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Abstract
The surface of the cornea contains the highest density of nociceptive nerves of any tissue in the

body. These nerves are responsive to a variety of modalities of noxious stimuli and can signal pain

even when activated by low threshold stimulation. Injury of corneal nerves can lead to altered

nerve morphology, including neuropathic changes which can be associated with chronic pain.

Emerging technologies that allow imaging of corneal nerves in vivo are spawning questions regard-

ing the relationship between corneal nerve density, morphology, and function. We tested whether

noxious stimulation of the corneal surface can alter nerve morphology and neurochemistry. We

used concentrations of menthol, capsaicin, and hypertonic saline that evoked comparable levels of

nocifensive eye wipe behaviors when applied to the ocular surface of an awake rat. Animals were

sacrificed and corneal nerves were examined using immunocytochemistry and three-dimensional

volumetric analyses. We found that menthol and capsaicin both caused a significant reduction in

corneal nerve density as detected with b-tubulin immunoreactivity 2 hr after stimulation. Hyper-

tonic saline did not reduce nerve density, but did cause qualitative changes in nerves including

enlarged varicosities that were also seen following capsaicin and menthol stimulation. All three

types of noxious stimuli caused a depletion of CGRP from corneal nerves, indicating that all modal-

ities of noxious stimuli evoked peptide release. Our findings suggest that studies aimed at

understanding the relationship between corneal nerve morphology and chronic disease may also

need to consider the effects of acute stimulation on corneal nerve morphology.
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SCR_013672, RRID: SCR_014199, TRP channels

1 | INTRODUCTION

The cornea is a unique and specialized barrier that protects vulnerable

ocular tissues from environmental insults. The cornea is densely inner-

vated with nerves that are tasked with maintaining the integrity of the

corneal surface by detecting potentially harmful stimuli and evoking

behavioral and reflexive responses to neutralize the stimulus (Shaheen,

Bakir, & Jain, 2014). The innervating corneal nerves are primarily noci-

ceptors and these can be classified based on the categories of stimuli

that activate the nerve. Corneal nerves can be found that respond

selectively to cold stimuli while others respond selectively to mechani-

cal forces, but the majority are classified as polymodal nociceptors that

respond to a wide variety of stimuli such as heat, chemical irritants,

and inflammatory mediators (Belmonte, Acosta, & Gallar, 2004). The

corneal nerves contain receptors that transduce environmental stimuli

into nerve activity, including TRPV1 channels that transduce noxious

heat stimuli and TRPM8 channels that transduce noxious cold stimuli

(Alamri, Bron, Brock, & Ivanusic, 2015; Guo, Vulchanova, Wang, Li, &

Elde, 1999; Hiura & Nakagawa, 2012; Ivanusic, Wood, & Brock, 2013;

Murata & Masuko, 2006; Nakagawa, Hiura, Mitome, & Ishimura, 2009;

Parra et al., 2010). Corneal nerves are also thought to contain osmotic

receptors that are sensitive to hypertonic conditions in tears (Chao

et al., 2016), although the molecular transducer has not been

definitively identified. Polymodal nociceptors are presumed to contain

more than one type of these molecular transducers (Chao et al., 2016).

Activity from corneal nerves is transmitted via the ophthalmic branch
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of the trigeminal nerve to the trigeminal brainstem and supraspinal sub-

strates of nociception, resulting in the perception of ocular pain (Aicher,

Hegarty, & Hermes, 2014; Aicher, Hermes, & Hegarty, 2013; Belmonte

et al., 2004; Hegarty, Hermes, Largent-Milnes, & Aicher, 2014;

Hegarty, Tonsfeldt, Hermes, Helfand, & Aicher, 2010; Marfurt & Del

Toro, 1987; Meng & Bereiter, 1996).

