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Abstract

Corneal nerves are responsible for the sensations of touch, pain, and temperature and play an

important role in the blink reflex, wound healing, and tear production and secretion. Corneal nerve

dysfunction is a frequent feature of diseases that cause opacities and result in corneal blindness.

Corneal opacities rank as the second most frequent cause of blindness. Technological advances in

in vivo corneal nerve imaging, such as optical coherence tomography and confocal scanning, have

generated new knowledge regarding the phenomenological events that occur during reinnervation

of the cornea following disease, injury, or surgery. The recent availability of transgenic

neurofluorescent murine models has stimulated the search for molecular modulators of corneal

nerve regeneration. New evidence suggests that neuro-regenerative and inflammatory pathways in

the cornea are intertwined. Evidence-based treatment of neurotrophic corneal diseases includes

using neuro-regenerative (blood component-based and neurotrophic factors), neuroprotective, and

ensconcing (bandage contact lens and amniotic membrane) strategies and avoiding anti-

inflammatory therapies, such as cyclosporine and corticosteroids.
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A. INTRODUCTION

The cornea is the most densely innervated structure in the human body. In 1831, Schlemm

discovered nerves in the cornea. Prior to this discovery, the cornea was thought to be

entirely without nerves. Several years after Schlemm’s original observation, Bochdalek

dissected the ciliary nerves within the cornea and found that they divided into corneal and

iris branches and that the corneal nerves entered at the anterior thickness. 29,198 Corneal

nerves are responsible for sensations of touch, pain, and temperature and play an important

role in blink reflex, wound healing, 28 and tear production and secretion. 88,171 Numerous

studies have established that corneal nerve dysfunction is a frequent pathobiological feature
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of corneal diseases that cause opacities and result in blindness. Approximately 285 million

people worldwide suffer from impaired vision; of these, 2.85 million have corneal

opacities. 178 Likewise, of the 39.3 million worldwide who are blind, in 1.57 million this is

the result of corneal opacities. 178 In conditions that cause corneal blindness, sensation is

frequently diminished or absent because of nerve dysfunction or degeneration. Several

infectious and non-infectious inflammatory corneal diseases can lead to lost or compromised

innervation and result in neurotrophic keratopathy and blindness. 52,216 Although the

subbasal nerve density is variably reduced in these inflammatory corneal

diseases, 24,52,216,219 the number of antigen presenting dendritic cells is increased, 52,216

suggesting that the immune and nervous system pathways in the cornea are intertwined.

Despite the high prevalence of corneal blindness and nerve dysfunction and the clinical need

to promote corneal nerve regeneration in neurotrophic corneas, there are relatively few

specific therapeutic interventions. Therefore, it is not surprising that the National Eye

Institute (NEI) Cornea Disease Panel in its July, 2012, Vision Research: Needs, Gaps and

Opportunities document highlights the need to develop novel agents capable of stimulating

appropriate corneal nerve regeneration. Additionally, this panel has emphasized the

importance of correlating the molecular and structural composition of corneal nerves with

their function. These recommendations build upon those of the NEI Workshop on Ocular

Pain and Sensitivity. This panel concluded that the role of neurons in the health, healing,

scarring, and immunology of the cornea, as well as the responsible molecular and cellular

mechanisms, has yet to be determined. Therefore, further understanding the molecular and

cellular changes that occur in primary sensory neurons as a result of disease or trauma,

including their regenerative mechanisms, constitute a high priority.

B. CORNEAL NERVE BIOLOGY

B1. Corneal nerve organization

B1a. Corneal nerve anatomy—In the cornea, 50–450 sensory trigeminal neurons

transmit nerve fibers via the ophthalmic division of the trigeminal nerve (cranial nerve V)

and terminate in free nerve endings in the corneal epithelium.156 From trigeminal ganglion

cells, nerve fibers travel suprachoroidally and branch to form nerve bundles that come to rest

uniformly around the corneoscleral limbus to form the limbal plexus. 6 Autonomic

innervation may travel along with these nerve fibers, though it is believed to be scarce

(sympathetic) or unknown (parasympathetic). 156 Stromal nerve trunks arise from the limbal

plexus and enter the peripheral corneal stroma radially at a depth of 293 ± 106 μm before

progressing anteriorly.138 There are discrepancies among studies regarding the number of

stromal nerve bundles located at the corneo-scleral junction, perhaps due to differences in

the points where the nerve bundles are imaged and counted. 87 The stromal nerves enter the

cornea like a tree dividing into several branches in the peripheral area close to the limbus.

Because the number of nerve divisions increases in relation to the distance from the corneo-

scleral junction, more nerves will appear to be present than what are really in the cornea.19

The reported average number of nerve bundles entering the human cornea ranges from 33 to

71. 6,87,138
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Stromal nerve trunks are comprised of 900–1200 myelinated and unmyelinated axons with

diameters of 0.5–5 μm. 160 Although myelinated NF-200 positive nerve fibers in the

periphery of the murine cornea are present, 165 the peripheral and central nerve fibers of the

human cornea are nociceptive Aδ and C fibers. 158 Prototypical Aδ fibers are myelinated

straight nerves with a relatively large diameter, whereas C fibers are smaller, beaded fibers

with no myelination. 160 In the stroma, beaded fibers may arise from straight fibers, 157

suggesting an overlap in morphology or the presence of multiple fiber types in straight nerve

bundles. One millimeter after entering the corneal limbus, corneal nerve fibers lose their

perineurium and myelin sheaths, and continue on surrounded solely by Schwann cells. 156

As in other peripheral innervation, non-myelinating Schwann cells “wrap” several C-type

nerve fibers together to form a “Remak bundle.” 48,156 These Schwann cells and Remak

bundles are essential for maintenance and function of unmyelinated axons and nociceptors

and may assist in electrical conduction. 48 In the stroma, nerves organize in parallel to

collagen lamellae, branch into smaller fascicles as they proceed toward the superficial

stroma, and form interconnections within the stroma to create the anterior stromal

plexus. 87,156,157 In other words, nerve density increases while nerve diameter thins as one

moves anteriorly through the stroma. A small number of stromal nerves terminate as free

nerve endings, 137 whereas others directly innervate keratocytes. 157 Such direct keratocyte

innervation alludes to the complex dependency of these tissue types; in fact, a trophic

interdependence exists between ocular tissues and their sensory innervation. 23 Additional

stromal nerves defasciculate as they progress anteriorly towards the anterior stroma,

subbasal, and epithelial layers of the cornea.

The corneal epithelium derives innervation from the subbasal nerve plexus. Although the

existence of the epithelial nerve plexus has been known for more than a century, 93,174 until

recently its detailed architecture and exact location was unclear.87 He et al. have shown that

the plexus forms a delicate three-dimensional network in the corneal epithelium.87 The

plexus originates from the branches of the peripheral stromal nerves. The tips of the stromal

nerves penetrate the Bowman layer into the epithelium, predominantly in the peripheral

cornea, and give rise to long bundles that run from the periphery to the center close to the

subbasal epithelia like wavy lines. Along their course, these long nerve bundles divide into

numerous smaller branches that connect to each other, constituting a delicate nerve network

within the epithelium. These nerves form a whorl-like pattern approximately 1 – 2.5 mm

inferonasal to the corneal apex. 138,181 The subbasal plexus nerves are thinner than the

stromal nerves, and seem to be comprised predominantly of C fibers. 158 At the level of the

subbasal plexus, straight Aδ fibers within the basal epithelial cell layer course parallel to the

corneal surface, and only beaded unmyelinated C fibers travel for a short distance along the

subbasal plexus before turning upward and terminating perpendicularly just beneath the

epithelial surface as free nerve endings 157 (Figure 1). Density of epithelial nerves is greater

centrally than peripherally. 87 Free nerve endings display a density of approximately 605.8

terminals/mm2 in central epithelial suprabasal cells, 138 resulting in a large receptive field

overlap. 160 Both the subbasal plexus and epithelial nerves display unique centripetal

migration during development (in tandem with epithelial cells). 13 These nociceptive fibers

collectively respond to mechanical, thermal, and chemical stimuli. Examples of chemical

stimuli include acetylcholine (ACh), prostaglandins, and bradykinin. 23 As discussed by
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Belmonte et al., 21 some fibers are stimulus-specific, although the majority are polymodal.

Approximately 20% of corneal nociceptors are Aδ mechanoreceptors that generate acute

pain. Another approximately 70% are polymodal. The remaining 10% are C fiber cold

receptors. A separate, “silent” class of nociceptors that are activated only by local

inflammation may also exist. Collectively, these fiber types have been implicated in animal

models of neuropathic pain, possibly via expression of transient receptor potential (TRP)

family members such as the TRP vanilloid receptor (TRPV1), 93,214 which may be absent

from Aδ mechanoreceptors. 159 In the cornea, inflammatory cells may trigger neuropathic

pain, or extracellular chemicals may act on TRPV1 to produce pathologically sensitized

signaling. 159 In addition to anatomical location and nerve fiber type, corneal nerve fibers

can be classified based on their neurochemical profiles and have been studied in response to

neurotrophic factors.

The various nerve populations in the cornea are distinguishable by their neurochemical

markers (Table 1). Some neurochemical markers also serve as neurotrophic factors. Animal

studies show neurotrophic factors assist in maintenance of the healthy cornea and modulate

wound repair. 162 For example, substance P (SP), released directly from C fibers following

inflammation 21 in synergism with epidermal growth factor (EGF), stimulates epithelial

proliferation and wound healing. Neuropeptide Y (NPY) has a similar role elsewhere in the

body. 106 SP and calcitonin gene-related peptide (CGRP) are involved in neurogenic

inflammation. 21 Other corneal neurotrophic factors include nerve growth factor (NGF),

brain-derived neurotrophic factor (BDNF), neurotrophin (NT)-3, Semaphorin (Sema) 3A,

3F, and 7A, Slits 1–3, Netrin 2, and Ephrin (Eph) B2. 113,164 A patterned expression of

factors and receptors is observed between corneal nerves and epithelium. 188 Loss of

neurotrophic signaling negatively impacts corneal nerve function. For example, inactivation

of tyrosine receptor kinase (Trk) A, a high-affinity NGF tyrosine kinase receptor, results in

decreases in nociceptive neurons, stromal nerves, and corneal epithelium, as well as a

reduced response to noxious stimuli. 56 Changes in neurotrophic signaling drive corneal

nerve development and may underlie changes in corneal nerves during the aging process.

