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The cornea is uniquely avascular, transparent, and densely innervated with a highly complex
and rapidly adapting sensory system. Combined with the tear film coating its surface, it is the
first line of protection for the visual system. Clear vision provides tremendous survival
advantage and thus uses long evolved and highly conserved mechanisms within the corneal
protective barrier to preserve its function. Corneal nerves have a critical role in maintaining
corneal homeostasis, initiating blinking, and tearing circuits to block potentially damaging
environmental insults, and for engaging rapid-response regeneration programs. Many of these
critical molecular mechanisms have been broadly characterized over the past century. However,
with new advances in transgenic models and precision medicine, current studies focus on
specific molecular factors that can be targeted in translational research and treatments. Sry-Box
Transcription Factor 11 (SOX11) is a known upstream regulator of the injury response
regeneration associated gene network and is highly expressed in primary afferent neurons

following injury. Currently, little is known about the role of SOX11 in nerve regeneration



following corneal injury. The aim of this study was to examine corneal injury-induced pathology
in direct and indirect corneal injury models, which include trephine-only (TO), corneal abrasion
(CA), and lacrimal gland excision (LGE). Both wild-type C57B6/J, Nav1.8Cre-tdTomato and
Nav1.8Cre-Sox11-tdTomato mice were used to characterize corneal pathology following these
injuries. LGE-induced dry eye reduces the agueous component of tears, resulting in persistent
corneal epithelial cell damage and retraction of corneal afferent nerve terminals. TO ligates
axon terminals to the subbasal plexus in the corneal epithelium. CA first uses TO injury directly
followed by mechanically removing the corneal epithelium and axon terminals from the central
cornea. Before and after injury, assays were performed to evaluate tearing, mechanical
sensitivity, ocular discomfort, and the corneal epithelium. Tissue was collected at terminal
timepoints, and whole-mount corneas were imaged, and afferent terminals were analyzed.
Before injury, corneal cell bodies were labeled using retrograde tracer, and somal phenotype
was evaluated using immunohistochemistry and in situ hybridization. Additionally, rt-gPCR was
performed on both corneas and trigeminal ganglia in some experiments. The results show that
while corneal innervation density decreased between 1-2 weeks following LGE in control
animals, nerves regenerated to near normal levels by four weeks, albeit in a disorganized
manner. In Nav1.8Cre-tdTomato-Sox11" (Sox11"™" animals, innervation density was
significantly reduced at the 4-week time point compared to control animals. As determined with
fluorescein staining, corneal epithelial cell damage was similar between Sox11""and control
animals over the 4 -weeks after LGE. Directly following CA-induced injury, both control and
Sox11"" animals showed significant decreases in innervation density at 24 hours. By 48 hours
after injury, Sox11"" animals showed a small yet significant increase in nerve growth. Both

control and Sox11""animals demonstrated comparable reductions in corneal epithelial cell



damage 48 hours after injury. Taken together, these results provide support for the critical role

of SOX11 in nerve regeneration and healing following corneal injury.
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CHAPTER 1
A REVIEW OF CORNEAL NERVE INJURY
Sight is the ultimate superpower. Evolutionarily, vision improves survival and
reproduction, and at least for humans, increases perceived quality of life (Stelmack, 2001; Vu et
al., 2005). The visual system is a highly conserved, redundant sensory process with specialized
protection mechanisms to prevent damage and promote quick healing after injury. Immune
privileged, the cornea is the transparent epithelial barrier, its avascular and innervated
predominantly by nociceptive c-fibers with the highest density of terminals per micron? (Rozsa et
al.,1982; Muller et al., 1997; Streilein, 2003; Hos et al., 2017). Specialized neurons comprise
sensory subpopulations which help to regulate homeostatic functions and the response to a
variety of potentially noxious stimuli. When visual impairments cannot be easily corrected, such
as in cases of chronic neuropathic pain caused by corneal nerve injury, affected patients’ quality
of life is significantly reduced (Li et al., 2011; Hayman et al., 2007; Rosenthal and Borsook,
2016; Kalteniece et al., 2020). Not surprisingly, dry eye, which is marked by persistent eye
irritation and visual ability (Goto et al., 2002), is often the reason for non-routine ophthalmologist
visits (Uchino and Schaumberg, 2013), is seen in over 50% of contact lens wearers (Nichols et

al., 2013) and associated with decreased quality of life.

1.1 Introduction

The cornea, a uniquely transparent and densely innervated structure, is essential for
preserving the visual system and has been critical to survival across species. Light reflected off
every element in our environment must pass through the cornea to the rods and cones of the
retina. As the physical front line to one of the most important sensory systems, the cornea is a

complex, uniquely specialized sensory structure. The ability for light to pass with minimal



refraction allows for a cleaner signal for visual processing in these primary neurons. Uniformity
and precise organization of epithelial cells and axon terminals within the cornea are essential in
maintaining visual homeostasis. Redundant neuroprotective systems, with the ability to detect
and respond to a broad spectrum of stimuli and disease processes, are required to ensure that
light can reach retinal cells with precision and minimal refraction (Dartt, 2004; Lamb et al., 2007;
Yazdanpanah et al., 2017; Schwab, 2018; Marfurt et al., 2019). This thesis characterizes
corneal neurons in acute and chronic injury states and identifies critical molecular regulators, at

least in part, responsible for incurable corneal irritation in a growing clinical population.

1.1.1 Corneal Anatomy

The cornea comprises the central superficial surface of the eye and acts as the
transparent protective barrier. The cornea is convex and becomes thicker in its periphery. The
cornea with tear film act as the first refractive filter of light entering the eye. The cornea is
responsible for the largest proportion of total light refraction at about 70%, with a refractive index
of approximately 1.376 and 1.436 in the human cornea and cornea-tear film, respectively
(Yazdanpanah et al., 2017; Sridhar, 2018; Patel and Tutchenko, 2019). Pathology, injury, or
even hydration level changes to the cornea can greatly alter the refractive index and cause
visual deficits (Patel et al., 2004; Kim et al., 2004; Meek and Knupp, 2015; Patel and Tutchenko,
2019). Corneal tissue comprises collagen, glycosaminoglycans, axon terminals, keratocytes,
Langerhans, epithelial and endothelial cells (Sridhar, 2018). The cornea is organized into
discrete cellular layers (epithelium, Bowman’s layer, stroma, Descemet’'s membrane,
endothelium) throughout which axon terminals concentrically project through (Sridhar, 2018).

Within these layers, specialized cells work together to evenly spread tear film, maintain



transparency, and block or destroy pathological infiltrators (Sridhar, 2018). Across these layers,

both cells and axon terminals are precisely organized.

1.1.2 Tears

In health, the cornea is avascular, which maintains the transparency of the structure.
Without a vascular system to bring nutrients or remove waste products, tears help to in part
replace these functions. Tears are crucial for maintaining homeostasis for corneal epithelium
and neurons and act as the most superficial protective barrier (Mishima and Hedbys, 1968). The
tear film, much like the cornea, is layered with endothelial mucus, an aqueous middle layer and
a lipid layer which is most superficial, acting to prevent tear evaporation. Goblet cells in the
conjunctiva produce the mucins and electrolytes of the mucus layer, which is spread through the
glycocalyx network on the superficial surface of the corneal epithelial cells (Hodges and Dartt,
2013; Sridhar, 2018). Ipsilateral lacrimal glands produce the aqueous component of the tear
film, while the meibomian glands supply the lipid for the outer most layer (Dartt, 2004, Hodges
and Dartt, 2013). Afferent sensory nerve terminals embedded within the cornea comprise one
distal end of pseudounipolar neurons whose cell bodies reside in the trigeminal ganglion (TG).
Their other distal axons project to trigeminal brain stem nuclei, synapse to second-order
neurons which project to the thalamus, and in turn synapse to third-order neurons projecting to
the somatosensory cortex in the central nervous system (CNS). The cornea responds locally
with tearing and blink reflexes and sends signals to central nuclei for more complex processing
in the face of potential mechanical or noxious chemical injury. Sympathetic and parasympathetic
nerves work together to respond to afferent sensory information and maintain tear homeostasis
by innervating lacrimal gland cells to induce secretion of the water, proteins and electrolytes that

make up the aqueous layer of tear film (Dartt, 2013; Meng and Kurose, 2013). Spontaneous



blinking is also required to help maintain tear film and ocular surface moisture. Just as afferents
provide sensory inputs to maodify tear film secretions, they contribute in part to the regulation of
spontaneous blinking through transmission in the interpolaris/caudalis (Vi/Vc) brainstem regions
(Kaminer et al., 2011; Meng and Kurose, 2013). These neural circuits stimulate the lacrimal
reflex arc to produce fluid delivered through tubular ducts to coat the corneal surface and

maintain that moisture (Dartt, 2009).

1.1.3 Corneal Nerve Morphology

The cornea maintains its unigue transparent and avascular structure, despite being
highly innervated by densely branching axons stemming from approximately 50-450 neuronal
somas, which reside in the TG (Shaheen et al., 2004; Muller et al., 2003; Marfurt et al., 2010).
Corneal axons project from the ophthalmic branch of the trigeminal nerve (Cranial Nerve V).
through the superior orbital fissure on the border of the anterior and middle cranial fossae
(Netter, 2010). To a lesser extent, innervation to the inferior cornea from the maxillary branch
has been found in several neuronal tracing studies and projects through the foramen rotundum
in the middle cranial fossae (Netter, 2010). Axonal bundles enter the anterior stroma adjacent
to the corneal limbus and radiate in a spiral pattern in the stromal layer of the cornea (Dua et al.,
2018). The afferent terminals separate in the subbasal layer and begin to branch and move
anteriorly, resulting in dense uniform innervation across the corneal epithelial surface. Most
corneal neurons are sensory inputs projecting from the TG, while a small percentage (5-10%)
originate from the autonomic ciliary and superior cervical ganglia (Marfurt et al., 1993; Belmonte

et al., 2017; Bouheraoua et al., 2019).



1.1.4 Corneal Nerve Subtypes

Many different subtypes of neurons play a role in sensory signaling, using their diverse
characteristics to communicate different information about the internal or external environment.
Corneal neurons are made up of a combination of A-delta (Ad) and C-fibers. Ad fibers make up
approximately 20% of corneal neurons, are lightly myelinated, larger in diameter, and have
higher conduction velocities (Muller et al.,2003; Meng and Kurose, 2013; Guerrero-Moreno et
al., 2020). While C-fibers comprise 80% of corneal neurons, are unmyelinated, have small
diameters, and have notably slower conduction velocities (Muller et al.,2003; Meng and Kurose,
2013; Guerrero-Moreno et al., 2020). Further divided, roughly 70% of corneal neurons can be
classified as polymodal nociceptors, which detect noxious thermal, chemical and mechanical
stimuli and of which can be either Ad or C-fiber in disposition (Meng and Kurose, 2013; Wooten
et al., 2014; Guerrero-Moreno et al., 2020). The second-largest subclassification of corneal
neurons is defined as mechanoreceptors which make up about 20% of the afferent sensory
abilities and are exclusively Ad in nature and detect mechanical stimuli (Meng and Kurose,
2013; Gonzalez-Gonzalez et al., 2017; Guerrero-Moreno et al., 2020). Although a minority
proportion to corneal sensory afferents, cold receptors can be Ad or C-fibers and make up an
estimated 10% of corneal neurons and have critical roles in detecting innocuous cooling and
maintaining moisture on the ocular surface (Meng and Kurose, 2013). Electrophysiological
studies provide evidence to support the characterization that high-threshold mechanoreceptors
are exclusively Ad fibers, while polymodal and cool sensing neurons are made up of a
combination of Ad and C fibers (De Armentia et al., 2000; Gallar et al., 1993). The smaller
proportion of Ad fibers seen within the cornea may be explained due to the need to maintain
transparency, uniform thickness, and generally unimpaired transmission of light to the retina. Ad

afferents lose their myelination upon entry into the corneal epithelium to accommodate these



homeostatic needs while maintaining increased conduction velocities to central regions to
effectively communicate mechanical insults that could cause significant injury to the cornea

(Meng and Kurose, 2013; Marfurt, 1981).

1.1.5 Pain sensing Corneal Afferents

Nav1.8 and Nav1l.9 are tetrodotoxin-resistant (TTX-R) voltage-gated sodium channels,
expressed primarily in afferent nociceptors in TG and dorsal root ganglia (DRG) (Black et al.,
2002; Strickland et al., 2008; Gautron et al., 2011; Lin et al., 2016). Nav1.8 is present on
neurons that have significant roles in signaling different types of pain. lon channels and their
transduction properties ultimately define corneal neuron subclasses. Transient receptor
potential cation channel subfamily V member 1 (TRPV1) is expressed in a majority of polymodal
nociceptors (Alami et al., 2015), Piezo Type Mechanosensitive lon Channel Component 2
(PIEZO2) is characteristic of mechanoreceptors (Bron et al., 2014) and Transient Receptor
Potential Cation Channel Subfamily M Member 8 (TRPMS8) is an accepted molecular marker of
cold receptors (Madrid et al., 2006; Parra et al.,2010). Likewise, TTX-R channels define a large
corneal afferent subclass that spans across unmyelinated corneal neurons, are heavily
expressed, and offer the opportunity for the use of a transgenic reporter to label the majority of
corneal neurons across multiple subclasses. The recent gain in popularity of corneal neuron
transgenic reporters enables consistent labeling across samples which can be used for reliable
morphological and functional analyses. The cornea requires more extended incubation periods
and often multiple full-thickness cuts for standard immunolabeling experiments to be effective.
The use of transgenic reporters helps to reduce confounding experimental elements associated
with these methods, provides consistent labeling across samples, and allows for

subclassification of neurons based on the promoter used by the transgenic reporter.



1.1.6 Electrophysiological Properties

Diverse receptive properties are critical for polymodal corneal nociceptors to provide
comprehensive protective responses. Electrophysiological studies have classified 50-70% of
corneal neurons as polymodal neurons which respond to a combination of mechanical, thermal,
and noxious stimuli (Gonzalez-Gonzalez et al., 2017; Kurose and Meng, 2013). Additionally,
between 10-50% of corneal neurons have been determined to be cool cells which respond to
cool thermal conditions (Gonzalez-Gonzalez et al., 2017; Kurose and Meng, 2013).
Approximately 10-50% of corneal neurons respond as cold thermoreceptors (Gonzalez-
Gonzalez et al., 2017; Kurose and Meng, 2013). Low-threshold cool cells, with decreased
TRPMS8 density and increased Kv1.1-1.2, potassium channels that limit inward TRPM8
generated current, have been observed to represent the majority of this population in healthy
corneas and are critical for maintaining homeostatic tearing and surface moisture. High-
threshold cool cells with higher TRPM8 density and lower Kv1.1-K1.2 expression are
responsible for the sensory response to extreme cooling (Gonzalez-Gonzalez et al., 2017).
While these classes of neurons have unique sensitivities, diverse noxious stimuli can evoke
responses at high levels (Gonzalez-Gonzalez et al., 2017; Shaheen et al.,2014).

The electrical principles of corneal neurons have been carefully examined, and
functional abilities have been evaluated in health and disease. In many studies, corneal neurons
have been identified using a retrograde tracer applied to the corneal surface. Myelinated and
unmyelinated neurons can be determined based on conduction velocities, and their electrical
properties can be classified in active versus passive states. Studies have found that polymodal
corneal neurons, including both Ad and C fibers, have broad action potentials with slow
depolarization and delayed repolarization (i.e., Slow-type or S-neurons), as indicated by a

prominent convex ridge in the repolarization phase (De Armentia et al., 2000; Moreira et al.,



2007). Ad fibers that are pure mechanoreceptors have been categorized as fast neurons (i.e.,
F-neurons) with narrow action potentials, a convex ridge during the repolarization phase, and
more significant hyperpolarization (De Armentia et al., 2000; Moreira et al., 2007). The quick-
firing nature of F-neurons has been associated with tetrodotoxin-sensitive channels (TTX-S), as
firing ultimately ceases in a TTX bath (Moreira et al., 2007). S-neurons, which are slow to
activate and inactivate, do not appear to exhibit altered firing behavior in the presence of TTX
(Moreira et al., 2007).

Similarly, polymodal and cool cells appear to exhibit characteristic slow activating and
inactivating properties as seen in S-neurons and, in turn, TTX-R neurons (De Armentia et al.,
2000; Moreira et al., 2007). The functions of the different subclasses fit the physiological need
for quick response to physical insult and prolonged signaling of nuanced noxious stimuli.
Understanding these corneal subclass-specific electrophysiological principles is critical for using
transgenic reporter lines, such as a Navl.8-tdTomato mouse used in experiments presented in
this body of work.

Studies have found that corneal nerve injury causes changes to the electrophysiological
properties of these neurons (Shaheen et al., 2014; Hatta et al., 2019). Pathological changes to
the receptive properties of corneal neurons contribute to neuropathic pain conditions by
sensitizing cool neurons to other sensory insults following corneal nerve injury. TRPV1, as
previously described to be associated with polymodal nociceptors, TRPV1 agonists (i.e.,
capsaicin) are seen to evoke responses to TRPMS8 neurons after LGE-induced dry eye (Hatta et
al., 2019). Additionally, Hatta et al., (2019) reported that the number of TRPM8 and co-
expressing TRPV1 neurons increased following LGE. The results from this study indicates that
the cold receptor subclass undergoes a functional change following corneal injury that

sensitizes that subpopulation to TRPV1 and its agonists.



1.1.7 Dry Eye Clinical Populations

Dry eye disease (DED) affects approximately 6.8% of American adults over 18 years old
or 16.4 million American individuals each year (Hikichi et al., 1995; Schein et al., 1997;
Schaumberg et al., 2003; Schaumberg et al., 2009; Jie et al., 2009; Chao et al., 2014; Galor et
al., 2016; Kovacs et al., 2016; Farrand et al., 2017; Kalangara et al.,2018). DED impacts adults
over 75 years old at around 18.6% of Americans, with a higher prevalence in women at 8.8% or
11.1 million individuals and men representing 4.5% or 5.3 million individuals (Farrand et al.,
2017). DED can be broadly defined as either aqueous deficient or evaporative, with these
diagnostic divisions having distinct etiologies, symptoms, diagnostic criteria, and treatments (Lin
and Yiu, 2014). Patients often report the experience of ‘dry,’ ‘itchy,” ‘burning’ sensations. Typical
environmental conditions, such as room temperature air (i.e., 20°C), can be perceived as a
painful or irritating stimulus, similar to as if it were a more extreme temperature (i.e., 50°C)
(Feng and Simpson, 2004). Of available treatments, artificial tears, oral omega-3 supplements,
mucin replacements, ductal plugs, steroids, and immunosuppressants are of the most popular
and effective treatments that many DED patients use with reported success (Pflugfelder et al.,
2007; Lin and Yiu, 2014; Nichols et al., 2016; Findlay et al., 2018). DED is a significant
contributor to decreased quality of life for those affected and inadequate treatment (Cook et al.,
2019).

DED clinical populations are often divided into those who respond to available
treatments and those who do not. DED subpopulations that cannot resolve symptoms develop
chronic conditions and experience DED-neuropathic ocular pain resistant to available
treatments. Without typical tear composition, chronic DED corneas are left unprotected and
typically present with inflammation, sclerosis, and altered sensitivity to everyday stimuli

(Baudouin, 2001; Wilson and Perry, 2007; Gayton, 2009). Patients experiencing DED often



complain of ‘burning,’ ‘grittiness,’ ‘blurriness,” and ‘pain’ (Cook et al.,2019). Symptoms are
usually persistent, with many patients reporting minimal improvements after treatment (Bron et
al., 2014; Craig et al., 2017; Li et al., 2019; Kojima et al., 2020; Goyal et al., 2016; Rosenthal
and Borsook, 2016). Even what is clinically considered mild cases of chronic DED impact the
quality of life for patients. Most often reported symptoms include difficulties in the ‘workplace,’
‘electronic device usage,’ ‘reading,’ and ‘driving’ (Cook et al., 2019). Reports of DED are
growing with the increase in digital eye strain with dry eye symptomology (Miura et al., 2013;
Coles-Brennan et al., 2018; Chawla et al., 2019). As more people will spend more time viewing

electronic devices in the future, the mechanisms that cause dry eye must be better understood.

1.1.8 Corneal neuroprotective factors

Corneal health and function requires precise regulation and maintenance of its cellular
components. The cornea needs to maintain its transparency and cellular organization to reduce
refractive errors, which cause blurred vision and ocular pain (Sheridan and Douthwaite, 1989;
Chen et al., 2009; Dhungel and Shrestha, 2017; Carpentras et al., 2018). The cornea is
composed of three cellular layers. These layers include the endothelial cell layer, the stroma
made up of keratocytes and collagen fibrils, and the superficial epithelium comprised of
squamous, wing, and basal cells (Rowsey and Karamichos, 2017). Trophic factors that help
maintain the corneal microenvironment's health and function are supplied by tears, epithelial
cells, microglia, and neurons (Esquenazi et al., 2005; Li, 2011; Sacchetti and Lambiase, 2017,
Kowtharapu and Stachs, 2020). Tear film supplies growth factors that support cellular
proliferation, survival, and healing following injury (Klenkler, 2007; Sacchetti and Lambiase,
2017; Pan et al., 2018). Corneal nerve fibers and epithelial cells provide each other with

additional trophic factors, which are essential in maintaining homeostasis and healing after
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injury (Li and Tseng, 1995; You et al., 2000; Sacchetti and Lambiase, 2017; Bikbova et al.,
2016).