Ocular pain can result from corneal exposure to environmental irri-

tants, corneal injuries stemming from accidents, vision correction sur-

gery such as LASIK or general surgery (Altinors, Bozbeyoglu, Karabay,

& Akova, 2007; Ang, Dartt, & Tsubota, 2001; Grixti, Sadri, & Watts,

2013). Ocular pain is also seen in chronic conditions such as dry eye

disease and normal aging (Chao et al., 2016; Lemp, 2008). Advances in

imaging technologies have allowed direct assessment of corneal nerve

morphology with the underlying assumption that changes in nerve

morphology may be associated with changes in sensory function. For

example, in vivo confocal microscopy of corneal nerves is emerging as

a clinical assessment tool to measure changes in corneal nerve density

and morphology as a means of evaluating neuropathic changes to the

corneal nerve population resulting from disorders such as diabetes or

dry eye disease (Cruzat, Pavan-Langston, & Hamrah, 2010; Kallinikos

et al., 2004). Some studies have observed correlations between nerve

morphology and pain states (Altinors et al., 2007; Cruzat et al., 2010;

Dworkin, 2002; Theophanous, Jacobs, & Hamrah, 2015; Tuisku,

Konttinen, Konttinen, & Tervo, 2008); however, these studies provide

conflicting and paradoxical results that make it difficult to establish a

direct relationship between corneal nerve integrity and ocular pain.

The effects of chronic disease on corneal nerve morphology may

be confounded with changes in nerve morphology induced by acute

corneal stimulation. The effect of topical chemical stimulation on the

structural integrity of the corneal nerves themselves has only been

examined in a few studies (Bates et al., 2010; Harti, Sharkey, & Pierau,

1989; Hirata, Mizerska, Marfurt, & Rosenblatt, 2015). In this study, we

quantitatively measured the effects of behaviorally noxious chemical

stimuli on the corneal innervation. We developed a method to quantify

corneal nerve density and peptidergic content used advanced morpho-

logical tools to examine the corneal epithelium in three dimensions.

2 | MATERIALS AND METHODS

2.1 | Experimental animals

All protocols were approved by the Institutional Animal Care and Use

Committee at Oregon Health & Science University and all experiments

adhered to the guidelines of the National Institutes of Health and the

Committee for Research and Ethical Issues of the International Associ-

ation for the Study of Pain (IASP) for animal experimentation. Male

Sprague-Dawley rats (250–400g; Charles River Laboratories, Wilming-

ton, MA) were housed in pairs on a 12/12 light/dark cycle and were

given access to food and water ad libitum. A total of 27 animals were

used for all experiments; the specific number of animals used in each

study is indicated in the Results section. In some cases, the same

animal was used for both behavior study and corneal nerve analysis.

2.2 | Behavioral measurement of ocular sensation

Animals were acclimated to the behavior room and handling for 2 days

prior to behavioral assessment. On the day of assessment, awake rats

were lightly restrained while 10ml of a chemical stimulus (menthol, cap-

saicin, hypertonic saline or vehicle) was applied to the ocular surface

(Aicher, Hermes, & Hegarty, 2015). Immediately after application of the

stimulus, the animal was placed into a plexiglass chamber and the num-

ber of ipsilateral eye wipes made with the corresponding forelimb was

counted for 3min (Aicher et al., 2015; Farazifard, Safarpour, Sheibani,

& Javan, 2005; Hegarty et al., 2014). Facial grooming behaviors or hind

paw scratches were not counted as eye wipes (Klein, Carstens, &

Carstens, 2011; Shimada & LaMotte, 2008). Animals receiving an

ocular stimulus were then returned to the home cage for 2 hr until they

were sacrificed (see below). A group of animals that received capsaicin

was returned to the home cage after behavioral testing and was

sacrificed 1 week later. A group of age and weight-matched naïve

animals that did not receive any stimulation was included in our corneal

studies (see below) to evaluate whether vehicle application had any

effect on corneal density in control animals.

2.3 | Ocular stimuli

Prior to the start of the current study, we determined doses of the

chemical stimuli that are psychophysically equivalent by eliciting similar

numbers of eye wipe responses (Aicher et al., 2015; Farazifard et al.,

2005). The osmolalities of the chemicals used for ocular stimulation

were measured on a vapor pressure osmometer (VAPRO Model 5600,

Wescor, Inc., Logan, UT). Vehicle control animals received 0.9% saline

containing 4% ethanol, 4% Tween-80 (Sigma-Aldrich, St. Louis, MO)

(295 mOsm). Chemical stimuli for experimental animals included:

50mM menthol ((Sigma) in 4% ethanol, 4% Tween-80 in 0.9% saline

(298 mOsm)); 33mM capsaicin ((Sigma) in 0.01% ethanol, 0.01%

Tween-80 in 0.9% saline (286 mOsm)); and 5M hypertonic saline

(9,430 mOsm).