B1b. Corneal nerves in development and aging—Corneal nerve development has

been predominantly studied in chicks, with fewer studies in mice. Corneal nerves derive

from neural crest cells residing in the ophthalmic lobe of the trigeminal ganglion. 133 The

proto-corneal neural crest derivatives migrate with placode-derived cells to the periocular

mesenchyme, possibly led by EphA3 receptor kinase axon guidance. 104,133 In chicks,

corneal nerve migration is differentially regulated by Sema3A and Slit2 interactions with

their respective receptors, Neuropilin (Npn)-1 and transmembrane roundabout (ROBO). 113

Negative regulation coincides with pericorneal nerve ring development, allowing nerve

fascicles to accumulate and extend dorsally and ventrally around the cornea to cover

uniformly greater than three-quarters of its circumference. 134 (Figure 2) This is followed by

positive regulation allowing corneal nerves to invade the stroma. 113,134 Extracellular levels

of highly sulfated keratan sulfate proteoglycans (KSPGs) also regulate the initial process of

invasion. 46 Following stromal invasion, further nerve bifurcation leads to peripheral corneal

innervation in chicks by embryonic day 10 (E10), and guarantees the entire circumference is

innervated by E15. 134 Complete penetration of corneal nerves to the center of the cornea

Shaheen et al. Page 4

Surv Ophthalmol. Author manuscript; available in PMC 2015 May 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



with branching into the corneal epithelium is achieved by E16. 18 In mice nerve bundles

directly innervate the cornea under the regulation of Sema3A/Npn1 and Sema3F/Npn2

without first forming a pericorneal nerve ring. 146,147 Nerve development relies on nerve

bundles from all four quadrants of the eye and progresses from a radial pattern to a more

central orientation, branching to form a subbasal “swirl” network akin to the subbasal plexus

in human cornea. 146 In humans, both the subbasal plexus and epithelial nerves display

centripetal migration during development (in tandem with epithelial cells). 13 The radial

progression of innervation may be equivalent to the chick pericorneal nerve ring.

On the opposite spectrum of corneal nerve development are corneal nerves during the aging

process. It is unknown whether healthy corneal nerves exhibit uncompromised function

throughout life or if they are subject to the typical degenerative processes of aging. Current

research yields conflicting results. Data from tandem scanning and slit scanning confocal

microscopy suggest that corneal nerves (particularly subbasal nerve density) are maintained

in an age-independent manner, 64,91,183 whereas laser scanning confocal and fluorescence

microscopy demonstrate pronounced loss of corneal epithelial nerve terminals and subbasal

nerve fiber density with age. 87,169 Increased subbasal nerve tortuosity has also been

observed with age. 183 Such mixed results are most likely due to differences in imaging

techniques (discussed in greater detail below). An alternative measure of age-related corneal

nerve changes is testing the functionality of corneal nerves. Using a Cochet-Bonnet

aesthesiometer to test Aδ fiber mechanical sensitivity, corneal sensitivity seems to decrease

gradually with age, beginning in the periphery and progressing centrally. 160,192 Using the

Belmonte non-contact aesthesiometer, which measures mechanical stimulation to Aδ fibers

and C fibers as well as thermo- and chemoreceptor sensitivity in C fibers, corneal sensitivity

begins to decline in the patient’s second decade, with major changes (presumably those

registered by the Cochet-Bonnet aesthesiometer) becoming apparent by age 50. 160 It

remains unknown whether C fibers are preferentially targeted earlier in aging, but these

findings suggest a dual decline in Aδ and C fiber sensitivity with age.

B2. Imaging corneal nerves

B2a. In vivo Confocal Microscopy (IVCM) and Optical Coherence Tomography
(OCT)—As reviewed by others, 51,180 IVCM has been used to assess corneal nerves in

healthy subjects, contact lens wearers, keratoconus patients, dry eye disease, diabetics, and

other pathologic states. IVCM findings clinically correlate to slit-lamp microscopy and post-

operative findings and highlight the utility of consistent imaging methodology. 51,180

Several confocal microscopes exist that image corneal nerves. Some instruments utilize a

confocal slit principle, such as the ConfoScan 4 (Nidek, Japan), whereas in tandem scanning

microscopes, images are captured using a rotating Nipkow disc. Other instruments, such as

the Rostock Cornea Module-HRT (Heidelberg, Germany), utilize a laser. Figure 3 shows

sample imaging from these modalities. Automated and manual tracing of nerves in confocal

images have well-correlated length estimates, but discrepancies exist in image

quantification, including minimum nerve lengths and maximum number of nerves compared

to “most representative” images. 180 Differences also arise due to confocal design. 180 A

tandem scanning microscope has a narrow depth of field (11 μm), which reduces brightness

and contrast, as well as limited magnification such that structures <5 μm are difficult to
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resolve. 65 The tandem scanning method yields a lower subbasal nerve plexus density than

other confocal microscopes. 180 A slit scanning microscope with a wider aperture of 300 μm

(ConfoScan4 Nidek Technologies) compared to the tandem scanning aperture of 30 μm

produces images of higher contrast, brightness, sharpness, and detail. 65 A combination of

high light throughput and magnification, lower resolution, and variable optical section

thickness allows visualization of subbasal nerves and possibly sub-Bowman stromal nerves,

which are unlikely to be seen in tandem scanning microscopy. 61 A third type of confocal

microscope, a laser scanning microscope, offers high-contrast, high quality images with the

greatest resolution. 65 Laser-scanning shows whorl-like subbasal nerves (architecture not

seen with slit-scanning) 51 and increased nerve densities. 65,181 A comparison of confocal

microscopy modalities can be found in Table 2. Recently, optical coherence tomography

(OCT) has been investigated as an alternative to confocal microscopy for corneal imaging.

OCT is typically used to assess tissue thickness, such as that of the cornea and retina. Full-

field (FF) OCT produces high-resolution images of corneal nerve fibers. 4

Corneal epithelial innervation, as estimated by confocal microscopes, is 15–20 times greater

than that found by immunohistochemical staining techniques. 87 This discrepancy may be

partly because IVCM images of human corneas are recorded at or near the corneal apex in

areas most densely innervated. 87

B2b. Transgenic neurofluorescent murine models—Neurofluorescent mouse

models allow in vivo visualization of sensory nerves. The thy1-YFP transgenic mouse is a

neurofluorescent murine model in which yellow fluorescent protein (YFP) is tagged to the

thy1 gene promoter. 235 (Figure 4) In the thy1-YFP mouse model a proportion of sensory

nerves are fluorescent, so axonal regeneration and degeneration can be visualized and

quantified in vivo. Yu and Rosenblatt were the first to use these mice for studying corneal

nerves. 235 They reported that only half of the corneal subbasal nerves are YFP-labeled. In

addition, changes in the density and pattern of the YFP-labeled subbasal nerve plexus may

occur with sequential stereofluorescence microscope imaging without any intervention. 165

Therefore, investigation of the subbasal nerve plexus should account for any limitations

inherent in the thy1-YFP mouse model as well in vivo visualization methodology limitations.

In contrast to the subbasal nerve plexus, nearly all stromal nerves can be visualized in the

thy1-YFP mouse model. 235 The stromal nerves have YFP-labeled and unlabeled fibers;

however, there are enough YFP-labeled fibers in each stromal nerve to allow their

visualization. The pattern and density of stromal nerves remains constant during sequential

visualization. 165,197 YFP fluorescence disappears in transected stromal nerves distal to the

transection site and reappears in regenerating neurites. 235 By visualizing the density and

pattern of regenerating YFP-labeled neurites, it is possible to investigate the neurotrophic

potential of molecular or pharmacological interventions on stromal nerve regeneration. 163

B3. Signs and symptoms of corneal nerve dysfunction

Several methods are available for testing corneal nerve function. Direct measures employ

aesthesiometry, whereas indirect tests rely on lacrimation and fluorescent dyes. The Cochet-

Bonnet contact aesthesiometer (CBA) primarily detects mechano-nociceptor response to an

invasive mechanical stimulus, thereby quantifying Aδ fiber function while C fiber activity is

Shaheen et al. Page 6

Surv Ophthalmol. Author manuscript; available in PMC 2015 May 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



undetermined. 160 The tip of the aesthesiometer filament stimulates nerve terminal endings

over a test area of 0.011 mm2 in the cornea, corresponding to approximately 6–77 terminal

endings per square millimeter (based on current estimates of terminal nerve fiber

density). 138,156,160 Corneal sensitivity is highest in the central cornea, 192 thus requiring

appropriate placement of the aesthesiometer tip for accurate results. The direct contact of the

CBA can damage the corneal epithelium, 160 which may be a source of decreased sensitivity

from loss of nerve endings or increased sensitivity due to pathologic nerve damage. The

Belmonte non-contact corneal aesthesiometer (NCCA) non-invasively stimulates corneal

nerves over a test area of 0.196 mm2 with variable force, composition, and temperature

using a pulse (or “puff”) of air to allow multimodal testing (mechanical, chemical, and

thermal stimuli). 21,160 NCCA testing provides more information regarding polymodal and

thermal receptor functionality, as well as C fibers, than does the CBA. 160 The NCCA is

more accurate and sensitive than the CBA. 160

Indirect tests of corneal nerve function reveal general information about the state of corneal

nerves. Lacrimation tests (Schirmer and phenol red thread tests) assess tear production,

whereas vital dyes reveal damaged corneal epithelium. Dyes include fluorescein, rose

bengal, and lissamine green. Fluorescein is often preferred for corneal epithelial staining and

may identify contact lens-associated pathologies without requiring further diagnostic

intervention, while lissamine green stains correlate highly with dry eye syndromes. 60 In

addition to direct and indirect assessments of corneal nerve function, patients’ symptoms

reflect ocular surface distress.