Nerve growth factor (NGF), a well-characterized neurotrophin essential for neuronal
survival (De Castro et al., 2009), is synthesized and expressed in epithelial and stromal corneal
cells and supports epithelial healing through induction of keratocyte migration and neural
regeneration via neurite growth (Lee et al., 2005; Pan et al., 2018). NGF acts on tropomyosin
receptor kinase A (trkA) and p75 neurotrophin receptor (p75NTR) receptors which are
expressed in epithelial cells and sensory afferents (You et al., 2000; Qi et al., 2008; De Castro
et al., 2009). A study by Pan et al. (2018) reported that the proportion of NGF increases in tear
film with increased density of regenerating nerve buds and generally found that NGF aids in
nerve regeneration following corneal surgery. Another clinical study reported similar findings
and observed that the proportion of NGF in tear film increased following laser eye surgeries
(Lee et al., 2004). Lee et al. (2004) hypothesized that the observed increase in NGF following
photorefractive keratectomy (PRK) directly relates to relative normal corneal sensation exhibited
by patients, as compared to reduced sensation and lower post-operative NGF tear film levels
identified in patients following laser in situ keratomileusis (LASIK) surgery. Per these findings,
De Castro et al. (1998) found that nerve density, epithelium, and responses to mechanical,
chemical, and thermal stimuli were all significantly reduced in corneas of trkA downregulated
mice. Increased NGF following injury is likely mediated by the release of inflammatory markers
in this period, including interleukin-1 (IL-1) (Shaheen et al., 2014). Additionally, proinflammatory
mediators, including metalloprotease-9 (MMP-9) and beta-4 integrin (B4), are produced by
epithelial cells following injury and can increase NGF and TrkA expression to aid in healing
processes (Blanco-Mezquita et al., 2013; Pan et al., 2018). While NGF is attributed to

enhancing corneal healing, sustained upregulation may contribute to pathology associated with

11



chronic corneal diseases such as DED (Shaheen et al., 2014). Conversely, NGF has been
established as an effective treatment in healing corneal epithelium, improving corneal sensitivity
and, when combined with docosahexaenoic acid (DHA), provides a combination of epithelial
healing, nerve regeneration, and neuroprotection (Bonini et al., 2000; Esquenazi et al., 2004;
Tan et al., 2006; Shaheen et al., 2014).

Other neurotrophins, including neurotrophin-3 (NT-3) and neurotrophin-4 (NT-4), are
produced by epithelial and stromal cells and contribute to maintaining epithelial cell health and
homeostasis (Shaheen et al., 2014). The roles of NT-3 and NT-4 are not well characterized
concerning their involvement in corneal nerve regeneration, but findings generally suggest that
they likely do not play a prominent role (Chaudhary et al., 2012; Shaheen et al., 2014).

Glial-cell derived neurotrophic factor (GDNF), produced by the stromal keratocytes, has
been observed to work with NGF to induce transcriptomic changes which promote epithelial
healing after injury, even when applied topically (You et al., 2000; You et al., 2001; Maddurri et
al., 2009; Shaheen et al., 2014, Bikbova et al., 2016). Brain-derived neurotrophic factor (BDNF)
is produced within epithelial, stromal, and neuronal cells (You et al., 2000; Muller et al., 2003;
Shaheen et al., 2014). BDNF promotes the expression of neurotrophic factors and induces
nerve regeneration and growth in both the CNS and PNS (Shaheen et al., 2014; Bikbova et al.,
2016). It also stimulates the production of known nerve regeneration-associated genes (RAGS),
including growth-associated protein 43 (GAP-43) (Kobayashi et al., 1997; Shaheen et al., 2014).
GAP-43 is a neuronal protein expressed after nerve injury, usually induced by BDNF, but when
suppressed by high doses of NGF, is associated with decreased nerve regeneration (Skene and
Willard, 1981; Kobayashi et al., 1997; Hirata et al., 2002; Madduri et al., 2009; Shaheen et al.,
2014; Bikbova et al., 2016). Small proline-rich protein 1-A (SPRR1A) increases correlate with

BDNF and GAP-43 in post-injury corneas (Chaudhary et al., 2012; Starkey et al., 2009;
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Shaheen et al., 2014). SPRR1A is present in the corneal epithelium and is only expressed after
injury and is regarded as a regeneration-specific RAG (Bonilla et al., 2002; Starkey et al., 2009;
Chaudhary et al., 2012; Shaheen et al., 2014). Comparably increased with BDNF and SPRR1A,
and induced by NGF following corneal injury, B-tubulin 11l (Tubb3) is a neuronal protein that
structurally enables neurite outgrowth following injury (Mitchison and Kirschner, 1988;
Fernyhough et al., 1989; Xu et al., 2002; Chaudhary et al., 2012; Shaheen et al., 2014).

Corneal neurons express other classes of trophic factors which support development,
guidance, and regeneration after injury. Corneal neurons express factors including calcitonin
gene-related peptide (CGRP), substance P (SP), neuropeptide Y (NPY), vasointestinal peptide
(VIP, among others (Shaheen et al., 20014; Sacchetti and Lambiase, 2017). Neuronal release
of these factors, such as SP and CGRP, increases corneal epithelial healing after injury
(Nishida et al., 2007; Mastropasqua et al., 2017; Sacchetti and Lambiase, 2017). These
neuromediators work in complementary ways to promote epithelial healing, as trophic factors
released by the epithelial and stromal cells provide support for corneal nerve health (Muller et
al., 2003; Mastropasqua et al., 2017; Sacchetti and Lambiase, 2017). Vascular endothelial
growth factor (VEGF) is an interesting example connecting the complementary mechanisms of
these corneal trophic factors and is associated with both protective and pathological roles
following corneal nerve injury (Chang et al., 2012; Shaheen et al., 2014). Expression of VEGF
and its receptors have been identified within the TG following corneal injury (Yu et al., 2008).
VEGEF is also widely expressed by epithelial, endothelial, and inflammatory cells after corneal
injury (Philipp et al., 2000; Cattin et al., 2015; Hillenbrand et al., 2015; Caillaud et al., 2019).
VEGF upregulation is promoted by infiltrating macrophages induced by CGRP release after
injury (Cattin et al., 2015; Hillenbrand et al., 2015; Caillaud et al., 2019). While VEGF

contributes to corneal healing after injury, its expression promotes neoangiogenesis in injured
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corneas, contributing to the cornea's pathological vascularization (Sharif and Sharif, 2019). The
tightly regulated interplay of trophic support provided by neighboring but divergent cell types
within the cornea can promote quick healing and regeneration or perpetuate chronic

pathological conditions that exhibit severe nerve and epithelial damage.

1.1.9 Nerve injury and regeneration

Corneal nerve injury, pathological or surgical in origin, alter neurophysiological
functioning in ways that often lead to DED and neuropathic pain (Meng and Kurose, 2013;
Shaheen et al.,2014; Galor et al., 2015; Kovacs et al., 2016; Belmonte et al., 2017). Typically,
nerve injury and repair cascades initiate rapidly and restore corneal homeostasis in the acute
period following injury. Infiltration of inflammatory molecules decreases firing thresholds,
increases activation of corneal nociceptors, and causes hypersensitization that may or may not
resolve, exhibited by divergent patient outcomes (Galor et al., 2015; lyengar et al., 2017;
Labetoulle et al., 2019).

Peptidergic fibers are critical drivers of neuroprotection, regeneration programs, and
altered sensitization following injury (Ueda et al., 1989; Jones et al., 1998; Marfort et al., 2010;
Cavanaugh et al., 2011; Russell et al., 2014; Schou et al., 2017). Corneal neurons typically
present with distinctly peptidergic neurons and non-peptidergic neuronal populations with only
around 10% overlap across these populations in naive conditions (Marfurt and Dvorscak, 2006;
Alamri et al., 2015). Peptidergic populations (~31% corneal neurons) are characterized by the
expression of neuropeptides such as CGRP and SP, while non-peptidergic populations (~46%
corneal neurons) bind isolectin B4 (IB4) or express MAS Related GPR Family Member D
(MRGprd) (Marfurt and Dvorscak, 2006; Alamri et al., 2015). After corneal injury, these once

distinct populations show phenotypic plasticity where 1B4-positive (+) neurons exhibit increases

14



in expression of peptidergic markers in the experiments presented here. Increased expression
and release of neuropeptides, which generally increases sensitivity and lowers firing thresholds
in the cornea, at least in part, can explain clinical symptoms including altered corneal sensitivity
and neovascularization of the cornea.

In other tissues, such as the DRG, CGRP has a known role as a proinflammatory
neuropeptide and vasodilator (Croom et al., 1997; Bucelli et al., 2008; Kawarai et al., 2018; Key
et al., 2018). In the cornea, CGRP has a dual role acting as both a proinflammatory mediator by
promoting macrophage infiltration (Cattin et al., 2015; Hillenbrand et al., 2015; Caillaud et al.,
2019) and as an anti-inflammatory mediator through its targeted inhibition of dendritic cell
cytokine production through the cAMP/PKA pathway (Mikami et al., 2014). Likewise, CGRP also
has a dual role of promoting corneal healing through reepithelization and neoangiogenesis but
in sustained injury models with perpetual upregulation, can significantly contribute to a
vascularized pathological corneal microenvironment (Mikulec et al., 1996; Toda et al., 2008;
Mikami et al., 2014; Zhang et al., 2020).

TRPV1 has also been demonstrated to increase expression and activation following
corneal nerve injury (Kim et al., 2008; Beggs et al., 2010; Zakir et al., 2012; Bereiter, 2018;
Hatta et al., 2019 Huang et al., 2020; Fakih et al., 2021). Studies have correlated increased
corneal hypersensitivity with increased TRPV1 expression observed in trigeminal neurons in
acute periods following injury (Kim et al., 2008). Specifically, Kim et al. (2008) identified
increased TRPV1 in both injured and uninjured trigeminal neurons, further substantiating the
idea that TRPV1 may contribute to secondary hyperalgesia following injury. Additionally, TRPV1
evokes CGRP release and, with increased expression, likely perpetuates injury-induced
sensitization (Meng et al., 2009; Alamri et al., 2015; lyengar et al., 2017; Li et al., 2019). Prior

studies report that approximately 37% of corneal neurons are TRPV1 positive, with a third of
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those also positive for CGRP and SP (Tominaga et al., 1998; Piper, 1999; Murata and Masuko,
2006; Murata et al., 2006; Rosenbaum and Simon, 2007; Cao et al.,2013; Alamri et al., 2015; Li
et al., 2019). Furthermore, TRPV1 activates pronociceptive genes, leading to sustained corneal
sensitization changes (Fakih et al., 2021). Fakih et al. (2021) found that applying a TRPV1
antagonist, capsazepine, inhibited the expression of those same pronociceptive genes (i.e.,
cannabinoid receptorl-CB1, mu-opioid receptor-MOR, proenkephalin-PENK) and additionally
eliminated clinical signs of ocular pain. This study provides further support for the hypothesis
that TRPV1, and likely CGRP, are critical regulators of the neuroprotective and, at times,
neuropathological phenotype that corneal neurons display after corneal injury.

Activating Transcription Factor 3 (ATF3) has also been identified with increased
expression following nerve injury, specifically in the TG following injury (Averill et al., 2004; Kim
et al., 2008). Upregulated expression of nerve regeneration-associated transcription factors,
such as ATF3, correlate with successful axon repair and elongation following peripheral nerve
injury (Seijffers et al., 2006; Hegarty et al., 2018; Guerrero-Moreno et al., 2020). Unlike in acute
injury models (Hegarty et al., 2018), increases in ATF3 upregulation are sustained at least three
weeks after dry eye conditions begin (Fakih et al., 2019).

CGRP contributes to multiple aspects of regeneration mechanisms (Mikulec et al., 1996;
Chung et al., 2018) and likely acts in conjunction with ATF3 to support regenerative processes.
LGE initiates nerve injury markers and nerve regeneration mechanisms to repair damaged axon
terminals, resulting from reduced aqueous tearing. Upregulated RAGs promote robust axon
regeneration, even within the context of severe chronic corneal injury. Recently studies have
characterized ATF3 expression in Mrgprd neurons following spared nerve injury, suggesting a
potential link between ATF3 and post-injury increases of CGRP and TRPV1 (Wang et al., 2021;

Warwick et al., 2021). The results of these studies identify correlations between post-injury
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modulators, CGRP, TRPV1 and ATF3, following peripheral injury. With need for further
investigation, these connections suggest that nerve regeneration-associated signaling may play
an integral role in disordered morphological reinnervation and neuropathic pain observed in

severe and chronic dry eye.

1.1.10 Regeneration Associated Genes

RAGs are well known for their response to injury in peripheral neurons (McPhail et al.,
2004; MacGillavry et al., 2011; Van Kesteren et al., 2011; Jing et al., 2012). Transcription
factors, including SOX11 and ATF3, are known to initiate known RAGS, including GAP43 and
SPRR1a (Aigner et al., 1995; Van Kesteren et al., 2011; Jing et al. 2013). RAG regulation of
nerve injury is unigue to the PNS and could be the mechanism that makes PNS regeneration
more effective than that seen in the CNS.

Downstream molecules in the RAG network include GAPs, which were identified in early
studies to promote regeneration in peripheral nerves and even in peripheral nerves transplanted
into spinal cord nerve bundles (Skene and Willard, 1981; Skene, 1989; Tetzlaff et al., 1991;
David and Aguayo, 1981; Richardson et al., 1982; Van Kesteren et al., 2011). Both neurotrophic
factors and changes in transcription factor expression have been identified to promote GAP
expression and peripheral nerve regeneration. Transgenic models using GAP43 overexpression
show increased nerve sprouting in neuromuscular junctions and mossy fibers of the
hippocampus (Aiger et al., 1995). In the CNS, GAP43 requires presynaptic protein kinase C
phosphorylation (PKC), and when that action is inhibited, subsequent nerve sprouting is
inhibited (Aiger et al., 1995). GAP43 has been identified as critical axon growth and guidance

molecule through downregulation experiments in retinal ganglion cells (Strittmatter et al., 1995;
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Sretavan and Kruger, 1998). Sretavan and Kruger (1998) found that retinal ganglion cell axon
trajectories became disorganized and functionally problematic in GAP43 deficient groups.

Other groups have identified downstream RAG targets, such as SPRRP1A, as critical
influences on membrane F-actin elongation after injury (Bonilla et al., 2002). Although
downstream actors, such as GAP43 and SPRRP1A, are essential for successful PNS
regeneration, upstream transcription factors, such as SOX11 and ATF3, are required to initiate
broader RAG-responses to injury. C-JUN was the first of these transcription factors identified as
essential to activating the RAG-response to peripheral injury (Herdegen et al., 1991; Jenkins
and Hunt, 1991). Subsequent studies identified other critical upstream transcription factors
including SOX11 (Jankowski et al., 2006; Jankowski et al., 2009) and ATF3 (Tsujino et al.,
2000, Seijjers et al., 2006).

The overexpression of SOX11 has been used to delineate the mechanisms of pro-
regenerative transcription programs in the PNS (Salerno et al.,2013) and CNS (Wang et al.,
2015). Regeneration after injury is more prevalent and successful in the PNS, as compared to
the CNS. Wang et al. (2015) confirmed findings from prior studies and reported that the
upregulation of SOX11 in the PNS promotes nerve regeneration and reduces neuronal damage.
This study used C57B6, AAV-induced SOX11 overexpression, ventral midline incision, and
behavioral assays, including pellet retrieval and horizontal ladder. Results from CNS
experiments reported that overexpression of SOX11 in the cortex also promoted axonal
regeneration after acute and chronic injury. However, unlike in PNS studies, SOX11
overexpression failed to recover forelimb function, as measured by footfall errors. These authors
concluded that while SOX11 could contribute to axon elongation and branching dynamics, the
physical regrowth of these neurons was unable to integrate into descending pathways and

recover functional losses. They hypothesize that the failure of SOX11 overexpression to recover
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CNS functional deficits may be resolved by targeting downstream RAGs with specifically
targeted programs that could successfully create these connections. Interestingly, an earlier
study by Guo et al. (2014) found that overexpression of SOX11 did improve locomotor recovery
following spinal cord injury and identified SOX11 induced-BDNF as central to this success. This
study used Kunming mice, lentiviral overexpression, spinal hemisection, and functional recovery

assessment using the Basso mouse scale.

1.1.11 SRY-box containing gene 11

SOX11 is a transcription factor characterized within the high-mobility-group (HMG) C of
chromosomal proteins (Jankowski, 2008). Protein mass quantification and sequence analysis
first identified HMG proteins and classified them in DNA binding abilities (Soullier et al., 1999).
Soullier et al. (1999) found that the SOX family of HMG-box (HMG) class proteins uniquely
binds to specific duplex DNA sequences and can also non-specifically bind to oligonucleotide
intersections and bind non-specifically to the minor groove DNA (King and Weiss, 1993;
Reeves, 2010). These contrasting properties enhance the complexity of DNA modulation that
this class of transcriptions can exert over diverse molecular cascades. In SOX11, this factor has
a binding region termed the SRY-box as it was initially found to bind and regulate the genetic
determinate in male development (King and Weiss, 1993; Soullier et al., 1999). HMG proteins
have a wide variety of specialized roles, but they generally bind to nucleosomes and are
classified by their divergent structures and binding properties (Goodwin et al., 1973; Bustin et
al., 1996; Yang et al., 2010). Parallel ~80-amino acid sequences make up the box with a ~30-
amino acid long tail which regulates binding sites on DNA nucleosomes and can exert influence
over many different genes (Hargrave et al., 1997; Reeves, 2010). Parsimony analysis, which

looks for the fewest changes between aligned sequences, identified the SOX class of genes as
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a distinct group within HMG proteins (Soullier, 1999). SOX genes comprise a large class of
genes that are further divided based on their diverse functions within different tissues, at
developmental time points, and in response to varying pathological states.

SOX11 was one of several identified by Wright et al. in 1993 and was seen to be
expressed between 8.5 and 15.5 days post coitum (DPC) in mouse embryos (Wright et al.,
1993; Hargrave et al.,1997). Later studies found SOX11 widely expressed in the CNS and PNS
and at epithelial-mesenchymal sites (Hargrave et al., 1997). Sequence analysis identified
conserved carboxy-terminal motifs and serine-rich regions across mice and humans, suggesting
the importance of considering SOX11 as a gene of interest in translational studies (Hargrave et
al., 1997). Also identified by Hargrave et al. (1997) are sequences of rich, acidic residues linked
closely to the transcriptional regulation of SOX11. SOX11 was expressed broadly at early
timepoints, and around 9.5 DPC began to show tissue specification, mainly within the CNS and
PNS. Specifically, SOX11 was observed in both DRG and TG between 11.5 and 15.5 DPC
(Uwanogho, 1995; Hargrave et al., 1997). SOX11 is part of group C Sry-HMG transcription
factors and has critical roles in neuronal development and pathology (Dy et al., 2008).
Compared to the other two transcription factors, SOX4 and SOX12, that make up group C in
vertebrates, SOX11 is substantially more influential on transcriptional modifications (Dy et al.,
2008). Prior studies have found that the deletion of SOXC genes (4, 11, 12), which generally
inhibit Notch signaling through Hes5 binding, impair axon growth and differentiation of
contralateral retinal ganglion cells (Kuwajima, 2017; Mu et al., 2017). An additional study by
Chang et al. (2017) identified the mechanism in which the SOXC genes 4 and 11 alter
molecular pathways for retinal ganglion cell development. SOX4 binding to a ubiquitin modifier
on SOX11 (SUMOylation) suppresses nuclear localization of SOX11 and inhibits its ability to

promote retinal ganglion cell differentiation (Chang et al., 2017).
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While many studies have examined the role of SOX11 in visual system development as
it relates to retinal ganglion cells, glaucoma, and subsequent blindness, SOX11 has also been
studied in peripheral nerve regeneration after other injury types, including nerve cut (Tanabe et
al., 2003; Jankowski et al., 2006) and nerve crush (Jankowski et al., 2009). Studies have shown
that SOX11 may be a critical upstream regulator of at least one regeneration cascade that aids
in peripheral nerve regeneration following injury (Jankowski et al., 2006; Jankowski et al., 2009).
Jankowski et al. (2006) examined SOX11 in Neuro2a neuroblastoma cells and cultured DRG
cells to understand its role in neuron survival and neurite outgrowth. Their experiments showed
that SOX11 is upregulated to aid in primary neuron differentiation and stages of neurite
extension. When inhibited by siRNA, the absence of SOX11 decreased neurite growth and
increased cell apoptosis through increased expression of pro-apoptosis genes BNIP3 and
decreased expression of TANK, an anti-apoptosis gene in Neuro2a cells (Jankowski et al.,
2006).

