutes
measured in each experiment with an average laser power of
approximately 165 pW and pixel residence time of approxi-
mately 1.0 psec.

To test the response of the corneal nerves to an anes-
thetic, we applied a high dose of lidocaine (10 mM,

75 seconds) in aCSF to a cornea. Lidocaine in this concentra-
tion is expected to be neurotoxic and cause a large increase
in intracellular Ca** ions followed by an anesthetic effect.*®
This phenomenon is clearly seen in Figure 5 and Supplemen-
tary Video S4, where the initial baseline signaling is followed
by a large increase in intracellular Ca** (indicated by an
increase in fluorescence of GCaMP6f) after the first appli-
cation of lidocaine and then quiescence. A second lidocaine
bolus (10 mM, 60 seconds) elicited a similar, but slightly
smaller response. Last, a demonstration of alternating appli-
cations of potassium (0.3 M, 60 seconds) and lidocaine (10
mM, 60 seconds) is shown in Supplementary Figure S3. From
these data, we qualitatively observe differential, but repeat-
able responses to lidocaine and potassium stimulus.

DISCUSSION

This work represents significant progress toward develop-
ing tools for the functional study of the corneal nerves and
assessing the response of the corneal nerves to arbitrary
stimuli. Functional study using GECIs is a large improve-
ment over previous work using calcium dyes in terms of high
SNR with low light exposure and also features low photo-
bleaching, ease of use, imaging over a large field of view and
minimal perturbation to the cornea. Additionally, imaging of
the corneal innervation shown in Figure 1 is comparable in
quality with previous work in transgenic murine models*



Investigative Ophthalmology & Visual Science

GEClIs for Functional Studies of Corneal Nerves

s A
< [ /‘ \
\ \
E N )
g M“w“\l“'\' \, / .
YU
= /f\.
:. J/ '\
< [\ :
P / \ M\
8 W""‘-‘"“"""‘W evrmes s A ’\«....._\ o o]
g
S
2 ™
w A\\
:\/," \“ /' \
MR o \‘\\»_ AN ~,,\~,W.»«u~\/~.\,«~w’/ ‘"“\ s i)
0 100 200 300 400 500
Time [sec]

FIGURE 5. Average intensity projection of a region of murine cornea
subjected to two pulses of concentrated lidocaine solution with
regions of interest (ROI) highlighted in various colors (magenta,
orange, green). The scale bar is 100 um. The fluorescent traces for
representative ROIs from (a) are shown over time in (b). ROI labels
in a correspond to the position of the corresponding time plot in
(b). Stimulus is shown at the top of the plots in red and corresponds
with when the solution was turned on at the manifold.

and clinical imaging of humans.?® This finding suggests that,
in addition to functional imaging, this model may be used
for tracking of morphologic changes to the corneal nerves.
In general, the field of view demonstrated in the functional
imaging is large and could potentially be extended to include
the majority of the murine cornea.

We envision that this functional imaging method on ex
vivo corneas could be a useful tool for assessing changes
to the corneal nerves in population studies of disease and
injury. To achieve this potential, further work is needed to
assess the normal response of the corneal nerves to vari-
ous stimuli, including chemical and mechanical stimuli. Our
work here showed that various drugs, such as potassium
and lidocaine, give repeatable responses to repeated stimu-
lations and suggest that chemical stimuli might be used for
assessing changes in neural responses. However, our work
here also reinforces that the idea that the corneal nerve
network is complicated and response to stimulus may be
different for different groups and types of nerves. This result
highlights the need for further study and characterization
of the corneal innervation. With that characterization, this
technique could be powerful for assessing the efficacy of
interventions to treat corneal neuropathy in the context of
neurotrophic keratopathy or diabetes. Similarly, this tech-
nique could be used to assess functional changes to the
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corneal nerves in response to damage caused by refractive
surgery and subsequent healing.

Future work could greatly increase the potential of this
technique. One major limitation of this work is that all imag-
ing was done with the cornea in solution, limiting the ability
to assess the response of the corneal nerves to fluid evap-
oration. In the future, this technique could be adapted to
work with the imaging system in air through modification
of the optics to account for the curvature of the cornea.
This technique would also be a step toward in vivo imag-
ing. Ex vivo experiments have a variety of applications, but
development of a comparable method for in vivo imaging
would allow for longitudinal studies of the same nerves and
same animals across the progression of disease and healing
over time. The speed of calcium reporters is not suitable for
imaging fast neural signaling, and developing a model and
imaging system using genetically encoded voltage indicators
could be a significant extension to the current technique.

We feel the tools presented here have significant poten-
tial to improve the study of the corneal nerves in health and
disease. The cornea is uniquely accessible for optical imag-
ing with potentially little intervention. This work coincides
with the first clinically available interventions to treat corneal
nerve dysfunction and when the need for preclinical study
of the impacts of interventions on various disease states is
greater than ever. Better preclinical tools for assessing inter-
ventions have the potential to be revolutionary in this field.
Additionally, because of the potential to view neural signal-
ing over a large field of view with high SNR, the method
could be used to decode neural circuitry, further providing a
window into the effects of disease on the peripheral nerves.
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SUPPLEMENTARY MATERIAL

SupPLEMENTARY VIDEO S1. Video representation of
the data shown in Figure 3, sped up to approx-
imately 3x real time. Calcium imaging of basal
signaling in the corneal nerves is shown.
SuppPLEMENTARY VIDEO S2. Video representation of
the data shown in Figures 4a and 4c, sped up to
approximately 5x real time. Repeated 30-second
chemical boluses of high potassium solution are
used to stimulate the corneal nerves.
SuppPLEMENTARY VIDEO 83. Video representation of
the data shown in Figures 4b and 4d, sped up to
approximately 5x real time. Repeated 60-second
chemical boluses of high potassium solution are
used to stimulate the corneal nerves.
SupPLEMENTARY VIDEO S4. Video representation of
the data shown in Figure 5, sped up to approxi-
mately 5x real time. Repeated boluses of lidocaine
solution are used to stimulate and then inhibit the
corneal nerves.
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