Corneal nerve damage may be associated with symptoms such as ocular irritation,

photophobia, or pain; 23 however, symptoms may not correlate with the degree of ocular

surface disease. Because of hypoesthesia, patients with neurotrophic keratitis may have

significant ocular surface disease, but may be quite comfortable. 226 Alternatively, some

patients report significant pain in the absence of ocular surface disease. This neuropathic

pain typically follows nerve damage, for example, from surgical transection such as LASIK

or cataract surgery. 21

B4. Modulators of corneal nerve growth and function

B4a. Neurotrophins

Nerve growth factor (NGF): As discovered through in vitro and in vivo animal studies,

nerve growth factor (NGF) is critical for corneal nerve survival and maintenance, as well as

axonal branching and elongation, neuronal sprouting, and regeneration following nerve

damage. 135 Multiple studies have shown that NGF augments corneal wound healing, as

evidenced by recovery of corneal sensitivity and photophobia in association with increased

NGF and corneal epithelium healing. 9,156 NGF is expressed in the cornea during

reinnervation after nerve surgical transection. 42 Nerve regeneration may be partially

attributable to neurogenic inflammation, such as interleukin (IL)-1-induced NGF. 120,129

NGF reportedly promotes the human cornea’s healing process via pro-neural molecules like

SP and insulin-like growth factor (IGF)-1, as well as by stimulation of epithelial

proliferation. 36,156 Interestingly, NGF expression is elevated in inflammatory conditions

like dry eye, and this elevation in NGF may contribute to the pathogenesis of dry eye. 121
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NGF also has potent antiviral properties and restricts viral infections like HSV-1 to the

cornea. 118

Brain-derived neurotrophic factor (BDNF): Similar to NGF, brain-derived neurotrophic

factor (BDNF) is found in corneal epithelium and stromal keratocytes and is believed to also

originate from corneal sensory neurons. 156,234 In vitro studies of human cell lines and in

vivo animal models demonstrate that BDNF is capable of inducing central and peripheral

nerve growth and regeneration, 45,132 and stimulates other neurotrophins (including NT-4/5)

and neurotrophic factors (such as Gap-43) to achieve neurite re-growth. 112 BDNF is

neuroprotective in retinal ganglion cells, possibly via delayed apoptosis of neurons. 98

Although BDNF expression has been observed after experimental flap surgery in putative

corneal stromal and/or inflammatory cells in a positive association with neurite extension, its

exact role related to corneal nerves is unclear. 42

Glial cell-derived neurotrophic factor (GDNF): Glial cell-derived neurotrophic factor

(GDNF) is a pro-neural member of the TGF-β superfamily. 156,234 Elsewhere in the nervous

system, GDNF applied to in vitro chick dorsal root ganglia explants promotes axonal

elongation. 135 GDNF is expressed in human corneal stromal keratocytes and may operate

similarly to or synergistically with NGF by triggering gene transcription governing epithelial

cell migration and wound healing. 135,233,234 It has been shown that topical GDNF produces

complete epithelial healing in a patient with a progressive neurotrophic ulcer. 233

Neurotrophins 3, 4/5 (NT-3, -4): In the cornea, neurotrophin-3 (NT-3) is transcribed in

epithelial cells and stromal keratocytes. 234 In vitro mouse studies show that elsewhere in

the nervous system, NT-3 regulates neuronal cell differentiation and survival and induces

neurite outgrowth in mouse neural stem cells. 128 NT-3 is also a chemoattractant for dorsal

root ganglion cells. 185 A recent animal model, however, demonstrated only minimal

changes in NT-3 gene expression following surgical transection of corneal nerves. 42 These

data suggest that NT-3 may be preferentially involved in corneal epithelial maintenance.

NT-4 is also present in corneal epithelium and is a neurotrophic factor that may be involved

in the regulation of stromal keratocytes by epithelial cells. 234 In development, NT-4

collapses neural growth cones and causes transient neural growth inhibition in NGF- and

NT-3-dependent rat dorsal root ganglion cells. 185 NT-4 is neuroprotective, however, in rat

explants of retinal ganglion cells and enhances neurite outgrowth in the retina. 45 Little is

known about the specific roles of NT-3 and -4 with regards to corneal nerves.

B4b. Neurotrophic factors, nerve guidance factors, and regeneration-
associated genes

Vascular endothelial growth factor (VEGF): As shown in murine models, vascular

endothelial growth factor (VEGF) and its receptors are minimally present in healthy and

damaged corneas, and VEGF is upregulated in the injured cornea. 127,236 VEGF is pro-

neural via neurotrophic and neuroprotective actions. Trigeminal neurons respond to and

secrete VEGF, and VEGF is required for efficient corneal nerve regeneration. 127,236 VEGF

supplementation promotes trigeminal nerve repair, and abrogation of VEGF signaling

reduces corneal nerve growth. Because topical VEGF neutralization using bevacizumab eye
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drops has been proposed as a treatment for corneal neovascularization, the finding that

VEGF signaling modulates corneal nerve repair warrants consideration of the anti-neuronal

effects of antiangiogenesis treatment in the cornea. In the normal murine cornea, topical

application of bevacizumab eye drops does not reduce nerve fiber density. 30 Topical

application of bevacizumab eye drops to wounded murine corneas, however, results in

VEGF depletion, NGF downregulation, and development of a neurotrophic keratitis-like

ulcer. 109,236 In humans, topical bevacizumab is associated with increased corneal

epitheliopathy. 111

Semaphorins: Semaphorins were identified originally as axon guidance factors. Through

animal models, it now is known that several semaphorins, the “immune semaphorins,” are

involved in various phases of the immune response by regulating immune cell contacts or

cell migration. 173,207 These “immune semaphorins” include Sema3A, 4A, 4D, 6D, and

7A. 173 Unlike many semaphorins that act as repulsive guidance cues, the GPI-anchored

membrane-associated Sema7A is neither an axonal repellent nor attractant. 179 Instead, it

promotes axon outgrowth in a direction that is likely dictated by other cues. Sema7A is

expressed constitutively in the cornea, predominantly concentrated in the epithelium with

less expression in the stroma. 164 Corneal Sema7A expression increases after nerve

transecting lamellar surgery and is localized near the regenerating nerve fronds. 164 Sema7A

induces trigeminal ganglion cell neurite growth in vitro as potently as NGF. 164

Additionally, it induces significant nerve regeneration in vivo, accompanied by significant

inflammatory cell influx to the cornea. 164 This suggests that Sema7A acts as a neurotrophic

factor in the cornea that can also influence inflammatory processes. In contrast to Sema7A,

Sema3A is a negative regulator of innervation. During development, Sema3A repulses

innervation and collapses neural growth cones. 113 Blocking Sema3A results in

overwhelmingly disorganized corneal innervation during development. 113 Sema3A also

blocks the positive neuromodulator VEGF and repulses growing nerves in vitro. 82 A recent

study suggests that blocking Sema3A aids corneal nerve regeneration into donor tissue and

recovery of corneal nerve sensation in a mouse model of corneal transplantation. 175

Although the role of Sema3A in the human cornea is unclear, it is possible that Sema3A

negatively counterbalances positive VEGF neural regulation to ensure controlled neural

regeneration after wounding.

Growth-associated protein 43 (GAP-43): Growth-associated protein 43 (GAP-43) is a

rapidly transported axonal protein induced after nerve injury and localized to the axonal

growth cone. 200 Studies in animals show GAP-43 is constitutively expressed in corneal

sensory nerves, and GAP-43 levels are elevated in response to infection with HSV-1 and for

approximately 2 weeks following surgical transection. 42,139,140 GAP-43 plays a role in

neural regeneration stimulated by BDNF and NT-4/5. 112 In contrast to the effect of BDNF

on GAP-43 expression, high doses of NGF suppress early GAP-43 production following

peripheral axotomy and are associated with decreased nerve regeneration in animal

models. 92,135 This may be due to exogenous NGF delaying neuronal recognition of an

injury state and the subsequent conversion to a neuronal re-growth state. 92,135 Overall,

relatively little work has been done to elucidate the roles of constitutive or elevated GAP-43

expression in response to corneal injury.
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Small proline-rich protein 1a (Sprr1A): A member of the small proline-rich protein (Sprr)

family, Sprr1A expression has been observed in animal models of injured peripheral nerves,

as well as in the cornea following surgical transection. 42,202 Sprr1A expression is

accompanied by elevated BDNF and GAP-43 levels in the injured cornea, suggesting a

regenerative neurotrophic property. 42 Sprr1a is not expressed during development or in

naive adult nervous tissue. 31 It is not normally present in sensory neurons, but its delayed

de novo expression after peripheral nerve injury, as well as the fact that overexpression

increases neurite outgrowth, suggest Sprr1a is a regeneration-specific protein. 31,202 Sprr1A

is robustly and significantly expressed during corneal nerve regeneration in vivo. 42 Sprr1a

has been localized in human corneal epithelium in the context of envelope proteins, but

unlike other members of the Sprr family, its expression does not change in response to

epithelial stress injury. 215 Sprr1b, but not Sprr1a, is a proposed biomarker for corneal

epithelium squamous metaplasia and keratinization. 126 Sprr1a is induced during epithelial

differentiation in rat keratinocytes, and may contribute to the permeability barrier function

of corneal epithelium. 190 Given that corneal epithelial cells undergo continuous turnover, 84

and the sensory endings in the corneal epithelium also undergo continual rearrangement, 85

it is possible that different family members of the small proline rich proteins may

differentially regulate epithelial and nerve remodeling. The common properties of Sprr1a

with other cornified epithelium genes (e.g., upregulation of Sprr family genes with

ultraviolet light stress) raise the possibility that peripheral axonal regeneration uses a shared

gene program with epithelial differentiation. 31 Therefore, epithelial innervation,

differentiation, and permeability barrier function are interlinked processes.

β-tubulin III (Tubb3): Tubulins are structural proteins involved in nerve growth, and

neurotrophins like NGF promote tubulin expression. 70,152 β-tubulin III (Tubb3) expression

is significantly increased in the mouse cornea approximately 2 weeks after surgical

transection and positively correlates with BDNF and Sprr1A expression. 42 Tubb3

upregulation is associated with nerve regeneration in the injured peripheral nervous system,

and loss of Tubb3 upregulation after peripheral nerve injury is associated with attenuated

nerve regeneration in a diabetic animal model. 229

B4c. Inflammatory mediators

T lymphocytes: In the murine cornea, a subset of helper T cells (IL-17+ γδ T cells) is

pivotal in corneal nerve repair and regeneration. 127 Loss of these T cells reduces the

inflammatory response with >50% decrease in nerve regeneration, likely due to loss of T

cell-induced cytokine signaling and related reduction in VEGF. This suggests a pro-neural

role for both these T cells and inflammation in general.