Additionally, SOX11 downregulation inhibited neurite growth and branching through a
decrease in actin-related protein complex 3 (Arpc3), a gene involved in axon growth in DRG
cells. SOX11 downregulation also increased apoptosis within DRG cultures, with evidence of
decreased TANK expression (Jankowski et al., 2006). SOX11 has been recently studied in
alveolar type 2 epithelial cells, Fang et al. (2021) found that reduced SOX11 can increase
stretch-induced mechanical injury. This study examined the mechanism by which SOX11
signals FAK and Akt expression and apoptosis inhibition within epithelial cells. These results
show that SOX11 likely influences the same molecular pathways in response to injury in
different cell types, or at least in part.

A subsequent study by Jankowski et al. (2009) used an in vivo system to downregulate

SOX11 in the saphenous nerve and found that regeneration was inhibited even after nerve
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crush injury. This study also found that ATF3 was expressed in injured nerves, but its
expression was significantly reduced with siRNA downregulation of SOX11 (Jankowski et al.,
2009). ATF3 has been identified in prior studies to increase following nerve injury (Tsujino et al.,
2000; Linda, 2011) and influence the expression of other genes that support neuron survival
and axon growth after injury. ATF3 has been associated with JNK-activated c-jun on the
influence on axonal regeneration following nerve ligation (Lindwall et al., 2004), and binding
sites for c-Jun on ATF3 further support this connection (Liang, 1996). A study by Lindwall et al.
(2004) found that inhibition of INK did not influence overall neuronal survival but did reduce
axon regeneration and ATF3 expression. ATF3, specifically upregulated after PNS injury, has
been found to promote the regeneration of thinly branching neurites, but its overexpression
does not increase c-Jun expression (Seijffers et al., 2006). Seijffers et al. (2006) further
identifies ATF3 as a necessary molecular factor in PNS regeneration and identifies it as a
downstream factor of c-Jun. Results from Seijffers et al. (2006) and Jankowski et al. (2009),
place ATF3, SOX11 and c-Jun in shared regeneration pathways with potential overlap and
compensatory activation mechanisms that have not yet been explicitly reported. ATF3
downregulation only decreases ATF3 expression, and no change in SOX11 expression is
observed (Jankowski et al., 2009). As in earlier studies showing ATF3 is under c-Jun regulatory
control, ATF3 may be under SOX11 regulation. This places c-Jun and SOX11 as upstream
transcription factors regulating other transcription factors that have influential contributions to
nerve regeneration.

ATF3 has been established as an essential transcription factor in not only peripheral
nerve injury response but also in other cellular stress responses (Wu et al., 2010; Hoetzenecker
etal., 2012; Gold et al., 2012; Wolford et al., 2013; Yuan et al., 2013; Wang et al., 2015; Zhao et

al., 2016). Changes to normal ATF3 responses in periods of biology stress and disease can
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lead to severe chronic pathology. ChIP-seq and microarray analysis has identified that ATF3
likely regulates genes proximal to p300 and H3k27ac transcription promoters (Zhao et al.,
2016). Additionally, the gene expression analysis done by Zhao et al. (2016) showed that ATF3
colocalized with p53 and likely influences other transcription factors that bind to p300 and
H3k27ac regions that have multiple bindings sites for many other transcription factors. An earlier
study describes ATF3 binding as a homodimer to repress transcription. When co-expressed as
a heterodimer, it is found to activate transcription (Hai, 1999). Together, these results suggest

that ATF3 can influence multiple response cascades during times of cellular stress and injury.

1.2. Experimental Overview

Many studies have characterized corneal neurons in health and after injury. A
comprehensive understanding of corneal anatomy, neuronal subclasses, neurophysiology, and
diverse sensory functioning has been achieved through these studies. In recent years, a
controversial idea in corneal neuroscience is one where once distinctly defined corneal
subclasses adopt neuroprotective, and at times pathological, post-injury phenotypes.
Additionally, while insights into corneal healing and regenerative processes have been revealed
in recent years, questions remain regarding essential molecular contributors to neuronal and
epithelial healing and how they can be used in clinically effective treatment paradigms. The
series of experiments subsequently presented will investigate questions surrounding the
phenotypic shifts observed after corneal injury and explore critical regeneration factors and their
specific contributions to post-injury phenotypes.

The first study will isolate corneal neurons using an optimized retrograde labeling
method to isolate the corneal subpopulation within the TG. mRNA and protein expression will be

evaluated within the tracer labeled subpopulation to identify phenotypes in health and injury
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states. Extensive exploration of labeling properties of different fluorescent tracers ensures that
any phenotypic changes identified are purely from pathophysiological processes and not due to
tracer labeling bias. Embedded corneal neuron fibers are quantified using a combination of
Nav1.8Cre-tdTomato mouse and innervation density analysis. Epithelial injury and nerve
regeneration processes are evaluated in the context of a chronic DED-injury model, which is
validated through tearing and ocular discomfort assays.

The second study uses downregulated SOX11 in Nav1.8Cre-tdTomato-Sox11f/f neurons
to investigate the role of a known upstream RAG in the epithelial and nerve regeneration
processes in the previously described chronic DED-injury model. This study identifies
phenotypic changes occurring in the corneal TG subpopulation in the absence of SOX11.
Epithelial healing and nerve regeneration are also explored in this chronic injury model.

The third study uses the same downregulation of SOX11 with Sox11"" animals but in an
acute model of CA-induced injury. In contrast to the chronic injury model, corneas are able to
restore homeostasis through normal regenerative and healing processes following the acute
injury. The role of SOX11 can be further understood in how it impacts standard healing
mechanisms that are impossible in the chronic DED model of corneal injury. Phenotypic
changes within the corneal TG subpopulation are also investigated, as are epithelial healing and

nerve rege neration.
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CHAPTER TWO
LACRIMAL GLAND EXCISION INDUCES A PHENOTYPIC SWITCH IN CORNEAL
NEURONS

2.1. Abstract
Dry eye is a common cause of ocular pain. The aim of this study was to investigate corneal
sensitivity, innervation, and alterations in corneal afferent phenotypes in a mouse model of
severe aqueous tear deficiency. Chronic dry eye was produced by ipsilateral excision of the
extra- and intraorbital lacrimal glands in male and female mice. Tearing was measured using a
phenol thread and corneal epithelial damage assessed using fluorescein. Changes in corneal
ongoing ocular pain was evaluated by measuring palpebral opening ratio. Corneal axons were
visualized using Nav1.8-tdTomato reporter mice. Immunohistochemistry was performed to
characterize somal expression of CGRP, the capsaicin sensitive TRPV1, and ATF3 in tracer
labeled corneal neurons following LGE. LGE decreased tearing, created severe epithelial
damage, and decreased palpebral opening, indicative of chronic ocular irritation over the 14-day
observation period. Corneal axon terminals exhibited an acute decrease in density after LGE,
followed by a regenerative process over the course of 28 days that greater in male animals.
Corneal neurons expressing CGRP, TRPV1, and ATF3 increased following injury,
corresponding to axonal injury and regeneration processes observed during the same period.
CGRP and TRPV1 expression was notably increased in IB4-positive cells following LGE. These
results indicate that dry eye-induced damage to corneal afferents can result in a phenotypic
switch in these neurons which may enhance neuroprotective mechanisms to create resiliency

after chronic injury.
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2.2. Introduction

DED is often accompanied by a pathological corneal microenvironment that injures axon
terminals and promotes neuropathic pain (Meng and Kurose, 2013; Galor et al., 2016; Kovacs
et al., 2016; Belmonte et al., 2017). Chronic ocular dysesthesias can be resistant to available
treatments and interfere with the quality of life for an increasingly diverse and growing patient
population (Gayton et al., 2009; Shah et al., 2015; Cook et al., 2019; Golebiowski et al., 2020).
In preclinical studies, LGE-induced aqueous tear deficiency produces corneal epithelial damage
and signs of ocular discomfort, as well as alterations in the properties of corneal primary afferent
neurons (Kurose and Meng, 2013; Stevenson et al., 2014; Meng et al., 2015; Katagiri et al.,
2015; Kovacs et al., 2016; Shinomiya et al., 2018; Hatta et al., 2019; Meng, 2019; Mecum et al.,
2019; Skrzypecki et al., 2019; Mecum et al., 2020). Altered nerve morphology (Kovacs et al.,
2016) and reduced axon density has also been reported following LGE (Kovacs et al., 2016;
Fakih et al., 2019). While corneal injury and sensitivity changes have been well characterized
after LGE, the mechanisms which lead to neuropathic-like ocular pain remain poorly defined.

Corneal nerves regulate tearing to maintain ocular homeostasis and protect from
noxious insults (Dartt, 2009; Meng and Kurose, 2013). Tears typically provide the cornea with
nutrients and oxygen and assist in the removal of cellular waste byproducts (Dartt, 2009). In
their absence, angiogenic factors increase in order for corneal neovascularization to supplement
these functions (Barabino et al., 2012). Following injury, compensatory neuroprotective
mechanisms are initiated through increases in proangiogenic and proinflammatory
neuropeptides, such as CGRP and SP, released from primary afferent neurons. Increased
release of CGRP and SP after injury results in sensitization of corneal afferents and an increase

in corneal sensitivity, which can provide protection from further injury (Jones and Marfurt, 1998;
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Russell et al., 2014). In health, corneal C-fibers are made up of diverse peptidergic and non-
peptidergic populations of mechanoreceptors (20%), cool cells (10%), and polymodal neurons
(70%) (Belmonte et al., 2004; Moulton and Borsook, 2019). Peptidergic neurons are typically
defined by their expression of neuropeptides such as CGRP and SP and in the mouse are
primarily distinct from 1B4 binding neurons (Marfurt and Dvoscak, 2006; LePichon and Chesler,
2014). Previous studies have shown increases in the capsaicin, heat, and acid sensitive TRPV1
and other pronociceptive genes after dry eye-induced corneal injury, yet whether these
alterations occur selectively in peptidergic or non-peptidergic neurons remains unknown
(Bereiter, 2018; Hatta et al., 2019; Fakih et al., 2021).

Other post-injury responses, including upregulation of ATF3, promote axonal
regeneration directly following injury, guide successful axon elongation and corneal
reinnervation (Seijffers, 2006; Hegarty, 2018; Fakih, 2019; Guerrero-Moreno, 2020). ATF3 is
part of a complex regeneration signaling network that promotes neuroprotection and healing
following injury of peripheral neurons (Seijffers et al., 2007; Gey et al., 2016; Wong et al., 2018).
Increased activity in this network is sustained after corneal injury and may contribute to
widespread shifts in corneal afferent sensitivity and molecular profiles (Chaudhary et al., 2012).

This study aimed to characterize corneal nerve injury and regeneration processes in an
LGE mouse model of severe chronic DED. We report phenotypic changes in corneal afferent
neurons, whereby IB4-positive neurons express CGRP after LGE, which may link the

expression of critical molecular injury and regeneration regulators to ocular neuropathic pain.
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2.3 Material and methods

2.3.1 Generation of Nav1.8-tdTomato mice

Nav1.8-Cre-C57B6/J mice obtained from Dr. Sulayman D. Dib-Hajj (Yale University,
New Haven, CT, USA) were re-derived and bred with B6.Cg-Gt(ROSA)26Sortm14(CAG-
tdTomato)Hze/J (Stock #007914, The Jackson Laboratory, Bar Harbor, ME, USA). The resulting
F1 progeny that were heterozygous for Nav1.8-Cre and tdTomato were intercrossed to result in
mice with specific expression of tdTomato fluorescent protein in Nav1.8-expressing neurons.

For genotyping, tissue was lysed by adding 50mM NaOH and then heated to at 95°C for
35 min, followed by the addition of 50mM HCI and 1M Tris HCI buffer. The sample was spun
down and then stored at 4°C until processed. Polymerase chain reaction (PCR) was used to
identify tdTomato using Econotaq Plus 2x Buffer (Lucigen, Middleton, WI, USA). Primers
included: Td tomato Mutant Forward— CTGTTCCTGTACGGCATGG, Td Tomato Mutant
Reverse — GGCATTAAAGCAGCGTATCC, Td Tomato Wild Type Forward —
AAGGAGCTGCAGTGGAGTA, Td Tomato Wild Type Reverse — CCGAAAATCGTGGGAAGTC.
Nav1.8-Cre reactions were prepared with Promega GoTag Flexi-buffer (Promega, Madison, WI,
USA). Primers included: Nav1.8-Cre Common Forward - GGAATGGGATGGAGCTTCTTA,
Nav1.8-Cre Mutant Reverse — CCAATGTTGCTGGATAGTTTTTACTGCC, Nav1.8-Cre Wild
Type Reverse — TTACCCGGTGTGTGCTGTAGAAAG. Genotyping of all animals was

conducted by the University of New England Behavior and Genotyping Core.

2.3.2. Animals
Adult male and female C57BL/6J (Jackson Laboratory, Bar Harbor, ME, USA) mice and

Nav1.8-tdTomato mice (8-10 weeks old) were housed and given food ad libitum. All animal
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study protocols were approved by the Committee on Animal Research at the University of New
England. Animals were treated in accordance with policies and recommendations of the

National Institutes of Health Guide for the Care and Use of Laboratory Animals.

2.3.3. Lacrimal gland excision

Unilateral dry eye was created by excising the left exorbital and infraorbital lacrimal
glands under isoflurane anesthesia (Mecum et al.,2019). Sham surgery was performed on
control animals by making incisions over the left exorbital and infraorbital gland sites. Animals

were monitored daily for 5 days post-surgery (Figure 2.1.A).

2.3.4. Retrograde neuronal tracing

At 72 hrs prior to LGE or sham surgery tracers were applied to the cornea, including
FluoroGold (FG, 3% in NaCl; Fluorochrome, Denver, CO, USA), Fast Blue (FB, 5% in NacCl,
PolySciences, Warrington, PA), FM-143x (FM, 5% in NaCl, ThermoFisher Scientific, Waltham,
MA, USA) and 1,1'-Dioctadecyl-3,3,3',3'-Tetramethylindocarbocyanine Perchlorate (Dil, 5% in
20% DMSO in H20, ThermoFisher Scientific, Waltham, MA, USA). Under isoflurane anesthesia,
a DC current (7 pA for 10 min) (Kumar et al., 2017) was passed between a copper wire in a
capillary tube filled with either a single tracer or a combination of two (FG/FM143x, FB/FM143x,
FG/Dil) and a copper cathode placed in the tail (Figure 2.1.A). An absorbent gelatin sponge
(Gelfoam 12—7 mm; Pfizer Pharmaceuticals, New York, NY) was cut, inserted into the capillary
tube, and placed in contact with both the cornea and the tracer solution within the capillary tube,
thus allowing the current to pass through to the eye (Cassagne et al., 2016). In preliminary
studies, iontophoresis did not produce signs of epithelial damage as evidenced by an absence

of corneal fluorescein staining.
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2.3.5. Palpebral opening

Eye closure, or squinting, as a sign of ocular discomfort, was evaluated by video
recording the mice for 5 min after placing them on top of a glass dish (4 2" L x 3/8” W x 3"H).
Five still shots were taken from the video and the height of the gap between the upper and
lower eyelids and the distance separating the two canthi (Fakih et al., 2019) was measured
using ImageJ/FIJI. The palpebral opening for each still shot was calculated as the height divided
by the distance separating the two canthi, which were averaged together for an overall palpebral

opening ratio.

2.3.6 Tear production

Tear volume was measured using phenol red thread (Zone-Quick, FCI Ophthalmic,
Pembroke, MA, USA) inserted into the lateral canthus of the eye for 15 seconds in
unanesthetized animals. The thread becomes red as it absorbs the tears and the length of the

red portion of the thread was measured under a dissecting microscope (Figure 2.1.B).

2.3.7. Cornea fluorescein staining

Fluorescein staining was used to assess corneal epithelial damage. The staining was
performed prior to and 2-weeks following LGE. A fluorescein solution (1%, 10pl; Sigma-Aldrich
Corp., St. Louis, MO, USA) was applied to the cornea while animals were under isoflurane
anesthesia. After 2 min, the eye was rinsed with artificial tears and visualized with a cobalt blue
light (16 LED Blue Flashlight, 464 nm, LDP LLC, Carlstadt, NJ, USA). The area of staining was
evaluated on a 0 to 4 scale. Total absence of staining was scored a 0, less than 1/8 of total area

scored a 1, 1/8-1/4 was given a 2, 1/4-1/2 a 3, and any fluorescein staining greater than 50% of
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the total corneal surface area was scored a 4 (Suwan-apichon et al., 2006; Kurose and Meng,

2013; Meng et al., 2015).

2.3.8. Cornea collection and processing

At 7,14, 28 days post-LGE or sham surgery, Nav1.8-tdTomato animals were deeply
anesthetized with Euthasol (Henry Schein, Melville, NY, USA) and eyeballs were removed using
curved blade fine scissors (Item # 14061-10, Fine Science Tools, Foster City, CA, USA).
Eyeballs were briefly fixed with 10% formalin and transferred into phosphate buffered saline
(PBS) before dissection. Corneas were dissected out and washed three times in PBS on a low-
speed shaker at room temperature for 10 min. After making 3 pie cuts along the periphery to
allow the corneas to lie flat, corneas were whole-mounted onto slides with DAPI infused
mounting media (ProLong Gold Antifade with Dapi, ThermoFisher Scientific, Waltham, MA,
USA). Corneas were imaged at 40x using a Keyence BZ-X series fluorescence microscope.
Five images were taken, in a z-stack in 1 pm steps, with one in the central and four in the
peripheral regions of the cornea. The center was selected based on the converged spiral of
subbasal axons and the peripheral areas were chosen at a diagonal of the central image.
Images were split into free nerve ending and sub basal layers and analyzed using FIJI/IMAGEJ.
The maximum projection of each z-stack was converted to a mask and the Sholl Analysis plugin

was used to quantify innervation density.

2.3.9. RT-gPCR analysis
RNA was isolated (Promega Total RNA Isolation System, Fitchburg, WI, USA) from
whole corneas and TG dissected and stored in RNAlater solution (Sigma-Aldrich, St. Louis, MO,

USA). The guantity and concentration of RNA was measured using a NanoDrop (Thermo
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Scientific, Waltham, MA, USA). cDNA library was created using reverse transcription of RNA
samples (cDNA Reverse Transcription Kit, Thermo Scientific, Waltham, MA, USA). Quantitative
real-time PCR was performed with a solution of 8uL of cDNA, 10uL of PCR Master Mix
(TagMan, Thermo Fisher, Waltham, MA, USA), 0.5 uL forward (5’-
GCGCGGATCCATGATGCTTCAACATCCA-3’) and 0.5 uL reverse (5'-
GCGCAAGCTTTTAGCTCT GCAATGTTCCTTCTTTT-3’) primers for ATF3 (Integrated DNA
Technologies, Coralville, lowa, USA), with 1uL DEPC treated H,O (UltraPure,Thermo Fisher,
Waltham, MA, USA) for 20 L total volume. Each sample was amplified in triplicate. Expression

levels were normalized and data presented in fold-change in respect to control values.

2.3.10. Immunofluorescence staining

Two weeks after sham or LGE surgery, animals were deeply anesthetized with
pentobarbital (Euthasol, Henry Schein, Melville, NY, USA) and sacrificed by transcardial
perfusion with sodium chloride with 1% heparin (Sagent Pharmaceuticals, Schaumburg, IL),
followed by ice-cooled 10% neutral buffered formalin (Sigma Aldrich, St. Louis, MO, USA) or 4%
paraformaldehyde used for TRPV1 study. The TG were dissected, post-fixed in 10% formalin
overnight at 4°C, and transferred to 30% sucrose for a minimum of 72 hrs. Serial sections
(12pm) were cut using a cryostat (Leica CM1950, Leica Biosystems, Lincolnshire, IL, USA).

Slides were initially washed three times with PBS (0.1M PBS) for 5 min each. This was
followed by one 15 min wash in PBS with 0.1% triton-X (PBST). The slides were blocked in 5%
normal goat serum (Vector Laboratories, Burlingame, CA, USA) in PBST for 1 hour at room
temperature. Different serial sections were incubated overnight at 4°C with primary antibodies
for either CGRP (1:750, Bio-Rad Laboratories, Portland, ME, USA), IB4-488 (1:500, Bio-Rad

Laboratories, Portland, ME, USA), ATF3 (1:1250, Santa Cruz Biotechnology, Dallas, TX, USA)
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or TRPV1 (1:1000, Santa Cruz Biotechnology, Dallas, TX, USA). Sections were washed three
times with PBST to and then incubated with a secondary antibody (Alexa Fluor 488, 1:1000) for
1 hour at room temperature. A no primary antibody control was used to validate the observed
fluorescence. After washing three times in PBS, slides were incubated with a nuclear stain
(NucRed Live 647, ThermoFisher Scientific, Waltham, MA, USA), two drops diluted per ml of
diH2O for 20 min at room temperature. Slides were washed three more times with PBS,
mounted using a fluorescence preserving mounting media (FluoroMount-G, ThermoFisher
Scientific, Waltham, MA, USA) and sealed.