2.4 | Perfusion and immunocytochemistry

Rats were overdosed with pentobarbital sodium (150mg/kg) and per-

fused transcardially as previously described (Hegarty et al., 2014;

Hermes, Andresen, & Aicher, 2016) through the ascending aorta with

10ml heparinized saline (1,000 units/ml) followed by 600ml 4%

paraformaldehyde (in 0.1M phosphate buffer [PB], pH7.4). Eyes were

enucleated immediately after perfusion and placed in PB. The central

cornea was removed from each eye using a 5mm diameter corneal

trephine (Ambler Surgical, Exton, PA) and placed in PB at 4 8C until

immunoprocessing. We found that transcardial fixation without post-

fixation yielded the best and most consistent labeling of our antigens

of interest in corneal afferents.

Whole mount corneas were processed free-floating for immunocy-

tochemistry as previously described (Aicher et al., 2015). Corneas were

incubated in a primary antibody cocktail of mouse anti-Neuronal Class

III b-tubulin (BioLegend, San Diego, CA) and rabbit anti-calcitonin

gene-related peptide (CGRP; ImmunoStar, Hudson, WI) for three nights
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at 4 8C. See Table 1 for details on primary antibodies. Corneas were

rinsed and incubated in a fluorescent secondary antibody cocktail of

Cy3 Donkey anti-Mouse (1:800, Jackson ImmunoResearch Laborato-

ries, Inc., West Grove, PA, Cat# 715-165-151, RRID: AB_2315777)

and Alexa Fluor 647 Donkey anti-Rabbit (1:800; Jackson ImmunoRe-

search, Cat# 711-605-152, RRID: AB_2492288) for 2hr at room tem-

perature. Corneas were rinsed, blotted dry, and then placed into

individual wells of an 18-well m-Slide (ibidi USA, Inc., Madison, WI) to

allow the corneas to maintain their natural convex shape. The slide was

coverslipped with CFM-1 (Electron Microscopy Sciences [EMS],

Hatfield, PA). A subset of corneas was later clover-leafed, mounted

onto slides and coverslipped with Prolong Gold Antifade reagent (Life

Technologies, Grand Island, NY) for high magnification analysis.

2.4.1 | Antibody characterization

The primary antibodies used in this study are listed in Table 1 and have

been used in previous studies from this laboratory (Aicher et al., 2015;

Hegarty et al., 2010). The mouse monoclonal b-tubulin antibody is a

well-characterized antibody that was raised against microtubules

derived from rat brain (manufacturer’s technical specifications). This

antibody recognizes an amino acid sequence located in the C-terminus

of the neuronal class III b-tubulin protein and produces a single band at

50 kDa on Western blots (Lee, Rebhun, & Frankfurter, 1990; Lischka

et al., 2008).

The rabbit polyclonal CGRP antibody was raised against synthetic

rat alpha-CGRP (manufacturer’s technical specifications). We used this

antibody in a previous study to label corneal afferents at their central

areas of input into the trigeminal brainstem (Hegarty et al., 2010). The

CGRP labeling in corneal nerves in the current study is similar to cor-

neal nerve CGRP labeling in guinea pig (Alamri et al., 2015) and rat

(Hiura & Nakagawa, 2012; Jones & Marfurt, 1991, 1998) using other

CGRP antibodies. CGRP labeling was completely abolished when this

antibody was preadsorbed with the rat alpha-CGRP peptide at a con-

centration of 1025, but not other peptides such as substance P (manu-

facturer’s technical specifications) (Hegarty et al., 2010). The specificity

of the secondary antibodies has been confirmed by omitting the pri-

mary antibodies or incubating primary antibodies with an incorrect sec-

ondary antibody.

2.5 | Confocal microscopy and image analysis

2.5.1 | Corneal nerve density

To assess overall corneal nerve density and CGRP content, we used

antibodies to b-tubulin and CGRP and images were captured on a Zeiss

LSM 510 META confocal microscope with a 2030.75 NA

Plan-Apochromat objective (Carl Zeiss MicroImaging, Thornwood, NY).