Leukemia inhibitory factor (LIF): Leukemia inhibitory factor (LIF) is a neuropoietic

cytokine expressed in a variety of cell types, including inflammatory cells, epithelium, and

corneal tissues. 189 LIF enhances in vitro stem cell proliferation in human epithelial limbal

cells, and is involved in pro-inflammatory signaling cascades. In the healthy murine cornea,

LIF is expressed in vivo in epithelial cells, 189 suggesting a role for corneal health

maintenance and function as well as a potential reservoir for immediate chemoattractant
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signaling upon injury. In a LASIK rabbit model, following injury LIF accelerates corneal

nerve regeneration. 177

Interleukins 6, 17 (IL-6, 17): Interleukin-6 (IL-6), a neuropoietic cytokine involved in

immunomodulation as well as neuronal survival and function, 238 is synthesized in

peripheral sensory neurons and corneal epithelium and promotes stromal inflammation,

neuronal differentiation via the NGF Trk receptor, and neuronal survival with concurrent

upregulation of NGF. 204,205,238 IL-6 synthesis increases in pathological states; 238 however,

IL-6 has been implicated in pathologic chronic inflammation of keratoconus. 124 Another

cytokine involved in neurogenic inflammation is IL-17. In the murine cornea, injury

(including surgical transection) is followed by accumulation of IL-17+ γδ helper T cells and

inflammatory cells that promote complete epithelial and near-complete nerve recovery. 127

Loss of these helper T cells and/or IL-17 leads to a >50% reduction in corneal nerve

regeneration. 127

B4d. Hormonal regulators

Thyroxine: Thyroxine increases NGF and augments nerve regeneration in the central and

peripheral nervous systems, respectively. 172,223 Little is known about thyroxine in the

cornea. In the developing chick, exogenous thyroxine increases nerve elongation, possibly

via increased actin cytoskeleton polymerization that is required for neuronal outgrowth. 46

In the human peripheral nervous system, thyroxine may signal through VEGF or EGFR to

modulate neuronal migration and wound healing. 40,55 Thyroid hormone receptor is present

in all layers of the cornea, 47 although the effects of thyroxine on corneal nerve regeneration

are unknown.

Corticosteroids: Corticosteroids regulate inflammation and cell proliferation and can be

synthesized by peripheral nerves. 148 Neural roles for endogenous corticosteroids include

changes in Schwann cell morphology and proliferation in the peripheral nervous system,

serving as coactivators required for myelination. 148 Little is known about the role of

endogenous steroids in the cornea; however, the cornea has numerous steroid hormone

receptors, and ocular tissues express mRNA for 5α-reductase, an enzyme required for

metabolizing steroid hormones to biologically active molecules. 81 For information

regarding the role of exogenous corticosteroids, see the “Treatment methods” section of this

review.

B4e. Miscellaneous neuromodulators

Pituitary adenylate cyclase-activating polypeptide (PACAP): Pituitary adenylate cyclase-

activating polypeptide (PACAP) acts as a neurotransmitter (a C fiber neuropeptide 224) and

has neuromodulating effects. PACAP induces corneal neurite outgrowth and accelerates the

return of corneal sensitivity after surgical transection. 76 PACAP responds to nitric oxide

(NO) levels, and NO may activate ocular C fibers following injury. 224 PACAP increases

concomitantly with NO in response to inflammation. 224 PACAP may prove to be a viable

pro-neural factor once its role following injury in corneal nerves is elucidated.
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Collagen XVIII: Components of the extracellular matrix play pivotal roles in peripheral

nervous system growth and regeneration. 194 Collagen XVIII localizes to the basement

membrane of corneal nerves, and is required for proper corneal nerve organization and

appropriate regeneration after surgical transection. 194 Re-growth of corneal nerves appears

to occur with the laying down of new basement membrane, 13 suggesting the importance of

a healthy membrane and the presence of collagen XVIII in the regeneration process.

C. CORNEAL NERVE DYSFUNCTION

C1. Corneal diseases causing nerve dysfunction

Neurotrophic keratopathy can be caused by a variety of infectious agents, as well as

congenital, ocular, and systemic diseases, pharmaceutical agents, trauma, and corneal

dystrophies. 226 Sensory nerves in the cornea deploy afferent stimulation signals to the

brain, which then returns an efferent signal; for example, to the lacrimal gland via

autonomic nerves to drive tear production and secretion. When the cornea is damaged, these

neural circuits are disrupted. Corneal nerve damage leads to neurotrophic keratopathy either

directly (via loss of supportive neuropeptides) or indirectly (via disruption of neural circuits

resulting in, for example, dry eye). Thus, corneal nerve impairment is responsible for

epithelial defects, ulcerations, corneal perforations, and reduced function of corneolimbal

stem cells 33,217 (Figure 5). Late-stage neurotrophic keratitis patients are often asymptomatic

because of significantly decreased corneal sensation. 226 We will now elucidate the

interdependence between corneal nerves and epithelium and highlight the complicated role

of inflammation in the pathophysiology of neurotrophic keratopathies.

Infection negatively affects corneal tissues and corneal nerves. Neurotrophic keratitis can be

caused by herpes viruses [herpes-simplex virus type 1 (HSV 1) and varicella-zoster virus

(VZV)], Mycobacterium leprae, Acanthamoeba, and fungal infections. Acanthamoeba and

fungal keratitis more profoundly impact corneal nerves. 116 In these infections, with the

exception of leprosy, the subbasal plexus exhibits at least a 2- to 3-fold reduction in the

number of nerve fiber bundles, total nerve number, and branching, along with increased

tortuosity. 83,116 Similar changes are seen in contralateral, uninfected eyes. 83 Interestingly,

in both the infected and uninfected eyes of HSV1 patients, subbasal plexus alterations

directly correlate with corneal hypoesthesia related to disease duration and number of

recurrences, 83 while Acanthamoeba keratitis patients often present with significant pain,

possibly neuropathic in nature. 116 The location of corneal nerves within the layers of the

cornea and the type of herpetic keratitis determine the extent of corneal nerve changes in

response to herpetic infection. The subepithelial plexus exhibits destructive changes in

epithelial and stromal HSV keratitis, but appears preserved in clinical endothelial

keratitis. 161

Leprosy is associated with changes in stromal nerve density, irregularities in epithelial

nerves, and corneal nerve thickening, tortuosity, and beading, accompanied by

hypoesthesia. 237 Inflammatory mediators have conflicting roles in infectious neurotrophic

keratopathy. Activation of latent VZV causes inflammatory destruction of corneal

nerves, 196 whereas inflammation-related neuropeptides can be beneficial in reducing

herpetic keratopathies. Trigeminal and corneal sympathetic nervous system activity and
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increased interferon-γ levels ward off infection in mice, 212 thus preserving corneal nerves.

Combination treatment with SP and IGF-1 completely resolves epithelial defects in

neurotrophic keratopathy patients, though SP may worsen microbial keratitis by promoting

excess inflammation. 72,212,230 Non-infectious disease processes, both corneal and systemic,

also negatively affect corneal nerves.

Keratoconus, bullous keratopathy (e.g., in the setting of Fuchs’ dystrophy), and atopic

keratoconjunctivitis (AKC) are associated with inflammation of the ocular surface and are

accompanied by pathological alterations of corneal tissues and loss of corneal

sensitivity. 3,5,95,124,136,170 Nerves of the subbasal plexus exhibit significant loss of density,

branching, and diameter, with increased tortuosity in conjunction with the stromal nerve

changes of localized thickening, twisting, or looping. 3,5,95,136,170 In keratoconus, subbasal

nerves may also be thickened. 170 Thickened subbasal and stromal nerves appear

approximately 1.5- to 2-fold wider than those of healthy controls, which may be due to

keratocyte “wrapping” of the nerves rather than genuine hypertrophy. 136,170 Subbasal

nerves in the keratoconic corneal apex exhibit altered architecture, consisting of horizontal

and oblique orientations of closed loop nerve fibers and abrupt terminations instead of the

whorl-like arrangement of the healthy cornea. 182 Epithelial nerves display density loss in

the subepithelial plexus. 136 Corneal nerves have been implicated in keratoconus

pathophysiology through nerve damage (such as a cranial nerve V palsy), proteolytic

enzyme activity (cathepsin B and G) in keratocytes and nerve terminals associated with

thickened nerves, or loss of neurotrophic signaling (NGF and its receptors). 35,119,193 It is

unclear if these changes are underlying etiology or merely a result of the disease. Non-

infectious systemic diseases, including autoimmune diseases and systemic polyneuropathies,

have similar detrimental effects on corneal nerves.

Autoimmune diseases negatively affect corneal nerve parameters including density,

tortuosity, beading, and function. Graves’ disease, or any significant thyroid dysfunction,

may be accompanied by dysthyroid ophthalmopathy with signs and symptoms of corneal

nerve dysfunction. 14 Decreased serum NGF is associated with the occurrence of Graves’

ophthalmopathy, and there are fewer subbasal nerve fibers and increased tortuosity and

beading. 155,220 Nerve function is reduced, which may be due to neurotrophic factor

deprivation from loss of corneal epithelium integrity. 89,220 Epithelial defects have been

reported in cases of severe Graves’ ophthalmopathy. 89 These defects may worsen with

corticosteroid therapy, likely due in part to suppression of proneural cytokines. 89,220 The

autoimmune Sjögren’s syndrome (SS) exemplifies the relationship among corneal nerves,

tear secretion, and epithelial integrity. Corneal nerve damage, for example from refractive

surgery, may lead to tear hyposecretion. The resultant dry eye and dry eye epitheliopathy

further damages corneal nerves, perpetuating the dry eye disease state and predisposing to

neurotrophic keratopathy. In fact, SS is associated with compromised nerve function,

thickened nerves, increased subbasal nerve tortuosity, and beading. 24,216 Disagreement

exists (perhaps due to different testing modalities) over changes in subbasal nerve density

and beading and whether there is increased or decreased corneal sensitivity. 24,216

Inflammation in dry eye disease like SS may be a response to efferent nerve stimulation in

the cornea that results in the release of neuropeptides such as CGRP and SP. 203

Inflammation may be beneficial for nerve regeneration. 127 Activated keratocytes, induced
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by pro-inflammatory cytokines, are capable of secreting NGF, which may improve corneal

sensitivity and restore corneal integrity, possibly via ACh and SP production with

concurrent sympathetic nervous system modulation. 24,33 Nerve growth cones and sprouts

have been observed in conjunction with keratocyte activation. 24,216 In animal studies,

epithelial damage is exacerbated by sympathetic innervation and ameliorated by CGRP, SP,

ACh, and IGF-1. 33 It is unclear if corneal nerve damage occurs as a primary component of

these autoimmune diseases, or whether it is secondary to other orbital pathophysiology.