Immunohistochemistry for protein gene product 9.5 (PGP9.5) (ab108986, Abcam,
Cambridge, MA, USA) was performed on whole mount corneas. After intraperitoneal injection
(Euthasol, Henry Schein, Melville, NY, USA) and loss of corneal reflex, eyeballs were
enucleated fixed for 30 minutes in 10% formalin, and corneas dissected in PBS. Corneas were
fixed for 45 min in formalin, followed by three 5-minute PBS wash and incubated while shaking
for 1 hour at room temperature in blocking solutions (0.5% triton x-100 in 10% normal donkey
serum in 0.1 M PBS). Corneas were incubated overnight shaking at 4°C in anti-PGP9.5 (1:500
in 0.1M PBS in 0.3% triton x-100 + 5% normal donkey serum). Following this, corneas were
washed in PBS three times for 5 min while shaking. The corneas were incubated overnight
while shaking at 4°C with secondary antibody (donkey anti-rabbit Alexa Fluor 488, 1:200 in 0.1M
PBS in 0.3% triton x-100 + 5% normal donkey serum). Corneas were washed in PBS three
times for 5-minute before being whole mounted on slides with DAPI mounting media (ProLong
Gold Antifade with Dapi, ThermoFisher Scientific, Waltham, MA, USA).

Sections were imaged at 20x with a Keyence BZ-X series fluorescent microscope
(Keyence, Itasca, IL) using filter cubes for DAPI (excitation (ex.): 340—400 nm; emission (em.):

435-485 nm), GFP (ex.: 450—-490 nm; em.: 500-550 nm), Cy3 (ex.: 530-560 nm; em.: 570-640
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nm), and Cy5 (ex.: 590-650 nm; em.: 665—735 nm). Keyence Analyzer software was used to
stitch images of each section in each channel. ImageJ software (National Institutes of Health,
Bethesda, MD) was used to merge each fluorescent channel into a final composite. Images
were randomized and blinded before counting. Cells positive for fluorescent markers were
manually counted and marked using the Cell Counter plugin in ImageJ. Cells were counted as
positive if the fluorescent marker was present in the channel specific image and if it
corresponded to a cell containing nuclei when viewed as a merged composite. Co-labeled cells
were counted as positive if they were determined to be within the same cell that contained a
nucleus using individual and composite channel images. Percentages were calculated using the
total number of tracer positive cells normalized for each animal total. Cell diameter was
measured using the measurement tool in ImageJ/FIJI calibrated to the image scale. All images

were blinded prior to analysis.

2.3.11. Data analysis

Statistical analyses for palpebral opening, tear production, cell counts, and cell
diameters were performed with either t-tests, one-way, two-way or three-way ANOVAs with
Tukey post-hoc tests. Fluorescein staining was evaluated using a Kruskal-Wallis one-way
ANOVA with Dunn’s post hoc test performed. All statistical analyses were performed using
excel and R. Statistical significances were accepted as p < 0.05. Plots, tables and diagrams

were created using R, Excel, and PowerPoint. Data are presented as the mean + SEM.
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2.4 Results

2.4.1. Lacrimal gland excision reduces tearing and damages corneal epithelium
Retrograde tracer was applied to the cornea 3-days before LGE (Figure 2.1.A). Tear
levels and corneal epithelial damage were assessed 14-days after excision, prior to tissue
collection. Consistent with previous studies (Mecum et al., 2019; Mecum et al., 2020), aqueous
tearing in both male and female animals was reduced following LGE, as measured using a
phenol thread test (Figure 2.1.B, p<0.0001, 3-way ANOVA, Table 2.1.). Examination of corneal
fluorescein staining at this time found significant areas of corneal damage after LGE when
compared to sham controls, with no apparent differences between male and female mice using
the previously described 0-4 rating scale to quantify the fluorescein-stained corneal area (Figure

2.1.C, p<0.0001, Kruskal-Wallis ANOVA, Table 2.1.).

2.4.2. Lacrimal gland excision causes ongoing pain-like behavior

Squinting behavior has previously been established as a measure of ongoing corneal
pain after LGE in the mouse by quantifying the size of the palpebral opening (Figure 2.2.A)
(Fakih et al., 2019; Mecum et al., 2020). A reduction in palpebral opening is also accompanied
by a unilateral grimace-like facial expression on the side of the ipsilateral eye to gland excision
(Figure 2.2.B, left panel). Comparing the palpebral opening between LGE and sham treated
animals demonstrated a significant reduction after LGE (Figure 2.2.B, p<0.001, 3-way ANOVA,

Table 2.1.).
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2.4.3. Corneal reinnervation after acute axonal retraction

Innervation of the cornea was visualized in whole-mounted corneas using a tdTomato
fluorescent reporter expressed with the Nav1.8-cre promoter. Nav1.8-cre;tdTomato labeling of
corneal innervation was validated using PGP9.5 as a pan-neuronal marker. A total of 87% of
corneal axons labeled with PGP9.5 were co-labeled with tdTomato (Figure 2.3.A). As most
corneal axons were labeled with tdTomato, subsequent studies quantified innervation density
using the Nav1.8-cre;tdTomato reporter, conducting an overlayed Sholl analysis on the max
projection z-stack images. Innervation density was evaluated in central and peripheral regions
of the cornea, and in subbasal and intraepithelial layers (Figure 2.3.A, right panels). Sholl-
determined intersections were combined from subbasal and intraepithelial layers and averaged
across five area samples to get a mean innervation density for each eye (Mecum et al., 2020).
At one-week following LGE, there was a dramatic decrease in corneal nerve innervation, with
gradual reinnervation of the cornea occurring throughout 4-weeks. The reinnervation of the
cornea remained disorganized when compared to the whirl pattern of the subbasal nerve plexus
seen in the sham treated animals (Figure 2.3.B).

Quantification of the innervation density revealed a significant reduction in innervation in
both female (Figure 2.3.C, p<0.0001, 2-way ANOVA, Table 2.1.) and male (Figure 2.3.D,
p<0.0001, 2-way ANOVA, Table 2.1.) animals after LGE when compared to sham treated
groups. Post-hoc analysis revealed that corneal innervation after LGE remained lower than
sham levels in both female and male animals through day 28. However, only male animals
showed an increase in innervation 28 days after LGE when compared the 7- and 14-day time

points (Figure 2.3.D, p < 0.001).

36



2.4.4. Lacrimal gland excision increases the number of CGRP-positive corneal afferents
Corneal projecting somas were identified within the TG following the iontophoretic
application of four different retrograde tracers. Corneal afferents have proven to be inefficient at
taking up retrograde tracers without disrupting the epithelial barrier (Kébbert et al., 2000). While

this is often accomplished by mechanical abrasion or chemical injury to the cornea,
iontophoretic application resulted in tracer uptake without damage to the corneal epithelium as
determined by the absence of corneal fluorescein staining after the procedure in preliminary
studies. Since the preferential uptake of retrograde tracers by subpopulations of afferents can
introduce selection bias, a direct comparison of labeled corneal neurons was performed after
the dual application of tracers, each with separate emission spectra (FB-ex. 365nm/em. 420nm,
FG-ex.414nm/em.541nm, FM-ex.475nm/em.580nm, Dil-ex.550nm-570nm). Tracer labeling
preferences were evident from mean diameter measurements, which showed FG and FM
labeled a wide range of different sized somas, while FB and Dil appear to have some bias
toward labeling smaller diameter neurons (Figure 2.4.A). The total number of labeled neurons
by each tracer also differed (Figure 2.1.B, 1-way ANOVA, Table 2.1.). Overall, the total number
of Dil (p<0.0001) and FM143x (p<0.01) labeled neurons was significantly greater than both FB
and FG. Surprisingly, when two tracers were co-applied, the two different tracers showed
relatively little colocalization (<25%), with the majority of neurons labeled independently with
only one tracer (Figure 2.4.B).

In sham treated animals, the percentage of corneal projecting neurons that were 1B4-
positive was similar across each of the four tracers (FG: 52.7 £ 5.0%, FB: 44.5 + 5.4%, Dil: 40.1
+ 3.8%, FM: 35.5 + 3.8%), with mean labeling of IB4 across all tracer positive cells at 43.2%.
CGRP labeled an average of 37% of all tracer positive corneal neurons in sham treated animals

(FG: 32.3 £ 6.0%, FB: 48.2 + 5.1%, Dil: 33.8 + 7.2%, FM: 33.7 + 5.3%). While LGE had no
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effect on the percentage of IB4-positive corneal cells (FG: 64.3 = 6.6%, FB: 43.4 £ 3.3%, Dil:
42.4 £5.1%, FM: 37.1 + 2.5%), a significant increase in CGRP co-labeled corneal neurons was
found 14 days after LGE with FG (66.0 £ 4.0%), FB (66.8 = 4.0%), and Dil (63.0 + 5.0%) tracers,
and approaching significance with FM (43.9 £+ 2.7%) (Figure 2.4.D, FG p<0.0001, FB p<0.01, Dil

p<0.001, t-test).

2.4.5. Lacrimal gland excision increases the percentage of IB4-positive cells co-labeled
with CGRP and TRPV1

A single tracer was applied to the cornea to determine whether LGE altered the
expression of CGRP and TRPV1 in IB4-positive corneal afferents. For these studies, FG was
selected based on the relatively wide range of corneal cell soma sizes labeled with FG and the
significant increase in CGRP-positive FG neurons observed when FG was co-applied with a
second tracer (Figure 2.4.D). The ipsilateral TG were collected 14-days following unilateral LGE
and co-labeled with CGRP and IB4 (Figure 2.5.), and in a separate set of animals with TRPV1
and IB4 (Figure 2.6.). The percentage of FG neurons co-labeled with both CGRP and 1B4 was
greater in LGE animals when compared to sham treatment (Figure 2.5.B, p<0.001, t-test).
Consistent with this finding, LGE decreased the percentage of FG neurons that were 1B4-
positive and CGRP-negative (Figure 2.5.B, p<0.001, t-test). In addition, LGE increased the
percentage of FG neurons that were CGRP-positive and 1B4-negative (Figure 2.5.B, p<0.0001,
t-test), indicating that CGRP increased in both the IB4-positive and I1B4-negative cell
populations.

Similarly, the percentage of FG-positive neurons labeled with TRPV1 increased in the
IB4-positive population (Figure 2.6.B, p<0.01, t-test), with a parallel decrease found in the I1B4-

positive neurons that wereTRPV1-negative (Figure 2.6.B, p<0.001, t-test). Unlike CGRP, no
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difference was found between LGE and sham treated animals in the IB4-negative population of

neurons that were either TRPV1-positive neurons or TRPV1-negative (Figure 2.6.B, p>0.05).

2.4.6. Lacrimal gland excision increases the number of ATF3-positive corneal afferents

The nerve injury transcription factor ATF3 was quantified in the ipsilateral TG 14-days
following LGE. Both immunohistochemistry and RT-qPCR were performed to determine overall
changes in ATF3 expression. Immunolabeled ATF3 was quantified as a proportion of the total
number of neurons using NeuN as a pan-neuronal marker (Figure 2.7.A). In naive animals, less
than 0.5% of TG neurons were ATF3-positive (Figure 2.7.B). LGE increased the number of
ATF3-positive neurons by more than 2-fold, yet the overall percentage of ATF3-positive neurons
remained under 1.5%. A comparison of ATF3-positive neurons in naive, sham, and LGE
animals showed a treatment effect, with greater numbers of ATF3-positive neurons after LGE
when compared to naive and sham treatment groups (Figure 2.7.B, p<0.0001, one-way
ANOVA, Tukey post hoc). ATF3 expression evaluated using RT-qPCR more than doubled in
both ipsilateral TG and in ipsilateral whole corneas over tissue from sham treated animals
(Figure 2.7.C).

To further evaluate ATF3 within corneal neurons, ATF3 immunolabeling was quantified
in LGE and sham treated animals following FG tracer application to the cornea. In FG labeled
neurons, the percentage of ATF3-positive neurons increased after LGE compared to sham
treatment (Figure 2.7.D left, p<0.001, t-test). In a subsequent cohort, ATF3 was quantified in
IB4-positive and CGRP-positive corneal neurons. The percentage of FG neurons labeled with
both 1B4 and ATF3, or both CGRP and ATF3, was greater in LGE than sham treated animals

(Figure 2.7.D right, p<0.01, t-test).
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2.5. Discussion

Prior studies have excised the ipsilateral extraorbital and intraorbital lacrimal glands to
produce severe aqueous tear deficient dry eye in both rats (Kurose and Meng, 2013; Meng et
al., 2015; Mecum et al., 2019; Hatta et al., 2019; Skryzypecki et al., 2019) and mice (Shinomiya
et al., 2018; Meng et al., 2019; Mecum et al., 2020). Corneal injury and pain-like behaviors have
been well characterized in these studies. This study examined corneal innervation after LGE
and investigated plasticity in corneal projecting neurons that may contribute to nerve
regeneration, corneal wound healing, and nociceptor sensitization after injury. The results
indicate that denervation and reinnervation of the cornea after LGE is accompanied by
increased expression of the neuronal injury marker ATF3 and a phenotypic switch in corneal
afferents, consisting of increased CGRP and TRPV1 expression in IB4-positive corneal
neurons.

In agreement with prior findings (Meng et al., 2015; Shinomiya et al., 2018; Mecum et
al., 2019), all LGE animals exhibited drastically reduced ipsilateral tearing and increased
corneal fluorescein staining. Other primary dry eye symptoms included signs of persistent ocular
irritation, evidenced by a decrease in palpebral opening (Gowrisankaran et al., 2007). Ocular
pain is typically the chief complaint described in dry eye clinical populations (Galor et al., 2016;
Kalangara et al., 2017; Elhusseiny et al., 2019; Donthineni et al., 2021). Dryness on the corneal
surface sensitizes and activates corneal afferent nociceptors, which in turn evokes blinking,
tearing, and squinting behaviors (Nakamori et al., 1997; Tsubota, 1998; Belmonte et al., 2017;
Mecum et al., 2020). Studies in rats have reported increased blinking for 8-weeks following LGE
that is reduced by topical application of a local anesthetic (Kurose and Meng, 2013; Meng et al.,

2015). Unlike the rat, mice rarely exhibit spontaneous blinking after LGE, and as in prior studies
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(Fakih et al., 2019; Mecum et al., 2020), we instead found a decrease in palpebral opening with
an ipsilateral grimace following LGE.

Using Navl.8-cre;tdTomato mice to examine corneal innervation, we observed an
almost complete loss of axon terminals through superficial layers of the corneal epithelium to
the subbasal nerve plexus at 7-days following LGE in both male and female mice. Innervation
increased in intraepithelial and subbasal layers at 14-days and continued to increase when
evaluated at 28-days, most prominently in male mice. A previous study, also using Nav1.8-
cre;tdTomato mice, found no difference in innervation density at 14-days after excision of only
the extraorbital lacrimal gland (Mecum et al., 2020), indicating that the severity of dry eye likely
contributed to the amount of denervation observed in the present study. Other studies have
examined corneal innervation in dry eye models using immunohistochemistry, typically, of beta-
Il tubulin, to visualized corneal nerve terminals (Aicher et al., 2015; Kovacs et al., 2016;
Yamazaki et al., 2017). Through these methods, one of these studies found that a semaphorin
3A inhibitor may provide a protective effect over nerve and epithelial integrity in DED (Yamazaki
et al., 2017). Another study found that corneal cool cells may be responsible for ocular
discomfort in DED (Kovacs et al., 2016). Additionally, that denervation of the lacrimal gland may
result in corneal hypoalgesia (Aicher et al. 2015). The use of the Navl.8-cre;tdTomato reporter
appeared to label the vast majority of corneal afferents, with the likely exception of autonomic
neurons and up to 80% of cool sensing neurons that do not express Nav1.8, indicating that use
of this mouse would be a valuable tool in longitudinal studies to track corneal sensory
innervation (Bouheraoua et al., 2019; Luiz et al., 2019).

Clinical studies report DED can be accompanied by a decrease in corneal innervation,
but no sex specific differences in innervation density or morphology have been reported (Erdelyi

et al., 2007; Benitez-del-Castillo et al., 2007; Hamrah et al., 2017; Sullivan et al., 2017). In the
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present study, there were no differences observed between male and female animals in basal
innervation, yet corneal afferents in male animals regenerated more quickly when compared to
females. Consistent with these results, male rats were observed to have increased axonal
outgrowth when compared to female counterparts one week after sciatic nerve transection
(Stenberg and Dahlin, 2014). However, in contrast to the present findings, in a corneal abrasion
injury model female mice were observed to have increased nerve regeneration compared to
male mice (Pham et al., 2019). Other studies of corneal injury have either reported no sex
differences in corneal innervation (Kovacs et al., 2016; He et al., 2019; Mecum et al., 2020) or
have only used animals of a single sex (Aicher et al., 2015; Yamazaki et al., 2017; Hegarty et
al., 2018).

After injury, corneal reinnervation benefits from the activation of RAGs. ATF3 is a nerve
injury marker and upstream transcription factor, widely evaluated for its role in initiating nerve
regeneration cascades (Takeda et al., 2000; Jankowski et al., 2009; Nascimento et al., 2011,
Launay et al., 2016; Hegarty et al., 2018; Fakih et al., 2019). ATF3 expression increased in
corneal neurons following LGE but no difference was found between male and female animals.
The slower axonal regeneration in female mice after LGE may be due to a greater inflammatory
response after injury (Mecum et al., 2019). In disease processes that also exhibit sustained
inflammation, such as in chronic DED (Luo et al., 2004; Hessen and Akpek, 2014) and
osteoarthritis (Ilvanavicius et al., 2007; Nascimento et al., 2011), nerve damage is severe and
regenerative processes are impaired.

To evaluate corneal neurons after dry eye-induced injury, iontophoretic retrograde tracer
application was optimized to label corneal cell somas within the TG without injuring the cornea.
Due to the inherent difficulty of labeling an immune-privileged structure, various corneal

retrograde application methods have been studied. Most methods utilize some form of injury to
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disturb terminal membranes, allowing fluorophores to enter the corneal axons and be
transported up the terminal to the cell bodies in the TG. Injury methods have varied from a
checkerboard scratch (Arvidson, 1977; Marfurt et al., 1989; Keller, 1999; Ivanusic et al., 2012;
Bron et al., 2014; Alamri et al., 2015), to 70% ETOH deepithelization (Murata and Masuko,
2006; Launay et al., 2015) and microinjection (Nakamura et al., 2007). While not directly
damaging, direct application requires animals to be anesthetized for extended periods (Moreira
et al., 2007), which may lead to additional corneal damage (Turner et al., 2005; Koehn et al.,
2015). lontophoresis was used in the current study, as it requires only a short duration of
anesthesia and we found no evidence of corneal epithelial damage after delivery (Chen and
Hong-Sen, 1990, Schofield, 2008; Kumar et al., 2017; Hatta et al., 2019).

Potential bias in the cell populations labeled by the different tracers FG, FB, FM, and Dil
was determined after co-application of different tracer combinations followed by staining for IB4
and CGRP. Both FG and FM labeled the largest range of neurons based on cell soma diameter
measurements. In addition, FM labeled a larger proportion of neurons when simultaneously
applied with FB or FG. As reported in other studies, it is possible that a portion of FM labeling
could be a confound of tissue processing caused by adjacent cell leaking (Jockusch and
Eberhard, 2007). Fast blue and FG labeled comparable numbers of corneal cells, yet FB
appeared to preferentially label a higher number of small diameter neurons while FG labeled
both small and small-medium diameter neurons. To our knowledge, this is the first study to
report successful retrograde labeling of corneal neurons using Dil. The number of Dil labeled
TG neurons was larger than any of the other tracers evaluated (FG, FB, FM). Differences in
labeling efficiency may relate to the molecular weight (MW: FB 339.2, FG 472.54, FM 611.54,

Dil 933.89 g/mol) and/or the uptake mechanisms of each tracer (Moreira et al., 2007).
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With all tracers, a high proportion of neurons were not double labeled after dual
application, with numbers of tracer-positive neurons for each tracer alone similar to previous
reports (Marfurt et al., 1989; De Felipe et al., 1999; Nakamura et al., 2007; Alamri et al., 2015).
This result suggests that previous studies relying on a single tracer may have significantly
under-estimated the total number of corneal-projecting TG neurons. Despite these differences
in cell size, total number of labeled neurons, and relatively low number of double-labeled
neurons, similar proportions of peptidergic (CGRP-positive) and non-peptidergic (IB4-positive)
neurons were observed across all four tracers in sham treated animals. Furthermore, LGE
produced similar increases in the number of CGRP-positive cell bodies in FG, FB and Dil.

In health, corneal neurons have largely distinct peptidergic and non-peptidergic corneal
cell populations (Marfurt et al., 2010). The increase in CGRP-labeled corneal neurons after LGE
appears to be the result of de novo CGRP expression in IB4-positive neurons. This provides
new evidence of an injury-induced phenotypic change in corneal neurons that may promote
corneal wound healing (Mikulec and Tanelian, 1996; Zhang et al., 2020). An increase in the
rate of corneal epithelial wound healing after application of CGRP has been reported (Mikulec
and Tanelian, 1996). Furthermore, to aid in peripheral nerve regeneration, CGRP release
recruits macrophages to clear debris and release VEGF to support regrowth of axon fibers
(Cattin et al., 2015; Hillenbrand et al., 2015; Caillaud et la., 2019). This increase in CGRP may
also contribute to corneal pathology by promoting neovascularization and angiogenesis, as well
as nociceptor sensitization (Azar et al., 2006; Toda et al., 2008; McKay et al., 2019).

In addition to the observed increase in CGRP, TRPV1 was also increased in IB4-positive
corneal neurons after LGE, consistent with previous studies reporting an increase in TRPV1
expression after corneal injury (Bereiter, 2018; Hatta et al., 2019; Fakih et al., 2021). The

noxious heat and acid sensitive TRPV1 channel had previously been identified in 37% of
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corneal neurons, consistent with the present findings in sham treated animals (Tominaga et al.,
1998; Piper, 1999; Murata and Masuko, 2006; Rosenbaum and Simon, 2007; Cao et al.,2013).
In LGE-induced dry eye, increased TRPV1 activation can cause peripheral sensitization of
corneal afferents and lead to long-term alterations in pronociceptive gene expression (Meng and
Kurose, 2013, Hatta et al., 2019; Fakih et al., 2021). A recent study found that the corneal
application of the TRPV1 antagonist capsazepine inhibited overexpression of pronociceptive
genes and clinical signs associated of ocular pain induced by lacrimal and harderian gland
excision in mouse (Fakih et al., 2021). These findings reveal a primary role of CGRP and
TRPVL1 in facilitating phenotypic adaptation of corneal neurons occurring in chronic dry eye.

While evidence from this study suggests a phenotypic switch occurring in the corneal
non-peptidergic IB4-positive population, additional experiments using lineage tracing to label
individual neurons prior to corneal injury and follow expression and function of those same
neurons after injury would be necessary to confirm these findings (Amitai-Lange et al., 2015;
Hsu, 2015). Recent studies have identified specific functional changes in the non-peptidergic C-
fiber population using the Mrgprd®® mouse and expression changes in ATF3/Mrgprd neurons
following spared nerve injury (Wang et al., 2021; Warwick et al., 2021). In particular, the
changes in expression patterns described in AFT3/Mrgprd neurons after nerve injury suggest
the possibility of ATF3 regulatory control of CGRP and TRPV1 observed following corneal injury
in this study (Wang et al., 2021).

In summary, LGE-induced corneal injury increased ATF3 expression in corneal neurons
and produced de novo expression of CGRP and TRPV1 in IB4-positive neurons. This response
may initially bolster axonal regeneration, yet the increase in CGRP and TRPV1 expression also

likely contributes to ongoing corneal pain and hypersensitivity.
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Figure 2.1. Experimental timeline and validation of dry eye following LGE. A) Fluorescent tracer

was applied to the cornea using iontophoresis at least 72 hours prior to LGE and tissue
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collected at 14-days following LGE. B) Tear volume was reduced after LGE when compared to
baseline measurements and sham surgery treatment groups. C) Fluorescein luminescence was
increased 14-days following LGE. *** p <0.001 compared to all other treatment groups. Sham n

=18; LGE n= 20.
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Figure 2.2. The effect of LGE on palpebral opening. A) Palpebral opening was calculated as the
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left panel). Images taken from the same mouse illustrate the unilateral nature of the change
following LGE (lower left panels; CONTRA: contralateral to LGE; IPSI: ipsilateral to LGE). B)
LGE produced a reduction in palpebral opening. *** p < 0.0001 compared to all other treatment

groups. Sham n=6 (3M/3F); LGE n=5 (3M/2F).
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Figure 2.3. Corneal innervation after LGE. A) The majority of PGP9.5 labeled afferents were

also positive for tdTomato, which can be seen in the extensive overlap within both the subbasal
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and intraepithelial nerve endings. Scale bar 20 um. B) Representative images of corneal
innervation at 7-, 14- and 28-days following sham and LGE surgery. While significant
reinnervation occurred by day 28, the innervation pattern remained disorganized. Scale bar 20
pm. C) Innervation density as determined by Sholl analysis. Reinnervation of the cornea was

significantly lower 28 days after LGE in female compared to male animals. ¥t p <0.001 LGE

day 28 vs 7 and 14 day timepoints; * p <0.01, *** p <0.0001 LGE vs sham at the same
timepoint. 7-day: Sham n=15 (8M/7F), LGE n=11 (6M/5F); 14-day: Sham n=16 (8M/8F); LGE

n=12 (6M/6F); 28-day: Sham n=15 (8M/7F); LGE n=12 (6M/6F).
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Figure 2.4. Somal characterization of corneal neurons after LGE. A) Diameters of corneal

neurons using four different tracers: FB, FG, FM, and Dil. B) Dil and FM labeled more corneal

cells per animal than FB and FG (upper left panel). Percent of total labelling of corneal neurons

with each tracer using dual labeling of FB/FM (upper right), FG/FM (lower left), and FB/Dil

(lower right). C) Representative images of FG, FB, FM and Dil labeled cells in the TG and co-
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labelled with IB4 and/or CGRP. Scale bar 25 um. D) IB4 and CGRP immunolabelling of FG, FB,
FM and Dil 14 days following LGE. * p <0.01, ** p <0.001, *** p <0.0001 compared to all other
groups. FB, FluoroGold; FB, Fast Blue; FM, FM143-x; Dil, DilC18(3). FG/FM: Sham n=6
(3M/3F), LGE n=8 (5M/3F); FB/FM: Sham n=6 (3M/3F), LGE n=6 (3M/3F); dil/FG: Sham n=6

(8M/3F), LGE n=6 (3M/3F). Calibration bar 25 um.
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Figure 2.5. Co-labeling of CGRP with IB4 in cornea-projecting afferents. A) Representative
images of IB4 and CGRP-positive neurons in the TG after FG application to the cornea.
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labeled cells that co-labeled with TRPV1 and IB4. * p <0.05, ** p <0.01 compared to all other

groups. N=12 per treatment group (6M/6F).
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Calibration bar 25 um. B) Percent of ATF3 protein-positive TG neurons. C) ATF3 mRNA
expression as compared to sham in the TG and cornea. D) Percent of FG labelled corneal
neurons in the TG co-labeled with ATF3 protein. E) ATF3 protein co-localization with IB4 and
CGRP in corneal neurons. * p <0.01, ** p <0.001 compared to sham and naive treatment.

N=12/treatment group (6M/6F).
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Table 2.1. Results from multiple group comparisons for all data sets.

Figure 1B 1C 2B 3C 3c 48 7B
Metric ANOVA (3W) Kruskal-Wallis ANOVA (2W) ANOVA (2W) ANOVA (2W) ANOVA. (1W) ANOVA (1W)
Tears (mm) Fluorescein (score) Palpebral Opening (¥/X ratio) Innervation Density (#) Innervation Density (#) Tracer Positive Cells (#) NeuN Posiive Cels (%)
Females Males
Time
DF-V 1 1 2 2
DF-R 69 18 kX3 36
F 51171 18.12 0.632 1183
P 7.01E-10 4.75E-04 0.538 0.000112
Surgery
DF-V 1 1 1 1
DF-R 69 18 s 36
F 44575 1453 142.499 22715
P 5.11E-08 1.2BE-03 1.61E-13 <2E-16
Sex
DF-V 1
DF-R 69
F 0.008 0.25532
P 0.93 0.6134
Tracer
DF-V 3 3
DF-R 56 56
F 7.397 7.387
P 0.000293 0.000283
Time: Surgery
DF-V 1 1 2 2 1
DF-R 69 18 kx] 36 )
F 43.383 ar 21.99 1.588 2564 2058
P T41E-09 9.24E-09 1.83E-04 2.19E-01 1.19E-07 2.00E-16
Time: Sex
DF-v 1
DF-R 69
F 0274 0.25532
P 0.602 0.6134
Time: Surgery: Sex
DF-V 1
DF-R 69
F 1.459
P 0231
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CHAPTER 3
DELAYED HEALING AND NAV1.8 NERVE REGENERATION FOLLOWING CORNEAL
ABRASION INJURY WITH SOX11 DOWNREGULATION

3.1. Abstract
SOX11 expression is observed in primary afferent neurons early on after peripheral nerve injury
and appears to play a critical role in regeneration. Currently, little is known about the role of
SOX11 in nerve regeneration following corneal injury. The aim of this study was to examine
corneal nerve regeneration in moderate and severe acute injury insults, trephine only (TO), and
corneal abrasion (CA), using Nav1.8Cre-Sox117-tdTomato (Sox11"") and Nav1.8Cre-Sox11"T-
tdTomato (littermate controls). TO makes a uniform circular cut through the epithelium and
corneal axon terminals. CA uses first TO to demarcate a uniform area and depth, followed by
the mechanical removal of the corneal epithelium and axon terminals using a rotating burr.
Corneal fluorescein was used to examine the severity of epithelial damage. Mechanical
sensitivity was evaluated using a corneal aesthesiometer, and nerve terminal density was
imaged from whole mounts using a Keyence BZ-X700 fluorescent microscope and analyzed
with FIJI. TO and CA cause graded severity of decreased innervation density and regeneration
following injury. Sox11" increases the severity of denervation following both TO and CA injury.
Sox11" also slows regeneration in timepoints following injury. Epithelial damage occurs
following both TO, and CA and its healing is slowed by downregulation of SOX11. Expression of
SOX11 and ATF3 mRNA is reduced in Nav1.8 neurons in Sox11""animals, indicating the
regulation of ATF3 by upstream transcription factor SOX11. These results provide support for

the role of SOX11 in nerve regeneration and hypersensitivity following injury.
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3.2. Introduction

Corneal nerves regulate ocular surface homeostasis and protect the eye from damage
when noxious stimuli are detected. Corneal abrasions caused accidentally or through planned
surgical interventions are one of the most prevalent causes of corneal nerve injury (Batra and
Bali, 1977; Weissman et al., 1994; Upadhyay et al., 2001; Soong et al., 2002; Jabbur and
O’Brieen, 2003; Moos and Lind, 2006; Masoudi Alavi et al., 2014; Vo et al., 2015; Hung et al.,
2020). Injury to these nerves can cause sustained altered functioning and, in some cases, lead
to irremediable neuropathic pain (Meng and Kurose, 2013; Galor et al., 2015; Belmonte et al.,
2017). Corneal afferent terminals detect foreign insults through specialized ion channels, such
as capsaicin with TRPV1 or cooling with the TRPM8 (Murata and Masuko, 2006; Robbins et al.,
2012; Guerrero-Moreno et al., 2020). To maintain corneal homeostasis, axon terminals also
detect subtle changes in the epithelium and tear film components. Usually, tear film is
composed of regulated proportions of mucins, lipids, water, proteins, and electrolytes; any
changes to the balance can shift osmolarity or trigger alternative sensors. This imbalance
causes patterns of neuronal firing activity, which signals parasympathetic and sympathetic
circuits to stimulate tear secreting glands which restore homeostasis (Tomlinson et al., 2006;
Dartt, 2009, Meng and Kurose, 2013). In addition to the contribution of extraocular structures,
corneal nerves themselves provide trophic factors that maintain homeostasis, nurture the
microenvironment, and enable healing following injury (Muller et al., 2003; Mastropasqua et al.,
2017; Al-Agaba et al., 2019; Medeiros and Santhiago, 2020). Sustained damage or changes to
functional properties of corneal neurons can prevent the local balance from being restored,
which can lead to additional pathological features besides ocular discomfort, such as DED or

corneal opacity (Song et al., 2014; Stepp et al., 2018; Hegarty et al., 2018).
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Prior studies have examined corneal wound healing and nerve regeneration following
graded levels of CA (Wilson et al., 2001; Song et al., 2004; Li, 2011; Ljubimov and Saghizadeh,
2015; Sacchetti and Lambiase, 2017; Xue et al., 2018; Hegarty et al., 2018; Stepp et al., 2018;
Wilson, 2020; Pham and Bazan, 2021). Studies have also identified upregulation of specific
markers in TG markers after CA injury, including CGRP and ATF3 (Hegarty et al., 2018). Using
an ATF3 genetic deletion mouse model, an earlier study found that neurite growth and
regeneration of the facial nerve was stunted following injury (Gey et al., 2016). Other studies
identified the transcription factor, SOX11, as a critical upstream regulator of ATF3 expression
after peripheral injury (Jankowski et al., 2008; Moore and Goldberg, 2011; Jankowski et al.,
2018). This study targets this same pathway to help understand molecular triggers for the
divergent mechanisms that direct the sustained pathological shift following injury. The
experimental goals of this study are to 1) evaluate ATF3 regulation in Sox11"" mouse following
CA 2) evaluate the impact of Sox11"" on corneal nerve regeneration and wound healing. This
study hypothesizes that A) Sox11"" animals will exhibit delayed epithelial healing and
decreased nerve regeneration. B) Sox11"" will influence the expression of other nerve

regeneration and injury markers (SOX11, ATF3).

3.3. Materials and Methods

3.3.1. Generation of Nav1.8-tdTomato-Sox11 mice

Nav1.8-Cre-C57B6/J mice originally generated by Dr. John Wood (University College
London, London, UK) and obtained from Dr. Sulayman D. Dib-Hajj (Yale University, New
Haven, CT, USA) were bred with B6. Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J (Stock

#007914, The Jackson Laboratory, Bar Harbor, ME, USA). The resulting F1 progeny that were
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heterozygous for Nav1.8-Cre and tdTomato were intercrossed to result in mice with specific
expression of tdTomato fluorescent protein in Navl.8-expressing neurons. Nav1.8-CreHet-
tdTomatoHet progeny were intercrossed with a Sox11"", previously generated using the Cre-
loxP system by floxing the single Sox11 exon. Navl.8-tdtomato expression could be visualized
using fluorescence microscopy (em. 581 nm). Nav1.8-Cre-tdTomato-Sox11" mice were used as
experimental Sox11 conditional downregulation (Sox11"" animals and Nav1.8-Cre-tdTomato-
Sox11™ animals were used as the littermate controls.

For genotyping, tissue was lysed by adding 50mM NaOH and then heated to at 950C for
35 minutes, followed by the addition of 50mM HCI and 1M Tris HCI buffer. The sample was
spun down and then stored at 40C until processed. Polymerase chain reaction (PCR) was used
to identify Sox11 and tdTomato using Econotaq Plus 2x Buffer (Lucigen, Middleton, WI, USA).
Pri-mers included: Sox11 Forward— GTGATTGCAACAAAGGCAGA, Sox11 Reverse —
TCTGCCGATGTCTTTCAGAC, Td tomato Mutant Forward— CTGTTCCTGTACGGCATGG, Td
Tomato Mutant Reverse — GGCATTAAAGCAGCGTATCC, Td Tomato Wild Type Forward —
AAGGAGCTGCAGTGGAGTA, Td Tomato Wild Type Reverse — CCGAAAATCGTGG-
GAAGTC. Navl.8-Cre reactions were prepared with Promega GoTag Flexi-buffer (Promega,
Madison, WI, USA). Primers included: Nav1.8-Cre Common Forward — GGAATGG-
GATGGAGCTTCTTA, Nav1.8-Cre Mutant Reverse — CCAATGTTGCTGGA-
TAGTTTTTACTGCC, Navl1.8-Cre Wild Type Reverse — TTACCCGGTGTGTGCTGTAGAAAG.
Genotyping of all animals was conducted by the University of New England Behavioral and

Genotyping Core.
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3.3.2. Animals

Adult male and female mice, 8-10 weeks old, were group housed and given food ad
libitum. All animal study protocols were approved by the Committee on Animal Research at the
University of New England, and animals were treated in accordance to policies and
recommendations of the National Institutes of Health Guide for the Care and Use of Laboratory
Animals. Nav1.8-Cre-tdTomato-Sox11" mice and Nav1.8-Cre-tdTomato-Sox11™ mice were
generated. Nav1.8-Cre-tdTomato-Sox11" mice were used as experimental Sox11"" animals and
Nav1.8-Cre-tdTomato-Sox11"" animals were used as the littermate controls. Genotyping of all

animals was conducted by the University of New England Behavioral and Genotyping Core.

3.3.3. Corneal Abrasion
All mice were anesthetized under isoflurane (2%) and the topical anesthetic

proparacaine hydrochloride opthalamic solution (0.5%, Henry Schein, Melville, NY, USA) was
applied for 1 minute to the ocular surface. A 1.5-mm dulled trephine (Katena, item #K207510,
Parsippany, NJ, USA) was used to outline a central region of the cornea for creating unilateral
debridement and trephine-only wounds (Stepp et al., 2018). For debridement wounds, a dulled
rotating burr (Algerbrush Il, Precision Vision, Woodstock, IL, US) was used to remove epithelial
cells and damage axon terminals through the subbasal level of the cornea within the 1.5 mm-

diameter area (Stepp et al., 2018). Naive littermates were used as uninjured controls.

3.3.4. Retrograde Neuron Tracing
FluoroGold (FG, 3% in NaCl; Fluorochrome, Denver, CO, USA) was applied to the
cornea under isoflurane anesthesia as previously described (Cassagne et al., 2016). Briefly, at

72 hours before corneal debridement, trephine-only wounding, or age-matched non-injured
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littermate controls, a DC current (7 pA for 10 min) was passed between a copper wire in a
capillary tube filled with FG and a copper cathode was placed in the tail. An absorbent gelatin
sponge (Gelfoam 12—7 mm; Pfizer Pharmaceuticals, New York, NY) was inserted into the

capillary tube so that it contacted both the cornea and the tracer solution.

3.3.5. Palpebral Opening

Palpebral opening was quantified as a sign of ocular discomfort. The height of the gap
between the upper and lower eyelids and the distance separating the two canthi was measured
using ImageJ/FIJI from 5 still shots taken from a 5-minute video. For each still shot, the height
was divided by the distance between the canthi and these were averaged together to give an

overall palpebral opening ratio.

3.3.6. Mechanical Sensitivity

Corneal mechanical sensitivity was evaluated using a Cochet-Bonnet esthesiometer, as
previously described (12/100mm, Western Ophthalmics Corp., Lynnwood, WA, USA).
Beginning with a length of 60 mm, the nylon filament was applied to the cornea three times. If a
corneal reflex including a blink and/or eyeball retraction was observed in less than 2 of the three
trials, then the length of the filament was decreased by a 5mm increment. The length of the
filament was converted to the amount of pressure (g/mm?) using the filament specific conversion

chart provided by Western Ophthalmics.

3.3.7. Tear Production
Tearing was quantified using phenol red threads inserted into the lateral canthus of the

eye for 15 s in unanesthetized animals (Zone-Quick, FCI Ophthalmic, Pembroke, MA, USA), as
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previously described (Meng et al., 2015). The length of the red portion of the thread was

measured under a dissecting microscope.

3.3.8. Corneal Fluorescein Staining

Fluorescein staining was used to assess corneal epithelial damage. The staining was
performed prior to and 24 hours, 48 hours, 7 days and 14-days following trephine-only, corneal
debridement and in naive controls. A fluorescein solution (1%, 10uL; Sigma-Aldrich Corp., St.
Louis, MO, USA) was applied to the cornea while animals were under isoflurane anesthesia.
After 1 minutes, the eye was rinsed with artificial tears and was visualized with a cobalt blue
light as previously described (Meng et al., 2015) (16 LED Blue Flashlight, 464 nm, LDP LLC,
Carlstadt, NJ, USA). The area of staining was imaged using a Sony Cybershot RX100 |11 with
Zeiss Vario-Sonnar T* f/1.8-2.8 lens and a no.10 f100 Kenko magnification filter. The percent

area of staining within the wounding area was calculated using ImageJ/FIJI.

3.3.9. Corneas

At1, 2,7, and 14-days post-corneal debridement, trephine-only injury or in age-matched
littermate controls, animals were deeply anesthetized with Euthasol (Henry Schein, Melville, NY,
USA) and eyeballs were removed using curved blade fine scissors (Item # 14061-10, Fine
Science Tools, Foster City, CA, USA). Eyeballs were briefly fixed with 10% formalin and
transferred into PBS before dissection. Corneas were dissected out and washed three times in
PBS on a shaker at room temperature for 10 min. After making 3 pie cuts along the periphery
to allow the corneas to lie flat, corneas were whole-mounted onto slides with DAPI infused
mounting media (ProLong Gold Antifade with Dapi, ThermoFisher Scientific, Waltham, MA,

USA). Corneas were imaged at 40x using a Keyence BZ-X series fluorescence microscope.
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Five images were taken, in a z-stack in 1 mm steps, with one in the central and four in the
peripheral regions of the cornea. The center was selected based on the converged spiral of
subbasal axons and the peripheral areas were chosen diagonal from the center image along the
periphery of the 1.5 mm injury zone. Images were split into free nerve ending and sub basal
layers and were analyzed using FIJI/IMAGEJ. The maximum projection of each z-stack was

converted to a mask and the Sholl Analysis plugin was used to quantify innervation density.