Other, systemic polyneuropathies exhibit similar negative impacts on corneal nerves.

Systemic polyneuropathies that can lead to neurotrophic corneal ulceration include

peripheral diabetic neuropathy (PDN), amyloidosis, sarcoidosis, vitamin B12 deficiency,

and alcoholism. The majority of corneal symptoms experienced by polyneuropathy patients

like diabetics are the result of damage of the cornea’s small Aδ and C nerve fibers that can

lead to neurotrophic keratopathy. 86,94 Central corneal epithelial nerve density is markedly

decreased. 86 The subbasal plexus exhibits both reduced density and branching with

increased tortuosity and nerve thickening. 153 These findings positively correlate to

decreased corneal sensitivity and systemic disease severity. 94 Stromal nerves appear

thickened and may have increased looping or curving of nerve fibers, and diabetic corneas

exhibit aberrant nerve regeneration. 86 Aδ mechanoreceptors may be affected prior to and

differently from polymodal C fiber nociceptors. 160 NGF is elevated in diabetic patients,

though levels of NGF and its receptors decrease in proportion to disease severity. 110 PDN

can lead to corneal epithelial disease even before the underlying diabetes has been

diagnosed, 137 and neurotrophic keratopathy should be considered when a known diabetic

develops corneal epithelial disease.

Hereditary sensory and autonomic neuropathies (HSAN, types IV and V) exhibit

compromised nerve function with corneal alacrima and analgesia, and may even lead to

neurotrophic ulceration and corneal opacities. 151 In the cornea, there is central loss of Aδ
fibers and impairment of the remaining Aδ and C fibers with a reduction in subbasal nerve

bundles and decrease in corneal sensation. 151 HSAN IV and V display mutations in NGF

and its Trk receptor, resulting in impaired nociceptor development and function. 151

Congenital aniridia is often accompanied by corneal changes, and 80% of patients display

keratopathy (aniridia-related keratopathy [ARK]) that correlates with a loss in corneal

sensitivity. 59 ARK also correlates with, and may be brought on by, intraocular surgery. 59

ARK may be a type of neurotrophic keratitis due to a Pax6 abnormality of corneolimbal

stem cells and aberrant nerve projection, though a Pax6 animal model suggests the

keratopathy is not neurotrophic in nature. 59,123 Another rare disease that involves corneal

nerve dysfunction is ocular-auriculo-vertebral dysplasia (OAV or Goldenhar syndrome).

Caused by a trigeminal nerve malformation, patients may present with corneal hypoesthesia

and keratopathy. 221 Multiple endocrine neoplasia (MEN) 2A and B are associated with

corneal nerve thickening due to a putative genetic alteration and axon and Schwann cell

abundance, respectively. 103,206 In MEN2B, keratoconjunctivitis sicca and meibomian gland

dysfunction may accompany nerve thickening, though epithelial changes may be a result of

lid and meibomian gland malfunction and not corneal nerve dysfunction. 103 In other

polyneuropathies, such as small fiber neuropathies of autoimmune, pharmacologic, or
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idiopathic origin, patients also demonstrate reduced sensitivity, nerve fiber density,

branching, and length, with a concomitant increase in tortuosity. 211

Pharmacological agents may also lead to keratitis and compromise corneal nerves. Topical

analgesics, notably the non-steroidal anti-inflammatory drug (NSAID) diclofenac, can delay

corneal wound healing and result in epithelial breakdown and corneal melting. 77,227 Direct

damage from anesthetics, such as proparacaine, retards healing and causes epithelial

defects. 187,227 The epithelial damage negatively affects corneal nerves, which elicits pain.

The pain prompts further anesthetic use, which exacerbates the initial epithelial defect.

Topical morphine does not appear to be toxic in experimental corneal abrasions in

rabbits. 187 Analgesic use is warranted for corneal nerve injuries from many causes,

including chemical and physical trauma.

Corneal nerves can be injured by chemical and physical trauma. Exposure to chemical

agents, such as carbon disulfide and hydrogen sulfide, reduces corneal sensitivity and can

irritate the cornea at high concentrations. 141 Exposure to mustard gas [bis- (2-chloroethyl)

sulfide] results in corneal epithelial ulceration and destruction. 100 Patients with chronic

mustard gas keratopathy exhibit thickened midstromal nerves and loss of the subbasal nerve

plexus; however, this latter finding could be explained by concordant dry eye. 100 In

addition to chemical factors, physical trauma to corneal nerves ranges from accidental

abrasions to planned surgical transection of corneal nerves. As with corneal nerve damage

by previously discussed modalities, traumatic injury to corneal nerves can lead to altered

function and neurotrophic keratitis.

C2. Corneal surgeries causing nerve dysfunction

C2a. Corneal nerve transection in refractive vision correction—In 2007, the

American Academy of Ophthalmology estimated 42.5 million patients in the United States

over the age of 40 years had refractive disorders. 10 Laser in situ keratomileusis (LASIK) is

the most common surgical procedure for vision correction, with 1.5 million procedures

performed in the United States in 2005. 10 Laser sub-epithelial keratomileusis (LASEK) and

photorefractive keratectomy (PRK) are alternatives. Comparing the effects of these

refractive surgeries on corneal nerves is difficult because of the variability among studies

regarding the type of surgery, depth of excision, and extent of nerve damage already present

or inflicted. 21 In PRK and LASEK, superficial and subbasal nerves are ablated, whereas the

majority of stromal nerves remain intact. In PRK, subbasal nerves regenerate from stromal

nerves to near pre-operative density by 3 years 63,180 and restore corneal sensitivity after an

average of approximately 2 months. 34,62,114,142,168,181 LASEK demonstrates a recovery of

corneal sensitivity to the pre-operative state within approximately 3 months, 54 though a

recent review suggests anatomical nerve recovery may take 6 months or more. 180 In

contrast, during LASIK procedures, stromal nerves through the stromal bed are

transected. 21,63,181 Post-LASIK, the subbasal plexus density decreases more than

80%. 57,154 Nerve regrowth is observed in the central cornea by 6 months post-procedure,

though it may be 5 years before nerve densities achieve pre-operative levels. 54,63,154,180

(refer to Table 3 for a comparison of subbasal nerve changes after refractive surgeries)

Nerve regrowth may not mimic the native state. 180 In a murine model undergoing lamellar
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corneal dissection, regenerating nerves in the central stromal were comprised of non-

myelinated nociceptive fibers as well as myelinated fibers. 165 In the pre-operative native

state, myelinated fibers are limited to the peripheral corneal stroma. Discrepancies exist

regarding subepithelial plexus regrowth as well after refractive surgery, 107 although it is

generally accepted that central regrowth is present by 6 months post-operatively and corneal

sensitivity returns approximately 3 to 9 months post-LASIK and arguably does not depend

on long-term nerve abnormalities. 54,63,154,180,191 Depth of ablation is debatably a

significant factor in time to recovery of corneal sensitivity. 25,167 Figure 6 illustrates post-

LASIK changes in the subbasal plexus. LASEK appears to have a more favorable recovery

profile, whereas LASIK may be associated with LASIK-induced neurotrophic

epitheliopathy (LINE), dry eye, and neuropathic pain. 21,122,191

Transection of corneal nerves in LASIK disrupts the regulatory loops of neurotrophins,

growth factors, and cytokines across the cornea, nervous system, and lacrimal gland. 191

Figure 7 demonstrates superficial punctate keratitis associated with LINE. LINE improves

with nerve healing 6 months post-procedure, but dry eye and neuropathic pain may become

chronic. 21,57 One study reports that nearly 50% of LASIK patients experience dry eye 6

months post-operatively. 191 Damaged nerves exhibit altered ion channel conductivity

resulting in aberrant hypersensitivity firing and dysesthesias. 21 The extent of side effects

reportedly depend upon flap hinge width, depth, and location. 157 Increased incidence of

LASIK-induced dry eye has been shown in flaps created with a microkeratome compared to

a femtosecond laser, 195 though reinnervation rates remain similar. 184 While recent studies

find no effect of hinge position on nerve recovery, 96 earlier reports suggested that corneal

flaps with superior hinges have a greater risk of dry eye and reduced corneal sensation

compared to nasal hinged flaps. 57 The performance of a horizontal flap is supported by the

model of corneal innervation proposing that the long ciliary nerves enter the cornea at the 3-

and 9-o’clock positions, suggesting that there is greater susceptibility to corneal nerve

damage with vertically than horizontally hinged flaps; 57 however, He et al. 87 have recently

reported that corneal nerves enter the stroma in a radial pattern, and the distributions of

stromal nerves and epithelial nerve are similar in each corneal quadrant; thus providing

direct anatomical evidence that the position of the corneal flap is irrelevant.

C2b. Reinnervation following corneal transplant surgery—Corneal allograft

procedures include penetrating keratoplasty (PK), lamellar keratoplasty (LK), deep anterior

lamellar keratoplasty (DALK), Descemet stripping automated endothelial keratoplasty

(DSAEK), and epikeratophakia. PK involves full thickness trephination of the host cornea to

prepare the bed for transplantation. Trephination transects the stromal nerves

circumferentially. 7 Following PK, subbasal and epithelial re-innervation of the donor graft

occurs to some degree, however, stromal innervation is quite limited. In a recent review, 7

Al-Aqaba et al. note that subbasal nerve density does not recover by 30 years after PK, and

significant alterations to the subbasal nerve plexus are apparent even 40 years later. In full

thickness corneal grafts, the majority of regenerated nerves in the donor tissue are a

continuation of host subbasal nerves, which cross the graft-host junction to innervate the

peripheral part of the grafts. Stromal nerve trunks from the host tissue may stop at the edge

of the graft and in some instances are completely absent in the donor tissue. When stromal
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nerves do invade the donor tissue, they frequently innervate only the peripheral areas.