3.3.10. Fluorescence In Situ Hybridization

After eyeball extraction, at 1, 2, 7, and 14-days post-CA, TO or naive animals were
perfused with heparinized saline and 10% neutral buffered formalin on ice. TG were dissected
out and postfixed in 10% formalin for 24 hours at 4°C before submerging in 30% sucrose. TG
were cut using a cryostat at 12 um using serial sectioning such that every fifth section could be
counted. Fluorescent in situ hybridization studies were performed according to the protocol for
fresh frozen tissue using the RNAscope Fluorescent Multiplex Reagent kit (Advanced Cell
Diagnostics, Newark, CA) with minor modifications.

After dehydration of sections in ethanol, sections were treated with protease IV (ref. no.
322340, RNAscope) and incubated for 30 min at room temperature and washed in PBS.
Species-specific target probes for SOX11, ATF3, CGRP and GAP43 were used (Stock #'s
440811, 426891, 417961, 318621, Advanced Cell Diagnostics, Newark, CA, USA). Sections
were treated with the probe mixture and negative (ref. no. 320871) or positive (ref. no. 320891)
controls and were hybridized for 2 hours at 40°C in a humidified oven (RNAscope HybEZ oven
with HybEZ humidity control tray, Advanced Cell Diagnostics). A series of incubations were then
performed to amplify the hybridized probe signals and label target probes with the assigned

fluorescence detection channels (C1-Alexa488, C2-Atto550). Nuclei were stained using a Cy5
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nuclear stain (NucRed Live 647; Invitrogen, Carlsbad, CA) for 20 min and washed with PBS.
Slides were glass coverslip mounted with Fluoromount-G (SouthernBiotech, Birmingham, AL)
mounting media and sealed.

Sections were imaged at 20x using a Keyence BZ-X series fluorescent microscope
(Keyence, Itasca, IL) using filter cubes for DAPI (excitation (ex): 340—400 nm; emission (em):
435-485 nm), GFP (ex: 450—-490 nm; em: 500-550 nm), Cy3 (ex: 530-560 nm; em: 570-640
nm), and Cy5 (ex: 590-650 nm; em: 665—-735 nm). Keyence Analyzer software was used to
stitch images of each section in each channel. ImageJ software (National Institutes of Health,
Bethesda, MD) was used to merge each fluorescent channel into a final composite. Images
were randomized and blinded before counting. Cells positive for fluorescent markers were
manually counted and marked using the Cell Counter plugin in ImageJ. Cells were counted as
positive if the fluorescent marker was present in the channel specific image and if it
corresponded to a cell containing nuclei when viewed as a merged composite. Co-labeled cells
were counted as positive if they were determined to be within the same cell that contained a
nucleus and exhibited at least three fluorescent puncta using individual and compaosite channel
images (Kramer et al.,2018). Percent of tracer positive cells were calculated out of the total

tracer positive cells labeled for each animal. All images were blinded prior to quantification.

3.3.11. Data Analysis

Statistical analyses for palpebral opening, tear production, cell counts and diameters
were performed with a two-way ANOVA and Tukey post-hoc test. For non-parametric data
(mechanical sensitivity and fluorescein staining) a Kruskal-Wallis one-way ANOVA with Dunn’s

post hoc test was performed. Statistical analyses were performed using R and the ‘dplyr’
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package. Statistical significances were accepted as p < 0.05. Plots, tables and diagrams were

created using R and Excel and PowerPoint, and data are presented as mean + SEM.

3.4. Results

3.4.1. Development and evaluation of transgenic mouse model: Nav1.8-Cre-tdTomato-
Sox11%

Prior studies have identified the influence of SOX11 on peripheral nerve regeneration
but have not yet assessed its role in corneal nerve injury (Jankowski et al., 2008; Moore and
Goldberg, 2011; Jankowski et al., 2018). Corneas have the unique property of transparency
which allows for visualization of axons within whole corneal tissue without potentially damaging
clearing methods, corneal composition and thickness yield practical challenges in using
traditional immunofluorescence methods. Transgenic reporters have been used to create
mouse models in which corneal nerve morphology and regeneration could be visualized in the
absence of tissue destructing experimental protocols (Yu et al., 2007). Distinctively, this study
developed and characterized a mouse model that would isolate the contribution of SOX11 in
corneal nerve regeneration and in which nerve morphology and the Nav1.8 positive
subpopulation could be consistently and reliably visualized. A transgenetic mouse was created
by breeding Nav1.8-CreHet-tdTomatoHet mice on a C57B6/J background with other C57B5/J
mice, flox a single Sox11 exon which is selectively silenced by the Cre-loxP system following
the Navl.8 promoter (Figure 3.1.A). This mouse model uses a robust fluorescent reporter to
visualize Nav1.8 axon terminals within the cornea and Nav1.8 cell bodies in the TG. This
transgenic model, combined with a newly optimized method for innocuously applying retrograde

tracer FluoroGold to the cornea, further identifies the corneal nerve subpopulation within the TG
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(Figure 3.1.A). This method provides this study with two robust markers for the visualization
categorization of corneal neurons. As this is the first study to use this model, naive animals
Sox11" and littermate controls were evaluated in terms of innervation density, tearing,
mechanical, and fluorescein scores. Across all tests, there were no significant differences
between Sox11"" and controls (Figure 3.1.B-C, t-test). Although not statistically significant with
the measures used, it should be noted that axon morphology of naive Sox11"" animals often
appeared to lack an organized whorl pattern, usually a subbasal hallmark in rodents and
humans. Subbasal axons and intraepithelial terminals appeared to cluster in areas and be
absent in others. Additionally, in naive Sox11%" animals, fluorescein slight staining to indicate

areas of epithelial injury was noted in many animals.

3.4.2. Impact of graded corneal abrasions on innervation density and influence of SOX11
in reinnervation

TO and CA were used to directly injure corneal neurons in moderate and severe grades
(Figure 3.2.A). A tdTomato fluorescent reporter labeled Nav1.8 neurons and visualized and
guantified innervation density in whole-mounted corneas (Figure 3.2.B). Prior experiments from
this lab confirmed approximately 87% overlap of Navl1.8-are;tdTomato with immunolabelled
PGP9.5. As the tdTomato reporter labels most corneal neurons, it is adequate to base
innervation quantification on tdTomato labeled axons, and uniformity in labeling can be
assumed across samples. Innervation density was assessed using Sholl-quantification analysis
in ImageJ, which overlayed concentric circles on five separate z-stacks of one central and four
peripheral locations on the cornea as previously reported (Mecum et al., 2020). Total
innervation was quantified as an average of all five sections across the genotype and injury

group. The results showed that following TO injury, at 24-hours and 14-days post-injury,
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Sox11"" animals had significantly less total innervation density when compared to controls at
the same time point (Figure 3.2.C, left plot, two-way ANOVA, Tukey post hoc, p<0.001, Table
3.1.). Between 24-hours and 48-hours following TO injury, Sox11"" animals significantly
increased total innervation density (Figure 3.2.C, left plot, two-way ANOVA, Tukey post hoc,
p<0.0001, Table 3.1.). Unexpectedly, innervation density significantly decreased between 48-
hours and 14-days post TO in Sox11"" groups (Figure 3.2.C, left plot, two-way ANOVA, Tukey
post hoc, p<0.0001, Table 3.1.). This pattern was not seen in control animals following TO
injury. Comparatively, significantly worse denervation was seen in Sox11"" following CA when
compared to controls at 24-hours, 48-hours, and 7-days following injury (Figure 3.2.C, right plot,
two-way ANOVA, Tukey post hoc, p<0.01, Table 3.1.). While no significant difference in total
innervation density was observed in controls between 24- and 48-hours, reinnervation was
significantly increased between 24- and 48-hours and 14-days (Figure 3.2.C, right plot, two-way
ANOVA, Tukey post hoc, p<0.001, Table 3.1). Significant increases in total innervation also
occurred between 7- and 14-days in control groups (Figure 3.2.C, right plot, two-way ANOVA,
Tukey post hoc, p<0.01, Table 3.1). Conversely, innervation density was significantly increased
between 24- and 48-hours and again between 7- and 14-days in Sox11"" animals (Figure 3.2.C,
right plot, two-way ANOVA, Tukey post hoc, p<0.001, Table 3.1.) and then significantly
decreased between 48-hours and 7-days following CA (Figure 3.2.C, right plot, two-way
ANOVA, Tukey post hoc, p<0.01, Table 3.1.). Overall, total innervation density was increased
between 24-hours and 14-days following CA in Sox11"" with evidence of cyclical changes in
total axonal density (Figure 3.2.C, right plot, two-way ANOVA, Tukey post hoc, p<0.0001, Table

3.1).

70



3.4.3. SOX11 downregulation influences central subbasal and overall intraepithelial
terminal reinnervation density following trephine only

To understand the cyclical changes in reinnervation following direct corneal injury, z-
stack images of peripheral and central corneal regions were analyzed separately. Additionally,
z-stacks were vertically divided into sub-stacks of the subbasal nerve plexus and intraepithelial
terminals. The demarcation of these layers is evident by the apparent horizontal arrangement of
nerve fibers in the subbasal plexus, which shift in more superficial layers of the corneal
epithelium and present as upward projections signaling the branching intraepithelial terminals
(Figure 3.2.B). Sholl analysis of corneal regions within these distinct corneal layers was
performed using the same parameters as total innervation analysis. With TO injury, Sox11"f
groups showed a significant decrease in central subbasal innervation density between 48-hours
and 14-days (Figure 3A, left plot, two-way ANOVA, Tukey post hoc, p<0.001, Table 3.1.). While
not significant, central subbasal terminals appear to increase in Sox11"" even more than in
control animals at 48-hours following TO injury. These findings match trends seen in total
innervation analysis and further support initiating a compensatory nerve regeneration
mechanism between 24- and 48-hours. While not significant, similar patterns to what was
observed in total innervation analysis were observed in peripheral regions of the subbasal
plexus displaying innervation increases at 48-hours followed by decreased levels of innervation
at 14-days in TO Sox11"" groups (Figure 3.3.A, right plot, two-way ANOVA, Tukey post hoc,
Table 3.1.). More differences were seen in superficial corneal layers when quantifying
intraepithelial terminal nerve density following TO injury. Control groups did not show significant
changes in innervation regeneration in central intraepithelial terminals through 7-days following
injury. However, between 7- and 14-days, central intraepithelial terminal density significantly

increased (Figure 3.3.B, left plot, two-way ANOVA, Tukey post hoc, p<0.01, Table 3.1.).
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Sox11"" animals showed significantly lower central intraepithelial density at 14-days versus
controls after TO injury significantly increased (Figure 3.3.B, left plot, two-way ANOVA, Tukey
post hoc, p<0.0001, Table 3.1.). Central intraepithelial density significantly decreased from 24-
and 48-hours to 14-days following injury in Sox11"" groups (Figure 3.3.B, left plot, two-way
ANOVA, Tukey post hoc, p<0.01, Table 3.1.). Similarly, peripheral intraepithelial density also
significantly decreased between 24-hours and 14-days in Sox11"" animals. (Figure 3.3.B, right
plot, two-way ANOVA, Tukey post hoc, p<0.01, Table 3.1.). Unexpectedly, significant decreases
were gquantified between 24-hours and 48-hours and 7-days for control animals, followed by a
non-significant increase at 14-days (Figure 3.3.B, right plot, two-way ANOVA, Tukey post hoc,

p<0.01, Table 3.1.).

3.4.4. SOX11 downregulation influences overall subbasal and intraepithelial terminal
reinnervation density following corneal abrasion

When examining changes to regional innervation density following CA, the influence of
SOX11 in regeneration after severe injury appeared more significant. Central subbasal
innervation was significantly reduced in Sox11"" groups compared to controls at 24-hours and
14-days following CA (Figure 3.4.A, left plot, two-way ANOVA, Tukey post hoc, p<0.0001,
p<0.01, Table 3.1.). While control animals did not exhibit any significant changes in central
subbasal innervation density between 24-hours and 14-days, a general trend of increased
innervation over time was noted. Similarly, a general upward trend in central subbasal
innervation density was also observed in Sox11"" groups, with significant increases between
24- and 48-hours and between 24-hours and 7-days (Figure 3.4.A, left plot, two-way ANOVA,
Tukey post hoc, p<0.01, Table 3.1.). Peripheral subbasal innervation was significantly less in

Sox11"" animals at 24-hours when compared to controls (Figure 3.4.A, right plot, two-way
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ANOVA, Tukey post hoc, p<0.01, Table 3.1.). A significant increase was identified between 24-
hours and 14-days and between 7-days and 14-days in Sox11"" groups, while a significant
decrease in innervation between 48-hours and 7-days (Figure 3.4.A, right plot, two-way
ANOVA, Tukey post hoc, p<0.01, Table 3.1.). This difference in central and peripheral
innervation density trends reveals physical, morphological changes to axon terminals following
severe injury and understand trends observed in total innervation analysis. Examining
intraepithelial terminals after CA shows a similar trend of gradual density increases in Sox11""
groups, although not statistically significant over time. Similar to previously described trends,
central intraepithelial terminals were significantly decreased in Sox11"" animals when compared
to controls at 24-hours after CA but unexpectedly were also increased at 14-days compared to
controls (Figure 3.4.B, left plot, two-way ANOVA, Tukey post hoc, p<0.0001, Table 3.1.). At the
same time, control groups showed significant increases between 24-hours (p<0.001) and 48-
days (p<0.01) with 7-days, respectively, there was a notable decrease in central intraepithelial
terminal density in controls between 7- and 14-days (Figure 3.4.B, left plot, two-way ANOVA,
Tukey post hoc, p<0.001, Table 3.1.). Although not statistically significant, this was in contrast to
overall increases in peripheral intraepithelial terminal density observed in controls. In Sox11%1
groups, peripheral intraepithelial density significantly increased between 24-hours and 14-days
and between 7- and 14-days (Figure 3.4.B, right plot, two-way ANOVA, Tukey post hoc, p<0.01,

Table 3.1.).

3.4.5. Epithelial wound healing following graded injury and influence of SOX11
Epithelial damage was evaluated using a fluorescein stain on the corneal surface,
applied directly after injury (i.e., 0 hours) and at subsequent time points of 24-hours, 48-hours,

7-days, and 14-days (Figure 3.5.A). Images were taken at each time point and were analyzed
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using a new method of fluorescein scoring in which the percent area of corneal stain is
quantified in ImageJ. This new method was developed and optimized for this study to detect
subtle changes that may not be as precisely captured using traditional subjective scoring
methods. Genotype and injury type were evaluated in this analysis. The TO injury caused
moderate epithelial damage in the circle made by the sharp trephine blade, as shown directly
after injury at O-hours. Visually apparent (Figure 3.5.A) Sox11 downregulation causes
significantly greater injury to a larger epithelial area at all time points when compared to controls
in both TO and CA injuries (Figure 3.5.B, two-way ANOVA, Tukey post hoc, p<0.01, Table 3.1.).
Epithelial damage, as measured by percent area of fluorescein stain, control groups presented
with significantly decreased staining over time, specifically between 0-hours and 14-days
(p<0.0001), 0-hours and 24-hours (p<0.0001), and between 48-hours and 14-days (Figure
3.5.B, left plot, two-way ANOVA, Tukey post hoc, p<0.01, Table 3.1.). Following CA, controls
exhibited significantly decreased fluorescein staining between 0- and 24-hours and between 0-
hours and 14-days (Figure 3.5.B, right plot, two-way ANOVA, Tukey post hoc, p<0.0001, Table
3.1.). No significant differences were noted in Sox11"" groups at early time points, but a
significant decrease in fluorescein staining was observed between 0-hours and 7-days (Figure

3.5.B, right plot, two-way ANOVA, Tukey post hoc, p<0.001, Table 3.1.).

3.4.6. Expression changes after corneal abrasion/trephine only

Expression changes in corneal somas in the TG were analyzed using targeted SOX11
and ATF3 FISH probes. Corneal neurons were identified within the TG using a previously
optimized innocuous retrograde tracing process where FluoroGold is applied to the cornea from
which it is transported up axons and resides in lysosomes within corneal neurons for months

following application—using a transgenic fluorescent reporter on Navl1.8 neurons combined with
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FluoroGold tracer identifying corneal neurons allowed for downstream expression analysis
(Figure 3.6.). Expression changes of SOX11 and ATF3 in TO injury groups were generally
unremarkable at 24-hours post-injury. At 24-hours following CA, significant increases in SOX11
have been noted in Navl.8-tdTomato negative neurons in control and Sox11"" animals
(p<0.01). Additionally, SOX11 has significantly increased in Nav1.8-tdTomato positive neurons
in littermate controls compared to Sox11"" animals (Figure 3.7.A, right plot, two-way ANOVA,
Tukey post hoc, p<0.0001, Table 3.1.). Additionally, ATF3 expression did not exhibit any
significant changes in expression at 24-hours following injury (Figure 3.7.B, two-way ANOVA,
Tukey post hoc, Table 3.1.). At 48-hours following CA, controls presented significantly higher
SOX11 and ATF3 expression in Nav1.8-tdTomato positive neurons compared to Sox11""
groups (Figure 3.8., two-way ANOVA, Tukey post hoc, p<0.001, Table 3.1.). Accordingly, at 48-
hours, ATF3 was significantly increased in Sox11"" Nav1.8-tdTomato negative neurons
compared to expression levels of controls (Figure 3.8.B, two-way ANOVA, Tukey post hoc,

p<0.001, Table 3.1.).

3.5. Discussion

Prior studies have used trephine and corneal burr abrasion injuries to characterize
corneal healing and regeneration after injury (Stepp et al., 2014, Kalha et al., 2018). This study
used a transgenic mouse model with these graded injury types to characterize the role of
SOX11 in axon regeneration, epithelial healing, and molecular marker expression changes in
corneal somas in the TG. Using a novel transgenic model and newly optimized tracing method,
corneal neurons could be visualized from axon terminals embedded in corneal epithelium to cell
bodies in TG. Using these neuron visualization methods, the results of this study indicate TO

and CA injury causes acute denervation followed by regeneration of terminals in minor and
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severe levels, respective to injury type. The genetic downregulation of Sox11 causes more
severe denervation and slower regeneration in both injury types when compared to controls.
Characterization of mMRNA expression shows that the transgenic model effectively down
regulates SOX11 in Nav1.8 corneal neurons. FISH results also show that ATF3 appears to be
regulated, at least in part, by SOX11.

Studies have shown the critical role of SOX11 in successful neuronal development and,
in the absence of a normal Sox11 allele, will die before birth (Bhattaram et al., 2010; Thein et
al., 2010). Using the targeted downregulation of Sox11 in Nav1.8 neurons was critical for the
success of this study. Thus, the Nav1.8 promoter was carefully selected, as it is known to be
highly expressed in the cornea (Black, 2002; Mecum, 2020). Nav1.8 is in a unique class of
voltage-gated sodium TTX-R channels (Gauron et al., 2011; Black and Waxman, 2002).
Substantial Nav1.8 corneal expression in unmyelinated neurons provided a useful transgenic
target to label most corneal neurons with a robust and consistent fluorescent reporter. Corneal
Ad mechanoreceptors have been previously characterized as TTX-S and are likely not labeled
by the Navl.8-tdTomato reporter (De Armentia et al., 2002; Moreira et al., 2007). This provides
information regarding the corneal subclassification of the Nav.18-tdTomato labeled cell
population and the results’ interpretations.

Earlier studies have identified SOX11 as a transcription factor initially expressed during
development with an integral role in neurogenesis and upstream regulator of neuronal traits
(Jing et al., 2006). SOX11 has also been identified as influencing dendritic morphogenesis
within the cerebral cortex, influencing the branch of neurons, and influencing migration patterns
(Hoshiba et al., 2016). Observations of innervation morphology and density within the present
study put into the context of the known role of SOX11 suggests this transcription factor may play

a role in corneal axon structure during development, as seen in naive animals and after both TO
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and CA injury. The patterning changes observed in even naive Sox11"" animals might result
from the downstream effectors that SOX11 has a known influence, including GAP43 and
SPRRP1A. Prior studies have identified GAP43 as a factor in growth cones of regenerating
axons and in early development (Strittmatter et al., 1995; Sretavan and Kruger, 1998). Likely,
the absence of SOX11 in the majority of corneal axon terminals is enough to cause abnormal
naive morphology in the subbasal and intraepithelial terminals. Detailed analysis of this
morphology should be explored in the future.

Innervation density experiments in this study revealed unexpected cyclical patterns of
denervation followed by regeneration with subsequent denervation in Sox11"" groups. These
results suggest that the absence of SOX11 may have a more profound impact on nerve healing
than simply slowing regeneration. The pattern of cyclic denervation, reinnervation was observed
in both moderate trephine and severe CA injuries. It appears that at 48-hours following injury,
there is some compensatory molecular switch that aids rapid but temporary reinnervation. At
timepoints following, terminals are likely to retract due to the absence of the SOX11 RAG
pathway. Cyclical reinnervation observed at 14-days in CA could indicate the compensatory
pathway again turning on to assist corneal neurons under stress. Prior studies have found that
normally, SOX11 expression increases directly after injury and decreases once regeneration
has completed (Boeshore et al., 2004; Patodia and Raivich, 2012). The sinusoidal pattern
observed in axon reinnervation may be a product of a compensatory nerve regeneration
mechanism that takes over for SOX11 in its absence but should be explored further.