Regenerated stromal nerves do not contribute to the epithelial innervation. In normal cornea,

the subbasal nerves arise from the stromal nerves and there are numerous connections

between them. Following PK, these normal links between the subbasal and stromal nerves

are absent in donor tissue. 7 Recovery of corneal sensation is of some debate, returning by 1

year or reduced for decades after PK, and does not seem to correspond to the degree of

anatomic re-innervation. 7,53 Epithelial and subbasal innervation in the donor graft is

generally necessary for some degree of corneal sensation restoration. 7 In DALK, a full

thickness donor cornea (with Descemet membrane and endothelium removed) is

transplanted over host Descemet membrane and endothelium. The recovery of corneal

sensitivity in the graft following PK or DALK is similar, with one comparative study

obtaining good corneal sensitivity by 2 years after surgery. 41 This is because in both

procedures, all stromal nerve trunks are transected in the process of preparing the host bed.

DSAEK is a technique of corneal transplantation that allows for selective replacement of

diseased endothelium and Descemet membrane. In contrast to PK and DALK, DSAEK does

not cause corneal hypesthesia. 115 This is not surprising because corneal nerves do not

innervate Descemet membrane or the corneal endothelium. In epikeratophakia, epithelial

nerves are lost in conjunction with long-term reduction in subbasal nerve density. 19,68

C2c. Corneal nerves following collagen crosslinking (CXL)—Riboflavin UVA-

induced corneal collagen crosslinking (CXL) is a relatively new treatment for progressive

keratoconus and post-LASIK corneal ectasia that may reduce the need for keratoplasty. 144

CXL combines riboflavin treatment with UVA irradiation to promote connections, or

crosslinking, among collagen fibers to strengthen the disease-weakened cornea. CXL can be

performed either transepithelial (without epithelial removal) or after de-epithelialization

(with epithelial removal). CXL after epithelial removal results in loss of subepithelial plexus

and anterior-midstromal nerves. 144 By 6 months post-CXL, sensitivity is restored, and

nerve fiber regeneration is nearly complete. 144 In contrast, following transepithelial CXL,

subepithelial and stromal nerve plexi remain intact. 39 CXL postoperative pain is intense and

worse than pain after PRK, particularly during the first 3 days after surgery, and necessitates

an aggressive postoperative pain control regimen. 78 The pain is neuropathic in nature and

mitigated by age. 78 Re-epithelialization is accompanied by a significant decrease in both

pain and the need for analgesia on each consecutive day. 78 One of the sources of intense

pain might be the destructive effect that CXL has on the subbasal nerve plexus while

keeping the majority of stromal nerves intact within a postoperative milieu. 78

C2d. Recombinant human collagen (RHC) corneal substitutes—Recombinant

human collagen (RHC) corneal substitutes are being tested as therapeutic corneal

replacements. RHC implants have minimal inflammation and/or neovascularization and

exhibit partial regeneration of subbasal nerves as well as a return of corneal sensitivity. 67
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D. THE LINK BETWEEN INFLAMMATION AND NERVE REGENERATION

PATHWAYS

Inflammation plays a key role in peripheral nerve regeneration. 26 Corneal nerve

regeneration and inflammation pathways appear to be intertwined. (Table 4) Corneal nerve

regeneration is enhanced by a γδ T cell-dependent inflammatory cascade that involves

IL-17, neutrophils, platelets, and VEGF-A. 127 A strong and significant correlation has been

reported between increased numbers of dendritic-shaped cells of the central cornea and

decreased subbasal corneal nerves, suggesting a potential interaction of the immune and

nervous systems during corneal infections. 52 Loss of the subbasal nerve plexus occurs in

non-infectious inflammatory eye diseases as well. 24,219 In addition, we reported previously

that immunomodulation with cyclosporine eye drops in an animal model reduces cytokine

expression in the cornea and retards regenerative sprouting from transected corneal stromal

nerve trunks. 163 Our data also revealed that topical benzalkonium application to the eye

increases corneal inflammation and induces neurotoxocity. 197 These findings suggest the

presence of molecular regulators in the cornea that straddle the immune and nervous

systems.

Taken together, these studies suggest that some degree of inflammation (inflammatory cells,

molecules, or chemokines) promotes corneal nerve regeneration, whereas excessive

inflammation may lead to loss of corneal innervation and subsequent neurotrophic

keratopathy. The nervous and immune systems communicate biochemically. Neurons,

including nociceptors, express functional receptors for cytokines, whereas cells of the

immune system may recognize, and are modulated by, neuropeptides (reviewed by Li et

al. 125). In fact, neural signaling with SP and/or VIP promotes resistance to infection by

stimulating immune system effectors (reviewed by Cruzat et al. 52). We reported that one

molecule, Sema7A, is shared by the nervous and immune systems and links nerve

regeneration and inflammation in the murine cornea. 164 In the peripheral nervous system,

Sema7A enhances axonal outgrowth. In the immune system, Sema7A is expressed in

activated T cells and plays a role in T cell-mediated inflammation. In the cornea, Sema7A is

constitutively expressed in the epithelium and stroma. Following corneal wounding,

Sema7A stimulates nerve regeneration in association with inflammatory cell influx. From

the narrow perspective of nerve regeneration, the most direct practical implication of these

studies is that avoiding long-duration immunomodulation or anti-inflammatory treatment

may benefit corneal reinnervation if postoperative healing is uncomplicated.

E. EVIDENCE-BASED TREATMENT OF NEUROTROPHIC CORNEAL

DISEASE

Corneal nerves have complex interactions with resident cells (limbal stem cells, epithelium,

and antigen-presenting cells) as well as bone marrow-derived inflammatory cells that

migrate into the cornea. Corneal nerve dysfunction from injury or disease perturbs these

interactions and leads to neurotrophic keratitis, characterized by reduced corneal sensation,

epithelial defects, and corneal scarring. The pathways controlling corneal nerve regeneration

molecularly link with pathways that control corneal epithelium differentiation as well as its
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permeability barrier function. Furthermore, corneal nerves are essential for maintaining

limbal stem cell homeostasis and function. 217 Corneal nerve regeneration is enhanced by

the presence of some degree of concomitant inflammation.

The therapeutic strategy to treat neurotrophic keratitis must consider the interactions of

nerve regeneration and inflammatory pathways. In general, patients should discontinue use

of all preserved eye drops. At least one common preservative, benzalkonium chloride,

increases corneal inflammation and additionally has direct neurotoxicity. 197 Topical

corticosteroid and cyclosporine eye drops should also be avoided, as they can excessively

retard inflammation and some inflammation appears facilitative of nerve

regeneration. 121,125,127,163 Corneal nerve regeneration can be stimulated by topical

application of platelet-rich plasma (PRP) because platelets contain neurotrophic factors like

VEGF and Sema7A. 73,74 Silicone hydrogel soft contact lenses can be used as a bandage,

and non-preserved artificial tears may be used for lubrication to promote healing. 79,143,197

Oral minocycline may be used for neuroprotection. 225 Treatment for refractory

neurotrophic keratitis may include the ProKera amniotic membrane contact “lens,” amniotic

membrane transplantation, and/or tarsorrhaphy. Additional treatment includes topical NGF

to promote corneal nerve regeneration. 135 Taken together, the data support a multipronged

approach to treat neurotrophic keratitis. The available therapeutic interventions are detailed

individually below.

E1. Neuro-regenerative

E1a. Blood component-based therapy

E1a1. Serum eye drops: Autologous serum eye drops contain a variety of factors, including

epidermal growth factor (EGF), TGF-β, vitamin A, SP, IGF-1, and NGF, that are pro-

epithelial and pro-neural. 232 Autologous serum eye drops effectively treat some cases of

neurotrophic keratitis, as well as promote corneal epithelial healing in other ocular disorders

such as dry eye. 232 Tissue healing is accompanied by a return of corneal sensitivity. 143 To

prepare serum eye drops, blood samples are collected, clotted, and centrifuged before being

diluted with balanced salt solution (BSS) or sterile saline. Therapeutic concentrations range

from 20% to 100% autologous serum. In practice, preparations can be dispensed in 5-ml

bottles to be stored at −20°C, although storage at −70°C is also recommended. When in use,

the unused portion is stored at 4°C, and opened bottles should be discarded after 16

hours. 131 Appropriate preparation and serum concentration will optimize treatment of

neurotrophic keratopathy with autologous serum eye drops. Liu et al. 131 demonstrated that

serum dilution in BSS promotes epithelial cell proliferation better than serum dilution in

saline, as does centrifugation at higher speeds, (e.g., 3,000 × g). Prolonged clotting times

(~120 minutes) enhance cell migration and differentiation. These improvements are thought

to result from increased release of epithelial and neurotrophic factors from serum

components. 131 One study reported that dry eye disease and some neurotrophic

keratopathies with epithelial defects were successfully treated with 20% autologous serum

eye drops in sterile saline. 143 Use of 50% serum eye drops diluted in sodium hyaluronate or

balanced salt solution treats a similarly high percentage of epithelial defects, and patients

enjoy the increased viscosity, suggesting that a 50% dilution of autologous serum eye drops

should be the first-line treatment for neurotrophic keratopathy. 43,105 Autologous serum eye
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drops are similar to umbilical cord serum eye drops (see below) because both improve

recurrent epithelial erosions and promote complete epithelial healing in dry eye and non-dry

eye keratopathies. 231

E1a2. Umbilical cord serum eye drops: Like autologous serum, umbilical cord serum eye

drops contain growth factors like EGF, vitamin A, TGF-β, SP, IGF-1, and NGF. They are

used in the successful treatment of recurrent corneal erosion, neurotrophic keratitis, and dry

eye syndrome. 232 Umbilical cord serum generally appears more efficient in epitheliopathy

symptom relief and healing time compared to autologous serum, 231 likely because of the

higher levels of EGF, TGF-β, SP, and NGF in umbilical cord serum. 231 In addition, this is

likely why a 20% dilution of umbilical cord serum eye drops successfully treats persistent

neurotrophic keratitis refractory to conventional treatment. 232

E1a3. Platelet-rich plasma (PRP): Platelets contain many bioactive compounds that play a

role in inflammation and wound healing. 74 These include platelet-derived growth factor

(PDGF), TGF-β, VEGF, Sema7A, cytokines, and active metabolites. 73,74 Platelet rich

plasma (PRP) assists in cranial nerve regeneration in experimental models, 69 and platelets

are associated with murine corneal nerve regeneration. 127 PRP successfully treats

symptomatic dry eye, with a decrease in inflammation and fluorescein staining. 8 Because it

contains VEGF and Sema7A, two potent neurotrophic factors, PRP is theoretically a more

powerful therapy than serum to treat neurotrophic keratitis. There are commercially

available methods to produce PRP, though clinicians may also generate PRP in the clinic.