Severe injury and delayed healing observed in the corneal epithelium were identified in
this study following TO and CA in Sox11"" groups. This effect could result from reduced
neuromediator release from SOX11 deficient axon terminals, which are no longer providing the

necessary trophic factors required for epithelial healing. The significant reduction of innervation
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density through 7-days post-injury with Sox11™" aligns with sustained epithelial damage seen
through the same time period. Previous studies have identified the regulatory control of
neurotrophic factor release and SOX11 expression (Salerno et al., 2012; Jankowski et al.,
2018). BDNF expression was elevated, has SOX binding sites on 5’ exons, and was correlated
with increases in SOX11 expression in prior days in DRG cells following sciatic nerve axotomy
in mice (Salerno et al., 2012). Additionally, the same study found a 7-fold increase in BDNF with
overexpression of SOX11 using an HSV-vector in cultured Neuro2a cells (Salerno et al., 2012).
Another study using cultured DRGs linked SOX11 with increased GDNF receptor expression,
increased response to GDNF, and artemin application, which resulted in enhanced terminal
branching (Jankowski et al., 2018).

In summary, CA injury caused severe denervation of axon terminals within the corneal,
made worse with the genetic deletion of SOX11. The regeneration of those terminals occurred
within the first week of injury, but overall regeneration at 14-days following injury was less in
Sox11" when compared to controls. TO injury caused moderate epithelial damage, as
visualized with fluorescein, exacerbated in Sox11" animals. Healing of even minor trephine
injury was slowed without SOX11 expression in Nav1.8 neurons. CA caused severe epithelial
damage, which was made worse at 24-hours following injury and was slowed 14-days after
injury in Sox11" compared to controls. Expression of SOX11 and ATF3 increased after TO and
CA, but genetic deletion of SOX11 decreased expression of these markers in Nav1.8. Together,
these results suggest that SOX11 regulates ATF3, and this molecular pathway plays a vital role

in nerve regeneration and epithelial healing following direct corneal injury.
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fluorescein scores of naive control versus Sox11"" animals. Two-Way ANOVA, Tukey Post-

Hoc. * p <0.05 ** p < 0.01 Scale bar 20 pm.

80



A) n B) Center Peripheral

o
> o
2 5
.(U ores
= g
:g-
= §
Z‘ E
=
@]
o i
K= Center Peripheral
&
— c
= Ke] S
@ L
c S _
S 2
7} —
g 3
c
- 1
o
& 3
o 8 3
c S
3
& Control TO = Control CA
300 - © Sox11"TO 4 Sox11"" CA
300 -~
PP, vk S *s
+++ tt
o~ 250 4
® . 230 A o
(g >
S 1t
(o] a4
£ 200 € 200 ++
3} 2 ~—
@ = :
2 150 - Q +
9 ] 150 + e T
= )
—3 "E *
S 100 - = 100 4 *
# g 2 7
50 1 50 - / b
0 - 4 “ - . _11 'A /i //

Figure 3.2. Direct corneal injury on epithelium and innervation density. A) Fluorescein stain on
naive immediately before injury (top), TO (bottom), CA immediately following injury (i.e. 0 hours
post-injury). B) Representative images of epithelium damage and innervation density (left top
panel) at 24 hours following TO (right top panels) and CA (right bottom panels) in control and
Sox11"" animals (40x). C) Quantification of innervation density at 24 hours, 48 hours, 7 days

81



and 14 days following TO and CA injury in control and Sox11" animals. Two-Way ANOVA,

Tukey Post-Hoc, Control vs Sox11"" * p <0.05 ** p < 0.01, *** p < 0.001; Timepoint vs Control

p <0.05 1 p <0.01, 1 p < 0.001; Timepoint vs Sox11" 4- p <0.05 4+ p <0.01, +-++p <

0.001
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Figure 3.3. Innervation Density of center and peripheral corneal regions. A) subbasal and B)
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Sox11""* p <0.05 **p < 0.01, ** p < 0.001; Timepoint vs Control ¥ p <0.05 ¥+ p<0.01, ¥+t p

< 0.001; Timepoint vs Sox11"" 4 p <0.05 -+ p < 0.01, +----- p < 0.001

84



A) 0 Hour 24 Hour 48 Hour 7 Day 14 Day

'o' ~
>
c 8 % .
@)
() . :
£ s : 7
= 1
Q =
2 3
(%)
0 Hour 24 Hour 48 Hour 7 Day 14 Day
c ©
S i
& o
| -
¥o)
<
™ 5
X -
c X
= [}
QR &
(&)
B) 111
i s il
80 - ® Control TO 80 1 = m Control CA
’ Sox11" TO ++ " Sox11" CA

ttt

(2]
o
1

Fluorescein Area (%)
S
o

N
o

Fluorescein Area (%)

N T N T N T N T N T N |+

;
#
.
’
#
.
’
#
.
’
9‘
#,

OH 24H 484 7D 14D

Figure 3.5. Epithelial wound healing. A) Representative images of CA at 24-hours, 48-hours, 7

days and 14 days injury. B) Quantification of percent area showing fluorescein stain at the same

85



time points following injury. Two-Way ANOVA, Tukey Post-Hoc Control vs Sox11"" * p <0.05 **

p <0.01, *** p < 0.001; Timepoint vs Control ¥ p <0.05 ¥ p <0.01, ¥¥% p < 0.001; Timepoint

vs Sox11™ 4 p <0.05 4+ p < 0.01, 4+ p < 0.001
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Table 3.1. Results for ANOVA for all presented data.
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CHAPTER 4
CHRONIC CORNEAL NERVE INJURY
DELAYED NAV1.8 REINNERVATION FOLLOWING LACRIMAL GLAND EXCISION WITH
Sox11 DOWNREGULATION

4.1. Abstract
Reduced innervation and altered sensitivity are often reported in severe dry eye. The aim of
this study was to investigate the role of transcription factor SOX11 in sensitivity, innervation, and
healing in a Nav1.8-Sox11 conditional downregulation within the context of a severe agueous
tear deficient mouse model. Severe chronic dry eye was created by ipsilateral excision of the
extra- and intraorbital lacrimal glands in both sexes of transgenic Sox11" and littermate
controls. Tearing was quantified before and timepoints after LGE surgery using a phenol-coated
thread. Corneal epithelial damage was assessed by applying fluorescein dye, and changes to
mechanical sensitivity were measured using a Cochet-Bonnet esthesiometer. Ocular sensitivity,
indicative of peri-ocular pain, was quantified by measuring palpebral opening before and at
times following LGE. Corneal axons were visualized, and Sholl analysis was performed to
guantify innervation density across groups. Fluorescence In Situ Hybridization was used to
visualize mRNA of molecular markers (SOX11, ATF3, GAP43) at timepoints following LGE. The
LGE model decreased tearing and palpebral opening while increasing fluorescein staining.
Mechanical sensitivity was decreased in all surgery group females, with less drastic change
observed across male groups. Changes were observed to comparable levels over the 4-week
observation period in Sox11"" and littermate controls. Innervation density significantly
decreased in timepoints following LGE, with Sox11"" animals exhibited slower reinnervation
than controls. Corneal neurons expressed SOX11 in the highest levels in the acute 7-day period

following LGE in controls, while that effect was absent in the Sox11"" animals during the same
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period. Accordingly, ATF3 and GAP43 expression was upregulated following LGE-induced
injury in controls but not in Sox11"" animals. These results indicate that LGE-induced corneal

injury results in activating nerve injury and regeneration pathways under SOX11 regulation.

4.2. Introduction

The cornea is specialized epithelial tissue with unique sensory features that aid its ability
to protect the visual system (Lele and Weddell, 1959; Galler et al., 1993; Beuerman and
Pedroza, 1996; DelMonte and Kim, 2011; Marfurt et al., 2010; Sridhar, 2018). One of the few
transparent tissues found in the body, the cornea relies on tear film to replace vascular functions
(i.e., trophic factors, oxygen, waste removal) used in other epithelial tissue. The avascular
nature of the cornea enables its transparency, but in hypoxic pathologies, such as DED,
neovascularization of the cornea is prevalent and often alters structural and molecular aspects
of the corneal microenvironment (Cho et al., 2014; Sharif and Sharif, 2019). Reduced tear film
severely impacts axonal morphology and functioning, resulting in altered responses to a range
of stimuli, retracted axon terminals, and transcriptomic changes (Gallar et al., 2005; Benitez-del-
Castillo et al., 2007; Lemp et al., 2011; Vehof et al., 2013; Stephens and McNamara, 2015;
Belmonte et al., 2017; Pifia et al., 2019, Liu et al., 2020). Identifying specific transcription
factors that influence these changes is needed to inform targeted molecular treatments that can
reverse or prevent chronic pathology and pain associated with DED.

Animal models have replicated acute and chronic forms of DED pathology through
temporary inactivation of lacrimal glands, nerve ligation, or through the removal of lacrimal
glands (Park et al., 2007; Kurose and Meng, 2013; Meng and Kurose, 2013; Bannai et al., 2015;
Aicher et al., 2015; Kovécs et al., 2016; Dietrich et al., 2018; Mecum et al., 2019; Fakih et al.,

2019; Honkanen, 2020; Chang, 2021; Singh, 2021). This study chose an ipsilateral LGE model
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to create chronic DED that only causes injury to corneal nerves through the removal of the
lacrimal-generated aqueous tear film. This model most accurately recreates chronic corneal
surface conditions and mimics corneal nerve injury in the way experienced by many DED
patients.

Normally, nerve injury and repair cascades initiate rapidly and restore corneal
homeostasis in the acute period following injury (Di et al., 2017; Labetoulle et al., 2018; Al-
Agaba et al.,2019). However, in aberrant chronic corneal injury cases, neuroprotective
mechanisms become maladaptive when neovascularization and inflammation persist in a
normally avascular, immune-privileged structure (Azar, 2006; Beebe, 2007; Dartt, 2009;
McDougal and Gamlin, 2015; Paunicka et al., 2015; Sharif and Sharif,2019). Immediately
following injury, peripheral axon terminals retract or degenerate, and nerve regeneration
programs are activated (Lagli et al., 2015; Tepelus et al., 2017; Wang et al., 2018; Fakih et al.,
2019; Ma et al., 2019). Upregulated expression of nerve regeneration-associated transcription
factors, such as ATF3, correlate with successful axon repair and elongation following peripheral
nerve injury (Seijffers et al., 2006; Hegarty et al., 2018; Guerrero-Moreno et al., 2020). Unlike in
acute injury models (Hegarty et al., 2018). While RAG network activation normally occurs
acutely after injury, aberrant changes to this cascade may contribute to sustained peripheral
neuropathology (Schmitt et al., 2003; Zujovic et al., 2005; Gey et al., 2016; Norsworthy et al.,
2017; Shin et al., 2019; Shin et al., 2021). SOX11 has been attributed to upstream regulation of
RAGs and specifically in peripheral nerve regeneration following injury (Jankowski et al., 2009;
Jing et al., 2012; Norsworthy et al., 2017). SOX11, in addition to other well-known injury and
regeneration markers, such as ATF3 and GAP43, are part of a complex regeneration signaling
network that promotes nerve healing and regeneration following injury (Schreyer et al., 1991;

Chaudhary et al., 2012; Gey et al., 2016; Norsworthy et al., 2017; Wang et al., 2018; Shin et al.,
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2019). Examining the effect of SOX11 deletion on corneal nerve regeneration following LGE has
not been reported to date but has been evaluated in the present study.

This study investigated the role of SOX11 expression after DED-induced corneal injury.
Selecting an upstream regulator within the RAG peripheral nerve injury pathway will provide
insight into the role of critical molecular targets within this pathway that can be further

investigated in whole transcriptome analysis or through targeted molecular treatments.

4.3. Materials and Methods

4.3.1. Generation of Nav1.8-tdTomato-Sox11 mice

Nav1.8-Cre-C57B6/J mice generated initially by Dr. John Wood (University College
London, London, UK) and obtained from Dr. Sulayman D. Dib-Hajj (Yale University, New
Haven, CT, USA) were bred with B6. Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J (Stock
#007914, The Jackson Laboratory, Bar Harbor, ME, USA). The resulting F1 progeny that was
heterozygous for Nav1.8-Cre and tdTomato were intercrossed to result in mice with specific
expression of tdTomato fluorescent protein in Nav1.8-expressing neurons. Navl1.8-CreHet-
tdTomatoHet progeny were intercrossed with Sox11 conditional downregulation, previously
generated using the Cre-loxP system by floxing the single Sox11 exon. Navl.8-tdtomato
expression could be visualized using fluorescence microscopy (em. 581 nm). Nav1.8-Cre-
tdTomato-Sox11"" mice were used as experimental Sox11"" animals, and Nav1.8-Cre-
tdTomato-Sox11" animals were used as the littermate controls.

For genotyping, tissue was lysed by adding 50mM NaOH and then heated to at 95°C for
35 minutes, followed by the addition of 50mM HCI and 1M Tris HCI buffer. The sample was

spun down and then stored at 4°C until processed. Polymerase chain reaction (PCR) was used
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to identify Sox11 and tdTomato using Econotaq Plus 2x Buffer (Lucigen, Middleton, WI, USA).
Primers included: Sox11 Forward— GTGATTGCAACAAAGGCAGA, Sox11 Reverse —
TCTGCCGATGTCTTTCAGAC, Td tomato Mutant Forward— CTGTTCCTGTACGGCATGG, Td
Tomato Mutant Reverse — GGCATTAAAGCAGCGTATCC, Td Tomato Wild Type Forward —
AAGGAGCTGCAGTGGAGTA, Td Tomato Wild Type Reverse — CCGAAAATCGTGG-
GAAGTC. Navl.8-Cre reactions were prepared with Promega GoTag Flexi-buffer (Promega,
Madison, WI, USA). Primers included: Nav1.8-Cre Common Forward — GGAATGG-
GATGGAGCTTCTTA, Nav1.8-Cre Mutant Reverse — CCAATGTTGCTGGA-
TAGTTTTTACTGCC, Navl1.8-Cre Wild Type Reverse — TTACCCGGTGTGTGCTGTAGAAAG.
Genotyping of all animals was conducted by the University of New England Behavioral and

Genotyping Core.

4.3.2. Animals

Adult male and female mice were group-housed and given food ad libitum. Animals used
in experiments were between 8-10 weeks old. All animal study protocols were approved by the
Committee on Animal Research at the University of New England. Animals were treated
according to policies and recommendations of the National Institutes of Health Guide for the

Care and Use of Laboratory Animals.

4.3.3. Lacrimal Gland Excision

Moderate-to-severe dry eye was created by removing the left exorbital and infraorbital
lacrimal glands under isoflurane anesthesia. Sham surgery was performed on control animals
by making incisions over the left exorbital and infraorbital gland sites. Animals were monitored

daily for 5 days post-surgery (Figure 4.1.B).
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4.3.4. Retrograde Neuron Tracing

FluoroGold (FG, 3% in NaCl; Fluorochrome, Denver, CO, USA) was applied to the
cornea under isoflurane anesthesia as previously described. Briefly, at 72 hours before LGE or
sham surgery, a DC current (7 pA for 10 min) was passed between a copper wire in a capillary
tube filled with FG, and a copper cathode was placed in the tail. An absorbent gelatin sponge
(Gelfoam 12—7 mm; Pfizer Pharmaceuticals, New York, NY) was inserted into the capillary tube

to contact both the cornea and the tracer solution.

4.3.5. Palpebral Opening

Palpebral opening was quantified as a sign of ocular discomfort as previously described.
The height of the gap between the upper and lower eyelids and the distance separating the two
canthi was measured using ImageJ/FIJI from 5 still shots taken from a 5-minute video. For each
still shot, the height was divided by the distance between the canthi, and these were averaged

together to give an overall palpebral opening ratio.

4.3.6. Mechanical Sensitivity

Corneal mechanical sensitivity was evaluated using a Cochet-Bonnet esthesiometer
(212/200mm, Western Ophthalmics Corp., Lynnwood, WA, USA). Beginning with a length of 60
mm, the nylon filament was applied to the cornea three times. If a corneal reflex including a
blink and/or eyeball retraction was observed in less than 2 of the three trials, then the filament
length was decreased by a 5mm increment. The filament length was converted to the amount of
pressure (g/mm2) using the filament-specific conversion chart provided by Western

Ophthalmics.
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4.3.7. Tear Production
Tearing was quantified using phenol red threads inserted into the lateral canthus of the
eye for 15 seconds in unanesthetized animals (Zone-Quick, FCI Ophthalmic, Pembroke, MA,

USA). The length of the red portion of the thread was measured under a dissecting microscope.

4.3.8. Corneal Fluorescein Staining

Fluorescein staining was used to assess corneal epithelial damage. The staining was
performed before and 3-days, 7-days, 14-days, and 28-days following LGE. A fluoresce-in
solution (1%, 10uL; Sigma-Aldrich Corp., St. Louis, MO, USA) was applied to the cornea while
animals were under isoflurane anesthesia. After 2 minutes, the eye was rinsed with artificial
tears and was visualized with a cobalt blue light (16 LED Blue Flashlight, 464 nm, LDP LLC,
Carlstadt, NJ, USA). The area of staining was evaluated on a 0 to 4 scale. The total absence of
staining was scored a 0, less than 1/8 of total area stained a 1, 1/8-1/4 was given a 2, 1/4-1/2
scored as 3, and any fluorescein staining greater than 50% of the total corneal area was given a
4. For a subset of animals, the area of staining was imaged using an iPhone X with a Kaiess
20x macro lens attachment. The percent area of staining within the wounding area was

calculated using ImageJ/F1JI.

4.3.9. Corneas

At 3,7, 14, and 28 days post-LGE or sham surgery, animals were deeply anesthetized
with Euthasol (Henry Schein, Melville, NY, USA), and eyeballs were removed using curved
blade fine scissors (Item # 14061-10, Fine Science Tools, Foster City, CA, USA). Eyeballs were

briefly fixed with 10% formalin and transferred into PBS before dissection. Corneas were
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dissected and washed three times in PBS on a shaker at room temperature for 10 minutes.
After making 3 cuts along the periphery to allow the corneas to lie flat, corneas were whole-
mounted onto slides with DAPI infused mounting media (ProLong Gold Antifade with Dapi,
ThermoFisher Scientific, Waltham, MA, USA). Corneas were imaged at 40x using a Keyence
BZ-X series fluorescence microscope. Five images were taken in a z-stack in 1 mm steps, with
one in the central and four in the peripheral regions of the cornea. The center was selected
based on the converged spiral of subbasal axons, and the peripheral areas were chosen at
least 0.92 mm diagonal from the central image. Images were split into free nerve ending and
subbasal layers and analyzed using FIJI/IMAGEJ. The maximum projection of each z-stack was

converted to a mask, and the Sholl Analysis plugin was used to quantify innervation density.

4.3.10. Fluorescence In Situ Hybridization

After corneas were extracted at 3, 7, 14, and 28-days post-LGE or sham surgery,
animals were perfused with heparinized saline and 10% neutral buffered formalin on ice. TG
was harvested and postfixed in 10% formalin for 24 hours at 4°C before submerged in 30%
sucrose. TG were cut using a cryostat at 12 um using serial sectioning to count every fifth
section. Fluorescent in situ hybridization studies were performed according to the protocol for
fresh frozen tissue using the RNAscope Fluorescent Multiplex Reagent kit (Advanced Cell
Diagnostics, Newark, CA) with minor modifications.

After dehydration of sections in ethanol, sections were treated with protease IV (ref. no.
322340, RNAscope), incubated for 30 min at room temperature, and washed in PBS. Species-
specific target probes for SOX11, ATF3, CGRP, and GAP43 were used (Stock #'s 440811,
426891, 417961, 318621, Advanced Cell Diagnostics, Newark, CA, USA). Sections were

treated with the probe mixture and negative (ref. no. 320871) or positive (ref. no. 320891)
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controls and were hybridized for 2 hours at 40°C in a humidified oven (RNAscope HybEZ oven
with HybEZ humidity control tray, Advanced Cell Diagnostics). A series of incubations were then
performed to amplify the hybridized probe signals and label target probes with the assigned
fluorescence detection channels (C1-Alexa488, C2-Atto550). Nuclei were stained using a Cy5
nuclear stain (NucRed Live 647; Invitrogen, Carlsbad, CA) for 20 min and washed with PBS.
Slides were glass coverslip mounted with Fluoromount-G (SouthernBiotech, Birmingham, AL)
mounting media and sealed.