Blood is collected and anticoagulated with citrate, followed by centrifugation to separate the

PRP. Aspirin and NSAIDs cause permanent platelet dysfunction, and at least 1 week is

required for megakaryocyte precursors to replenish the platelet population. Therefore,

clinicians must ensure patients have discontinued aspirin or NSAID for at least 1 week prior

to drawing blood for PRP.

E1b. Neurotrophic factors—NGF is responsible for axonal elongation and branching

stimulation in chick explants. 135 Exogenous NGF reverses damage to peripheral nerves and

completely heals corneal epithelial defects such as those observed in neurotrophic keratitis. 9

NGF eye drops improve corneal sensitivity and promote corneal epithelial healing in

patients with moderate and severe neurotrophic keratitis. 32 Topical application of NGF to

the cornea has been reported to be safe and efficacious for treating epithelial defects in

patients with congenital corneal anesthesia. 209 NGF, in combination with neuromediators,

may potentiate regenerative effects. NGF and decosahexanoic acid (DHA), an omega-3 fatty

acid postulated to have neuroprotective activity, exhibit enhanced nerve and epithelial

regeneration in animal experiments. 66 DHA may aid recovery of corneal sensitivity

recovers to near-normal levels, perhaps mediated via the DHA-derived lipid mediator

neuroprotectin D1 (NPD1), a docosanoid with neuroprotective actions. 49

VEGF is another growth factor with positive effects on corneal nerve healing. VEGF

appears necessary for corneal nerve regeneration following wounding. Blocking VEGF-A

results in reduced murine subbasal neuron regeneration by nearly 80% of total corneal

nerves, and exogenous VEGF doubles regenerating nerve density. 127,236 The VEGF

antibody bevacizumab binds VEGF and inhibits inflammation-induced angiogenesis and
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lymphangiogenesis in corneal experimental models. 236 The effects of bevacizumab

treatment on human corneal nerves remain unknown.

E2. Ensconcing

E2a. Contact lenses—Contact lenses can be used in a protective manner for neurotrophic

keratopathy. Choi et al. successfully treated persistent epithelial defects of neurotrophic

keratopathy with a combination of silicone hydrogel lenses with 50% autologous serum eye

drops. 43 Silicone hydrogel lenses maintain hydration and have increased oxygen

transmissibility, which lessens hypoxic conditions. 43 Silicon hydrogel contact lens materials

include senofilcon A (Acuvue Oasys ®) and narafilcon B (Acuvue TruEye ®). A special

contact lens, ProKera ® (Bio-Tissue, Inc., Miami, FL) is designed specifically to promote

corneal healing. The ProKera lens, comprised of amniotic membrane stretched within a

polycarbonate ring conformer, speeds healing and improves visual outcome in patients with

corneal wounding such as neurotrophic keratitis, likely via its delivery of amniotic

membrane growth factors. 176 Prosthetic replacement of the ocular surface ecosystem

(PROSE, Boston Foundation for Sight), is a scleral contact lens-based strategy that is

another effective alternative for recalcitrant neurotrophic corneal disease. 130

E2b. Amniotic membrane transplant (AMT)—Preserved human amniotic membrane

can be transplanted as a basement membrane substitute. Indications for AMT include

corneal ulceration, persistent epithelial defects, band keratopathy, limbal stem cell

deficiencies, acute herpetic keratitis, and Stevens-Johnson syndrome. AMT promotes ocular

epithelialization, most likely because of intrinsic EGF, keratocyte growth factor, and

neurotrophins. 108,149

E2c. Tarsorrhaphy—Tarsorrhaphy facilitates healing of recalcitrant epithelial defects in

neurotrophic keratitis. By decreasing the width of the palpebral fissure, tarsorrhaphy

decreases the evaporation rate of tears. Tarsorrhaphy also minimizes the traumatic effect of

lid movement over a healing epithelial defect. 50 Tarsorrhaphy is successful in healing more

than 90% of persistent epithelial defects from neurotrophic ulcers that are refractory to

conventional therapies. 50,75,97

E3. Anti-inflammatory

E3a. Cyclosporine A—Cyclosporine A (CSA), an anti-inflammatory immunosuppressant

drug that is potentially neuroprotective, 58 resolves inflammatory T-cell infiltrates 58,163 and

is believed to increase tear production by reducing ocular inflammation of dry eye

disease. 58 CSA also promotes lymphocyte apoptosis and inhibits epithelial apoptosis. 58

CSA use in dry eye patients results in improved patient comfort and tear production and

decreased pathologic staining in corneal epithelium. 58 Because the goal of treatment is

similar in patients with neurotrophic keratitis and dry eye disease, (that is, improved

comfort, reduced photophobia, and decreased corneal staining), it seems logical to use CSA

to treat neurotrophic keratitis; however, in the neurotrophic keratitis setting, the direct effect

of CSA on corneal nerves may be detrimental, retarding nerve fiber regeneration due to loss

of pro-neural IL-6 signaling and IL-17+ γδ helper T cells, as well as decreased transcription

factors [NFATC1 and MAPK14 (p38)] and neurotrophins (BDNF and NT 4/5). 58,163 A
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concomitant increase in c-fos and pro-neural GAP43 may explain why some neural

regeneration still occurs with CSA treatment. 163

Ocular surface surgeries may sever corneal nerves and interrupt a neural feedback loop

between the ocular surface and lacrimal glands. Therefore, to reduce the occurrence of dry

eye symptoms after LASIK and cataract surgery, a preoperative and postoperative topical

CSA regimen is recommended, particularly in patients who have pre-existing dry eyes or

who are at risk of developing dry eye. 58 Although topical CSA use in the context of dry eye

disease is beneficial, its benefits in the context of established neurotrophic keratitis are

unknown. Until clinical data become available, the current data from experimental studies

support limiting CSA use in neurotrophic keratitis.

E3b. Corticosteroids—The effects of corticosteroids on corneal nerves are mixed.

Steroids are associated with ocular surface epithelial toxicity and delayed epithelial

healing; 145 however, post-wounding, steroids may speed epithelial recovery and reduce

pain by inhibiting prostaglandins and sympathetic nerve sprouting (identified in animal

models), 33,125 improve corneal nerve health in diseases such as autoimmune neuropathy,

and help reverse the neuropathic findings of abnormal nerve thickening and tortuosity. 117

Corticosteroids, however, suppress pro-neural NGF and inflammatory cytokines such as

IL-6, reduce T cell-mediated inflammation, and inhibit sympathetic nerve sprouting in

response to injury in both animal models and human cornea. 121,125 In patients with dry eye

disease, corticosteroids result in epithelial healing and subjective improvement of dry eye

symptoms, although measures of corneal nerve function like tear film breakup time and

Schirmer tear tests do not significantly improve. 121 Corticosteroids exert their effects in a

dose- or time-dependent manner, 145 which may explain the seemingly conflicting results in

nerves following wounding.

Topical application of corticosteroid eye drops reduces corneal inflammation but can

produce epithelial toxicity. Because corneal epithelial cells, as well as sensory nerve

endings, undergo continuous turnover 84,85 and share molecular mechanisms of

regeneration, delayed epithelial healing from steroid use may concomitantly cause delayed

nerve regeneration. In animal studies, corticosteroids retard corneal epithelial regeneration,

inhibit stromal healing, and even cause superficial epithelial necrosis. 145 Therefore, topical

corticosteroid eye drop use should be minimized in neurotrophic keratitis.

E3c. Corneal analgesics—Several pharmacological mediators are used for corneal

analgesia, including NSAIDs, resiniferatoxin (RTX), opioids, and dilute anesthetics.

NSAIDs reduce pain associated with corneal injury, such as occurs after refractive surgery

or inflammatory processes. 2 NSAIDs, particularly diclofenac, inhibit inflammatory

mediators in a nociceptor-specific manner, resulting in decreased responsiveness of corneal

Aδ and C polymodal nociceptors to pain, chemical, mechanical, and thermal stimuli. 2

NSAIDs reduce post-surgical hypersensitivity, but some debate exists regarding

compromise of the neurotrophic signaling required for nerve growth. 27,77 Significant

adverse effects have been reported, including corneal perforation or “melting.” 80 These

harmful effects may be the result of inhibition of beneficial cyclooxygenase products or of

analgesia that prevents a protective response to external traumatic forces. Therefore, the use
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of topical NSAIDs should be avoided in neurotrophic keratitis. Whereas NSAIDs rely on

blocking inflammatory mediators, other analgesics target TRPV1, a signaling calcium-

permeable channel highly expressed in nociceptive neurons. 17,159 RTX is a TRPV1 agonist.

RTX binding leads to calcium influx and subsequent dose-dependent cytotoxicity, resulting

in ablation of nociceptive neurons and nerve terminals to produce analgesia. 17 Morphine

may also act by inhibiting TRPV1 and/or inhibiting high-voltage activated calcium

channels. 239 Corneal nerves contain opioid receptors, 239 and opioid analgesics may induce

a corneal reflex blockade. 218 Narcotics also exhibit a range of effects on corneal epithelium.

In animal models, an endogenous opioid, called opioid growth factor (OGF), inhibits re-

epithelialization following injury, while the OGF antagonist naltrexone enhances re-

epithelialization. 1 While it may not have a negative effect on corneal wound healing,

fentanyl’s analgesic capacity remains unproven. 239 Anesthetics have a proven analgesic

capacity, yet are toxic at typical doses. Application of dilute anesthetics circumvents their

toxicity and delivers adequate corneal analgesia. 15

F. EVIDENCE-BASED TREATMENT OF CORNEAL NEUROPATHIC PAIN

Neuropathic pain arises from damaged or dysfunctional sensory nerves. Patients with

corneal neuropathic pain report dysesthesias perceived as ocular dryness or phantom pain. 20

Receptors on free nerve endings in the corneal epithelium are implicated in neuropathic

pain. Neuropathic pain may be triggered by damage, inflammatory cells, or extracellular

chemicals such as glutamate that, through signaling cascades, increase receptor excitability

and/or receptor expression. 199 Corneal nerve injury or transection (such as LASIK) may

impair nerve sensitivity and increase the pain threshold while formation of microneuromas

and altered nerve excitability likely generate aberrant nerve impulses and neuropathic

sensations in the eye. 22 Patients with corneal neuropathic pain complain of photophobia and

eye discomfort without reduced tear production or surface staining that typically explain

such symptoms. Although there is some understanding of the pathogenesis and management

of neuropathic pain in the setting of peripheral nerve injury elsewhere, little is known in the

context of corneal nerve injury. Therefore, current management of corneal neuropathic pain

borrows from treatments available for other conditions such as trigeminal neuralgia.