Sections were imaged at 20x using a Keyence BZ-X microscope using filter cubes for
DAPI (ex-citation (ex): 340—-400 nm; emission (em): 435-485 nm), GFP (ex: 450—-490 nm; em:
500-550 nm), Cy3 (ex: 530-560 nm; em: 570—640 nm), and Cy5 (ex: 590-650 nm; em: 665—
735 nm). Keyence Analyzer software was used to stitch together images from each section in
each channel. ImageJ software (National Institutes of Health, Bethesda, MD) was used to
merge each fluorescent channel into a final composite. Images were randomized and blinded
before counting. Cells with at least 3 puncta were considered positive for fluorescent markers
were manually counted and marked using the Cell Counter plugin in ImageJ. Cells were
counted as positive if the fluorescent marker was present in the channel-specific image and
corresponded to a cell containing nuclei when viewed as a merged composite. Percent of
tracer-positive cells was calculated using the number of total tracer labeled cells per animal. All
images were blinded before analysis. Co-labeled cells were counted as positive if they were
determined to be within the same cell that contained a nucleus and exhibited at least three

fluorescent puncta using individual and composite channel images.
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4.3.11. Data Analysis

Statistical analyses for palpebral opening, tear production, cell counts, and diameters
were performed with a two-way ANOVA and Tukey post-hoc test. For non-parametric data
(mechanical sensitivity and fluorescein staining), a Kruskal-Wallis one-way ANOVA with Dunn's
post hoc test was performed. Statistical analyses were performed using R and the ‘dplyr'
package. Statistical significances were accepted as p < 0.05. Plots, tables, and diagrams were

created using R and Excel and PowerPoint, and data are presented as mean + SEM.

4.4, Results

4.4.1. Lacrimal gland excision reduces tearing in Sox11""and controls

Retrograde tracer was applied to the cornea 72 hours prior to LGE surgery in which both
ipsilateral lacrimal glands were removed (Figure 4.1.A-B). Transgenic mice were bred to
express tdTomato in Nav1.8 expressing neurons and in a subset of animals inhibit expression of
Sox11 in tdTomato-Nav1.8 neurons (Figure 4.2.B). Tearing was measured at time points
following LGE to evaluate the reduction of aqueous tear film in response to removing the
aqueous tear-producing lacrimal glands. Tearing was reduced across all groups, as measured
by a phenol thread inserted into the lateral canthus (Figure 4.1.C, p<0.0001, 3-way ANOVA).
The comparison of naive Sox11""and naive littermate controls showed no significant difference

in tear production.
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4.4.2. Lacrimal gland excision alters mechanical sensitivity and causes ongoing pain-like
behavior

Mechanical thresholds were determined according to the length of a nylon monofilament
elicited a corneal reflex (Figure 4.2.). Animals showed decreased responses to mechanical
stimuli, with control females exhibiting significant hyposensitivity at all time points following LGE.
This effect was blunted in female Sox11"" animals compared to baseline and sham animals
(Figure 4.2.B, left plot, 3-way ANOVA). While reduced mechanical responses indicate
hyposensitivity, ongoing pain-like behavior was observed through squinting behavior (Figure
4.3.A, 3-way ANOVA). Reduced palpebral opening was observed ipsilaterally, accompanied by
acute ocular hair loss and grimace on the same side (Figure 4.3.A, right). Epithelial damage
was observed at all times following LGE in both control and Sox11"" animals, evidenced by
more than 50% of the surface area displaying fluorescein staining under a cobalt blue light

(Figure 4.3.B).

4.4.3. Corneal afferent regeneration is slowed in SOX111

Innervation density was measured using a unique tdTomato fluorescent protein reporter
expressed by the Nav1.8-cre promoter (Figure 4.4.). Unlike in many other innervation studies,
which rely on immunofluorescence to visualize corneal neurons, through the use of transgenic
models, this study eliminates experimental variability and confounds seen in traditional studies.
This combined with a traditional Sholl analysis (Causey and Palmer, 1953) quantification of
nerve density, using ImageJ to total intersections averaged across varying diameter concentric
circles, overlayed on four peripheral and one center corneal z-stacked images (Figure 4.4.B).

Comparison of groups found that axonal regeneration slowed at 3-,7- and 14-days following
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LGE in Sox11"" animals compared to littermate controls following LGE and sham groups

(Figure 4.4.C).

4.4.4. LGE increased expression of regeneration association genes in Nav1.8 corneal
afferents but with blunted effect with SOX111M

LGE-induced corneal dryness resulted in epithelial injury, sensitivity changes, and
decreased axonal innervation in both Sox11"" and littermate controls. Using iontophoretic
application of a retrograde tracer, corneal cell bodies were labeled by FluoroGold, and mRNA
expression was evaluated at timepoints up to 28-days following LGE across groups. Genetic
downregulation of Sox11 in Nav1.8 neurons significantly reduced SOX11 (Figure 4.5.), ATF3,
and GAP43 (Figure 4.6.) in Nav1.8 expressing corneal afferents following LGE when compared
to littermate controls which saw an increase in all of these molecular markers at the same time
points following injury. The percentage of SOX11 in control corneal neurons was elevated at 3-
days following LGE, an increase that nearly doubled at 7-days post-LGE (Figure 4.5.B). This
pattern of this effect was seen in both genetic control and Sox11" groups, but with a muted
effect in the latter. At 14-days following injury, SOX11 expression was at its lowest across all
groups, following at 28-day with a near doubling of that expression (Figure 4.5.B). ATF3 and
GAP43 were also increased at 3- and 14-days following LGE, but expression increases post-
LGE were not statistically significant at later timepoints. The chronic injury which creates
sustained damage to the corneal microenvironment may induce cyclical increases in this

peripheral nerve regeneration pathway.
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4.5. Discussion

Prior studies have validated the use of ipsilateral LGE to create a chronic and severe
DED model that adequately replicates symptoms found in clinical populations (Kurose and
Meng, 2013; Meng et al., 2015; Shinomiya et al., 2018; Hatta et al., 2019; Skryzypecki et al.,
2019; Mecum et al., 2020). Chronic DED is often associated with ocular discomfort, pain, and
corneal morphology changes in clinical populations. Physical findings of corneal pathology and
psychophysical experiences of corneal have been well characterized by these studies. This
study examined these same components of DED, in addition to molecular changes in corneal
neuron somas in the TG, within the context of a Sox11 genetic downregulation and LGE. The
present study results identify the role of SOX11 in the speed and morphological organization of
axonal reinnervation of the cornea following LGE-induced DED. These results also identify other
molecular markers (e.g., ATF3, GAP43), presumably regulated at least in part by SOX11, which
contribute to corneal nerve recovery after aqueous-deficient DED onset.

According to other studies (Kurose and Meng, 2013; Meng et al., 2015; Shinomiya et al.,
2018; Mecum et al., 2020), all groups presented with nearly total elimination of ipsilateral tearing
at all time points following LGE. Tear reduction confirms that LGE sufficiently removed both
ipsilateral lacrimal glands and eliminated the contribution of agueous tear film to ipsilateral eyes
across all groups. Unremarkably, these results show that SOX11 has no auxiliary role in
increasing tearing in the absence of lacrimal glands. Pain-like behaviors have been observed in
aqueous deficient DED rodent models (Hirata et al., 2014; Fakih et al., 2019, Mecum et al.,
2020) and are considered a hallmark symptom of DED reported in clinical populations
(Gowrisankaran et al., 2007; Galor et al., 2015; Kalangara et al., 2017; Vehof et al., 2018; Galor
et al., 2018; Elhusseiny et al., 2019; Donthineni et al., 2021). Similarly, this study observed

decreased palpebral opening on the ipsilateral side of LGE. This further supports this model as
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an accurate representation of severe chronic DED, with mice specifically displaying irritation in
the eye lacking tears. Concordantly, fluorescein staining of the cornea was maintained at least
in excess of 50% of the total corneal surface through 28 days following LGE-induced dry eye.
The absence of SOX11 did not yield a measurable effect on either eye closure or fluorescein
score. While epithelial SOX11 has been documented to regulate eye closure ability during
development (Nunomura et al., 2021), there have not been any documented reports in the
literature characterizing the role of SOX11 in chronic pain-like behaviors.

Corneal mechanical sensitivity has been reported to be altered in dry eye patients, yet
with some subsets of patients reporting corneal hypo- or hypersensitivity. Some populations
appear to exhibit corneal mechanical hypoesthesia (Xu et al., 1996; Adatia et al., 2004; Bourcier
et al., 2005; Benitez-Del-Castillo et al., 2007; Labbe et al., 2012), while others present with
mechanical hypersensitivity (De Paiva et al., 2004; Situ et al., 2008; Tuisku et al., 2008; Spierer
et al., 2015). The variability seen in the clinical population seems to parallel findings in animal
studies. Mechanical hypersensitivity was observed following LGE in male rats (Meng et al.,
2015; Meng et al., 2019) and following unilateral excision of the extraorbital lacrimal gland and
harderian gland in female and male mice (Fakih et al., 2019). In contrast, extraorbital LGE in
female mice appeared to decrease corneal mechanical sensitivity (Yamakazi et al., 2017). This
study observed cohorts of animals that displayed hyper- or hyposensitivity to mechanical stimuli
following LGE, with a majority of female mice becoming less sensitive than their male
counterparts. SOX11 appeared to have a moderate impact on diminishing this effect in females.
Since this response cannot be explained by innervation density, it is likely that the elimination of
SOX11 may change these neurons' sensory properties. These results highlight complex
divergence in mechanical sensitivity responses within dry eye conditions across sex, model, and

injury type, thus requiring further investigation.
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Healthy corneas have characteristic spiral innervation organizational patterns which
maximize space and create a uniform dispersion of axonal fibers throughout each epithelial
layer (McKenna and Lwigale, 2011; He et al., 2016; Yang et al., 2018; Al-Agaba et al., 2019;
Labetoulle et al., 2019). Strikingly, we also observed in many LGE genetic control animals and
both sham and LGE Sox11"". Typically, the corneal subbasal plexus is organized in a
constricted whorl pattern (Shaheen et al., 2014; Cruzat et al., 2017; Marfurt et al., 2019;
Bouheraoua et al., 2019). The loss of the whorl was evident in many LGE animals at 28-days
following LGE, with even more pronounced aberrant morphology accompanying the Sox11",
which only becomes more apparent in timepoints following injury. Further characterization of the
morphological changes in axon terminals is needed to see if a whorl ever develops or if
innervation remains disorganized.

Disruptions to the corneal microenvironment, including reducing aqueous tears, can
dramatically alter innervation density and morphology. This study supported prior findings that
hypoxic dry eye conditions induce denervation of axon terminals (Chao et al., 2014; Chao et al.,
2015; Ferdousi et al., 2018; Labetoulle et al., 2019; Liu et al., 2019; Lyu et al., 2019) which
recover in density to near-normal levels. Following earlier studies, corneal reinnervation occurs
even in the continued absence of tears, neurotrophic factors, and their ability to remove waste
byproducts. Downregulation of Sox11 does reveal its role in reinnervation of the cornea after
LGE injury by significantly slowing nerve density regeneration within the cornea. Interestingly, in
naive Sox11"" animals, the morphology appears irregular, especially apparent in the center
subbasal region where the typical spiral is absent or notably irregular. Studies have identified
the role of SOX11 in axon guidance and could explain aberrant morphology even in naive
animals prior to injury (Norsworthy et al., 2017). Additionally, the lack of other intrinsic factors

that normally support corneal homeostasis processes likely impairs organizational guidance
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during the regeneration process. Altered corneal sensitivity observed in dry eye clinical
populations, and animal studies may be in part explained by disorganized fiber distribution
(Herrmann et al., 2005; Chao et al.,2014; Labbe et al., 2013; Dienes et al., 2015; Tepelus et al.,
2017, Liu et al., 2020).

Immediately following injury, peripheral axon terminals retract, or degenerate, and nerve
regeneration programs are activated (Lagli et al.,2015; Tepelus et al., 2017; Wang et al., 2018;
Fakih et al., 2019; Ma et al., 2019). To evaluate genetic expression changes occurring in the cell
bodies of these neurons following injury, FluoroGold was applied as a retrograde tracer in order
to clearly and consistently identify the corneal nerve population within the TG.

This study evaluated expression changes within this corneal subpopulation. Upregulated
expression of regeneration-associated transcription factors (SOX11, ATF3, GAP43) correlates
with successful axon repair and elongation following corneal injury (Saito et al., 2008; Hegarty et
al., 2018). Upregulated RAGs promote robust axon regeneration, even within the context of
severe chronic corneal injury. Thus, chronic conditions which perpetuate corneal dysfunction,
such as DED, promote neuroprotective adaptations, which shift sensory thresholds and
response properties of injured corneal neurons (Belmonte et al., 2004; Hatta et al., 2019).
Morphological and functional changes of axonal afferents are hallmark symptoms seen in many
cases of severe clinical DED (Labbe et al., 2013). Altered sensitivity can likely be attributed to
receptor expression changes in corneal neurons following injury.

The present study reveals molecular changes occurring to corneal neurons within severe
dry eye models. Our results indicate that neuroprotective plasticity occurs to broaden the
sensory properties of corneal neurons. Even in chronic injury, and perhaps even more
imperatively, the cornea requires adequately functioning corneal sensory processing to protect

the cornea and eye from further injury or impairment.
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Figure 4.1. Experimental overview and tearing. A) Development and evaluation of the
transgenic Nav1.8-Cre-tdTomato- Sox11"" Model B) Naive innervation density quantified (left)

with representative images (left) C) Tearing, mechanical and fluorescein scores of naive control
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versus Sox11"" animals. Two-Way ANOVA, Tukey Post-Hoc. * p <0.05 ** p < 0.01 Scale bar

20 pm.
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Figure 4.2. Sex differences in mechanical sensitivity. A) Mechanical sensitivity measured by
restraining mouse in hand (left) with 12/100mm Cochet-Bonnet esthesiometer (right) B)
Mechanical sensitivity Kruskal Wallis (* p <0.05, ** p < 0.001, *** p < 0.0001) (Sham/LGE n=
24,12m/12f). * - significant difference between control sham and control LGE, £ - significant
difference between Sox11" sham and Sox11" LGE, - - Significant difference between
Sox11"and control, 1-Way ANOVA, Tukey Post-Hoc (* p <0.05, ** p < 0.001, *** p < 0.0001)
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day (28D). B) Mean fluorescein score for sham and LGE Sox11"" and littermate controls.

(Sham/LGE n= 24,12m/12f). Kruskal Wallis (* p <0.05,** p < 0.001,** p < 0.0001)
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12, 4 control/4 Sox11"™). 2-Way ANOVA, Tukey post-hoc (* p <0.05, ** p < 0.001, ***p <

0.0001)
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5. DISCUSSION OF FINDINGS

This body of work reveals that the cornea adapts a neuroprotective phenotype to speed
recovery and continue to function in the face of severe and unrelenting damage. Ocular
discomfort and corresponding motor responses, such as squinting and overgrooming, are
reactions to respond to environmental insult. Expression of more noxious detecting receptors
(i.e., TRPV1) across multiple corneal subclasses (i.e., non-peptidergic, cool sensing), act to
improve detection of damaging stimuli and to initiate the release of neuromediators that can aid
in epithelial healing and nerve fiber regeneration. Somal expression of RAG network
transcription factors (i.e., SOX11, ATF3) proves critical to these neural protective processes,
although undefined compensatory mechanisms have been revealed through the systematic
downregulation of SOX11 in many corneal neurons. In the face of total disassembly, the cornea
doesn’t give up but instead implements a complex molecular cascade which fights to restore
epithelial integrity, innervation density and sensory functioning.

These series of experiments support findings from prior studies and reports increases in
both CGRP and ATF3 following corneal injury. CGRP contributes to multiple aspects of
regeneration mechanisms (Mikulec et al., 1996; Chung et al., 2018) and likely acts in
conjunction with ATF3 to support regenerative processes. Hindpaw injections of capsaicin
induce ATF3 in sensory neurons through the activation of TRPV1. While in TRPV1
downregulated transgenic models, capsaicin does not induce ATF3 expression (Braz et al.,
2010). TRPV1 responds to noxious heat and capsaicin and the general acidic conditions
created by inflammation which forms the injury phenotype (Braz et al., 2010). Protons making
up the acidic pathological corneal environment decrease the temperature threshold for TRPV1
activation, while ischemic or inflamed tissue causes greater activation of TRPV1 (Tominaga et

al., 1998). Likely the lack of these TRPV1-mediated responses fails to signal ATF3-mediated
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injury response cascades. During the acute period following injury, infiltration of inflammatory
molecules decreases firing thresholds, increases activation of C-fibers and causes peripheral
sensitization (lyengar et al., 2017). ATF3 is part of a complex regeneration signaling network
that promotes nerve healing and regeneration following injury. Sustained upregulation of ATF3
and other RAGs in response to chronic injury likely initiates a phenotypic shift of sensory
processing in corneal neurons. In very recent studies, ATF3 has been identified in Mrgprd
neurons and presents evidence to support a connection between ATF3 increases after injury
and the precise regulation of TRPV1 and CGRP to aid in restoring some level of homeostatic
functioning (Wang et al., 2021; Warwick et al., 2021). In accordance with these prior studies, our
results indicate phenotypic shifts are occurring in corneal neurons after injury and are likely
regulated by SOX11-ATF3 RAG network influences on CGRP and TRPV1 expression.

In addition to sensory receptor changes after injury, it likely the physical morphology of
reinnervating nerves, inflamed corneal tissue and disrupted epithelial junctions are the cause of
a portion of discomfort associated with dry eye and corneal injury (Bergmanson, 1990; Wenk et
al., 2003; Azar et al., 2006; Beebe et al., 2007; Dartt, 2009; McDougal and Gamlin, 2015;
Paunicka et al., 2015; Launay et al., 2016; Sharif and Sharif,2019). LGE corneas were
observed to exhibit higher autofluorescence in whole-mount imaging, which may be attributed to
increased inflammation (Shinomiya et al., 2018; Mecum et al., 2019) and corneal irregularity
(Kim et al., 2016) which has been reported in earlier studies. Neovascularization and a clouded
appearance of LGE and CA corneas was often noted after dissections. Our studies noted
visually apparent disorganized terminal morphology during reinnervation periods and aberrant
morphology in many naive Sox11"" animals. While different morphological analyses were
attempted, generally these observations were subjective or based on the the absence of the

typical subbasal whorl patterning (Shaheen et al., 2014; Cruzat et al., 2017; Marfurt et al., 2019;
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Bouheraoua et al., 2019). While the whorl is not fully understood, it’s likely that the precise
organization and whorl pattern help to reduce physical interference with light waves passing
through to the retina. With any substantial cornea pathology, clinical symptoms can include
impairment to vision or discomfort due to increased refraction of light (Bettis et al., 2012). It
seems likely that not only would abnormal disposition of epithelial cells cause visual impairment
and discomfort due to light refraction, but with significantly altered nerve morphology, it is
possible that the nerve themselves might create pathological backscatter of light waves on the
retina.

It's likely without the intrinsic factors that normally present in tear film, axon
organizational reinnervation guidance mechanisms could become impaired during the perpetual
injury-regeneration process occurring in severe chronic dry eye conditions. Similarly, normally
avascular corneal tissue, adapts to an agueous-deficient environment with neovascularization
and a robust inflammatory response. While these injury-response processes are likely
important facilitators of axon terminal regeneration observed in this study, they may also
account for visual acuity problems, decreased mobility and pain-like behaviors reported in prior
studies. Healthy corneas have characteristic innervation organizational patterns that maximize
space and create a uniform dispersion of axonal fibers throughout each epithelial layer
(McKenna et al., 2011; Yang et al., 2018; He et al., 2016; Al-Agaba et al., 2019; Labetoulle et
al., 2019). Examining morphology with more advanced and object analysis techniques would
likely reveal a morphological phenotype shift occurring during normal and transgenetically
altered regeneration programs.

In treatment resistant clinical populations, the largest issue for patients and providers
alike, are the sensations of irritation and pain that persist despite multifactored treatment (Bron

et al., 2014; Craig et al., 2017; Li et al., 2019; Kojima et al., 2020; Goyal et al., 2016; Rosenthal
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et al., 2016). It is at the expense of this discomfort which likely prevents this population from
going blind due to corneal opacity or vascularization. Although increases of TRPV1 receptors in
regenerating axon terminals likely creates a highly sensitized ocular surface, translating into
constant irritation and pain, they are likely orchestrating changes seen in sensory function,
epithelial healing and regeneration networks that allow the cornea to maintain functional ability
despite severe injury.

Dry eye symptomatology is a worldwide problem that is only getting worse with reported
in 5-21% of populations worldwide, with higher prevalence in females over 50 years old and in
the elderly (Hikichi et al., 1995; Schein et al., 1997; Schaumberg et al., 2003; Schaumberg et
al., 2009; Jie et al., 2009; Chao et al., 2014, Galor et al., 2016; Kovacs et al., 2016; Farrand et
al., 2017; Kalangara et al., 2018). In recent years, with the increase of time spent viewing digital
screens, even beginning in early childhood, has caused dry eye prevalence to spread
throughout ages and genders and begin to significantly impact once unaffected populations
(Miura et al., 2013; Sheppard et al., 2018; Coles-Brennan, 2019; Chawla et al., 2019).
Behaviors creating the broadened impact of dry eye will likely persist in the future, with new
wearable technology (i.e., google glass) and growing popularity of elective eye surgeries (i.e.,
LASIK, blepharoplasty) (Rosenfield, 2016; Zhang et al., 2020). Characterization of the entire
network of molecular shifts occurring after corneal injury or during dry eye periods is essential to
improving treatments for the ocular discomfort and neuropathic pain. Future experiments using
high-throughput sequencing methods, combined with the insights gain from decades of
characterizing corneal neurons after injury will be the only way forward to tailor precision

treatments for chronic treatment-resistant patients.
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