If corneal neuropathic pain is refractory to topical treatments including contact lenses, then

pharmacotherapy that is typically used for pain management may be considered. Treatments

may include tricyclic antidepressants (TCAs) such as amitriptyline and the serotonin

noradrenaline reuptake inhibitor (SNRI) duloxetine, or anticonvulsant GABA analogs such

as gabapentin (Neurontin, Pfizer) and pregabalin (Lyrica, Pfizer). 12,71 The anticonvulsant

carbamazepine may be another option, but its efficacy is offset by poor tolerability. 12,71

Opioids like tramadol can effectively treat neuropathic pain; however, opioids are not

regarded as first-line therapy due to side effects of tolerance, cognitive impairment, and

dependence. 12,71

Several other agents may have a beneficial effect on treating neuropathic pain; however

there is insufficient clinical data supporting their use in routine clinical practice. These

investigational agents can act by nociceptive block or ablation or by attenuating putative

neuropathic signaling molecules and include the alpha2 adrenergic agonist brimonidine
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(Alphagan; Allergan), grape seed extract, minocycline, botulinum toxin, ceftriaxone, and

RTX. Brimonidine is topically administered to reduce intraocular pressure. A model of

trigeminal-derived neuropathic pain suggests that activation of alpha-2 adrenergic receptors

via binding of an alpha-2 adrenergic agonist may inhibit nociceptive transmission. 208 Grape

seed extract and minocycline have anti-hypernociceptive and pro-neural functions. Grape

seed extract may suppress neuropathic sensitization of trigeminal-derived nerves by

suppressing CGRP expression and upregulating the glutamate transporter GLAST. 37 The

neuroprotective minocycline also has known antihypernociceptive functions, possibly via

anti-inflammatory action. 16 Experimental models reviewed by Bastos et al. 16 show the

effects of minocycline on neuropathic pain are inconsistently proven; however, a narrow

therapeutic window exists for minocycline application to effectively treat hypernociceptive

pathologic states. 16 Ceftriaxone upregulates the glutamate clearance transporter GLT1 in

the nervous system, and the combination of minocycline with ceftriaxone potentiates the

antihypernociceptive effects of each drug alone. 11 RTX binds TRPV1, a nociceptive

receptor implicated in neuropathic pain. 22 In experimental animals, RTX provides dose-

dependent analgesia and preserves the corneal epithelium, blink reflex, and sensation of

non-TRPV1 neurons. 17

G. FUTURE DIRECTIONS

The role of neurons in the health, healing, scarring, and immunology of the cornea, as well

as the responsible molecular and cellular mechanisms, have yet to be fully determined.

Therefore, the molecular and cellular changes that occur in primary sensory neurons as a

result of disease or trauma, including their regenerative mechanisms, constitute high priority

needs, gaps, and opportunities in the field and require further study. Recent laboratory

investigations have revealed additional corneal nerve modulators; for example, pigment

epithelial-derived factor (PEDF) with DHA enhances regeneration of corneal nerves and

return of corneal sensitivity following corneal nerve damage. 49 Technological advances are

revealing the positive role of inflammation in corneal nerve regeneration. 163 The potential

clinical impact is great, as visual impairment as the result of corneal nerve dysfunction

adversely affects the qualify of life of millions worldwide. Continued laboratory and clinical

investigations are needed to advance our understanding of corneal nerves in health and

disease.

H. METHOD OF LITERATURE SEARCH

In preparing this review, we conducted a Medline and PubMed search of medical literature

for the period between 1960 and 2013 using the following key words in various

combinations: cornea, corneal nerves, nerve regeneration, neurotrophic keratitis,

neurotrophic factors, platelet-rich plasma, autologous serum, umbilical cord serum,

alphagan, contact lens, corticosteroids, and minocycline. Individual molecules, disease

processes, and surgical procedures as discussed in the review were also used as search

terms. In addition, reference lists from the selected articles were used to obtain further

references not included in the electronic databases. Articles were critically appraised, and

pertinent information was included in this review and cited accordingly.
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Figure 1.
Three-dimensional schematic of human corneal nerves. Stromal nerve bundles traverse Bowman’s membrane to form the

subbasal nerve plexus and innervate the epithelium. Unmyelinated nerve fibers (blue) bifurcate, and are composed of several

straight (red) and beaded (green) nerve fibers. Beaded fibers branch orthogonally to terminate in free nerve endings in the

anterior epithelium. Adapted from Müller et al. 158 Copyright Association for Research in Vision and Ophthalmology.
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Figure 2.
Corneal nerves during development. A) Formation of the chick pericorneal nerve ring at embryonic day 6 (E6). Fluorescence

image with brightfield overlay. B) Completion of the chick pericorneal nerve ring and subsequent penetration of corneal nerves

into the stroma at E8. Fluorescence image only. Scale bar for A and B: 1 mm. Courtesy of Dr. James K. Kubilus, Department of

Anatomy and Cell Biology, Tufts University School of Medicine, Boston, MA. 113
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Figure 3.
In vivo imaging of corneal nerves. A) Heidelberg Retina Tomograph II with Rostock Corneal Module optical coherence

tomography showing corneal nerves traversing Bowman’s membrane (BM) to innervate the epithelium (Epi). Arrows point to

nerves in the BM area. B and C) Nidek ConfoScan 4 slit-scanning confocal microscopy showing parallel nerves of the subbasal

nerve plexus (B) and branching thick nerves of stroma (C). Courtesy of Heidelberg Engineering, Inc. and Nidek, Inc.
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Figure 4.
In vivo maximum intensity projection image of fluorescent nerves in the normal thy1-YFP mouse cornea. A stromal network is

formed by thick nerve trunks that traverse the cornea, branching frequently (white arrowheads) and anastomosing with adjacent

nerve trunks. A second network is formed by thinner subbasal hairpin-like nerves that project centripetally and run roughly

parallel to one another. The subbasal nerves arise from the stromal nerve trunks at variable distances from the periphery (black

arrows indicate more peripheral origins and white arrows more central origins) and terminate as free nerve endings. In some

corneas, the subbasal nerves show swirling at the corneal apex (black arrowhead). Intraepithelial nerves are not resolved with

the stereo fluorescence microscope at the magnification used. Scale bar A, 500 μm; B, 250 μm.
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Figure 5.
Clinical photograph of a patient with neurotrophic keratitis. A) A central epithelial defect is surrounded by corneal haze. B)

Fluorescein stains the central epithelial defect and reveals extensive superficial punctate keratitis.
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Figure 6.
Subbasal nerves before and after LASIK. Heidelberg Retina Tomograph II with Rostock Corneal Module optical coherence

tomography showing subbasal corneal nerves A) before LASIK, and B) regenerated nerve loops in the flap area 4 years

postoperatively. Courtesy of Heidelberg Engineering, Inc. and Dr. E.M. Messmer, Munich, Germany.
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Figure 7.
Clinical photograph of a patient with LASIK-induced neurotrophic epitheliopathy (LINE). Superficial punctate keratitis stained

with fluorescein is limited to the flap area of the cornea.
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TABLE 1

. Select neurochemical markers expressed in the cornea*

Nerve fiber type Associated markers

Somatosensory (mechanical) NF-200165

Somatosensory (nociceptive)

 Peptidergic CGRP

SP

PACAP

Galanin

156

 Non-peptidergic
FRAP

156

Autonomic

 Sympathetic NE

5-HT

NPY

156

 Parasympathetic ACh

VIP

NPY

Galanin

156

NF-200 = neurofilament-200 kDa; CGRP = calcitonin gene-related peptide; SP = substance P; PACAP = pituitary adenylate cyclase-activating
peptide; FRAP = fluoride-resistant acid phosphatase; NE = norepinephrine; 5-HT = serotonin; NPY = neuropeptide Y; ACh = acetylcholine; VIP =
vasoactive intestinal peptide.

In addition to these markers, the cornea contains neuropeptides of unspecified origin. These include cholecystokinin (CCK), neurotensin, brain

natriuretic peptide (BNP), vasopressin, and β-endorphin. 156

*
Based on information obtained from human and animal models.
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TABLE 4

Modulators that affect neuronal as well as inflammatory pathways

Factor Effect on corneal nerves Effect on inflammation

Biological factors

NGF Nerve regeneration 66 Pro 36,120,129

VEGF Efficient regeneration 127 Pro 99

DHA Enhances regeneration 66 Anti 49

PACAP Neurite outgrowth
Accelerates return of corneal sensitivity after injury 76 Pro 224

Slit2 Axonal repulsion (early development) 113

Epithelial nerve branching (late development) 113 Anti 213

Sema7A Axonal elongation
Neurite outgrowth

Nerve regeneration 164
Pro 164

T lymphocytes Enhances regeneration 127 Pro 127

LIF Accelerates regeneration 177 Pro or anti 189

IL-17 Enhances regeneration 127 Pro 127

Pharmacologic factors

Cyclosporine A Mixed:
Improved indirect measures of corneal nerve function58*

Retards regeneration 163
Anti 58,163

Corticosteroids Mixed:
May reverse neuropathic morphologies 117

Improvement or no change in indirect corneal nerve function tests121*
Anti 121,125

Opioids Corneal reflex blockade 218

Analgesia 187 Anti 222†

Benzalkonium chloride Neurotoxicity 197 Pro 197

NGF= nerve growth factor; VEGF = vascular endothelial growth factor; DHA = docosahexanoic acid; PACAP = pituitary adenylate cyclase-
activating peptide; Sema7A = semaphorin 7A; LIF = leukemia inhibitory factor; IL-17 = interleukin 17. “ – ” = no known effect.

*
In these publications, corneal nerve function was measured indirectly by tests that assess elements of the nerve-epithelium-tear film axis, (such as

Schirmer’s, tear film breakup time, and/or fluorescent dyes for epithelial integrity), as well as subjective symptoms (such as dry eye and foreign
body sensation).

†
Evidence supports the anti-inflammatory properties of kappa opioids, while the effect of other opioid classes on inflammation remains unclear.
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