Corneal images were taken from the central cornea and included the

whorl-like vortex as an anchor (Figure 1). Z-stacks of 1mm optical sec-

tions bounded by the vertical extent of b-tubulin (Figure 1a,c) and

CGRP (Figure 1b,c) immunoreactivity were captured using the single

pass, multi-tracking format. Confocal image sizes in the x and y plane

were the same for every image (204832048 pixels). The image sizes in

the z plane were different as we had to accommodate the natural curva-

ture of the cornea. Variation in the z plane was corrected by isolating

the corneal epithelium labeling from the rest of the image (see below).

Cornea nerve density analysis was performed using Imaris 8.0 soft-

ware (Bitplane USA, Concord, MA, RRID: SCR_007370) on an offline

workstation in the Advanced Light Microscopy Core at OHSU by a

blinded observer. In the current study, we defined corneal nerve den-

sity as the density of the subbasal and intraepithelial corneal nerves

taken together. Only the stimulated cornea was evaluated in each ani-

mal in these studies. In naïve animals, only one cornea was used for

analysis. To correct for variation in the z plane of each confocal scan,

the corneal epithelium was isolated from the rest of the image using

the manual setting of the Surfaces segmentation tool. Specifically, the

orientation of the image was rotated such that the z plane was vertical

(Figure 2a) and the borders of the corneal epithelium were then out-

lined by the observer using the Draw function at several spots through-

out the z plane of the image. The corneal epithelium was defined by

the b-tubulin-labeled and CGRP-labeled epithelial and subbasal corneal

nerves from the anterior surface of the cornea to the epithelial-stromal

border (Figures 1 and 2a). Using several tracings throughout the z

plane, a surface was created (Figure 2b) that served as a region of inter-

est (ROI) for the rest of the analysis. The volume of the corneal epithe-

lium ROI (Figure 2b) was calculated by the software and recorded as

the corneal epithelium volume (mm3). We then used the Mask Channel

function to isolate b-tubulin labeling and CGRP labeling within the

corneal epithelium ROI for further analysis.

Using the Surfaces segmentation tool, the b-tubulin labeling within

the ROI was thresholded (Figure 2c,e) and a volume (mm3) was calcu-

lated. Due to subtle differences in the corneal epithelium volumes

(Table 2), the b-tubulin volume (Figure 2c) was calculated as a percent-

age of the corneal epithelium volume (Figure 2b) for each cornea and

expressed as % b-tubulin or the percent of the epithelium that con-

tained b-tubulin-labeled nerves. For the CGRP analysis, we wanted to

measure changes in CGRP specifically within corneal nerves. Therefore,

the b-tubulin volume (Figure 2c,e) was established as the ROI and the

Mask Channel function was used to further determine CGRP labeling

TABLE 1 Primary antibodies used for immunocytochemistry

Antibody Immunogen Source Concentration

b-tubulin (clone TUJ1;
Neuronal class III)

Rat brain-derived microtubules;
C-terminal amino acid
sequence (CEAQGPK)

BioLegend Cat# 801201 RRID:
AB_10063408
Mouse monoclonal

1:500

CGRP Full length synthetic rat a-CGRP ImmunoStar Cat# 24112 RRID:
AB_572217 Rabbit polyclonal

1:8,000
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within b-tubulin-labeled nerves. CGRP labeling within nerves was

thresholded using the Surfaces segmentation tool (Figure 2d,f) and the

volume of CGRP labeling (mm3) was calculated by Imaris software. As

above, the CGRP volume (Figure 2d,f,g) within the b-tubulin ROI (Fig-

ure 2c,e,g) of each cornea was normalized to the corneal epithelium

volume (Figure 2b) and expressed as % CGRP or the percent of the epi-

thelium that contained CGRP-labeled corneal nerves.

2.5.2 | Varicosity assessment

To assess changes in varicosity morphology, high magnification images

were taken from a subset of corneas using a 6331.4 NA Plan-

Apochromat oil objective on a Zeiss LSM 780 confocal microscope.

These corneas were removed from their wells, clover-leafed, and flat-

mounted to achieve proper working distance for the objective. High

magnification images of the corneal nerves were captured within the

FIGURE 1 Representative confocal images centered over the whorl-like vortex in the central cornea of a naïve rat demonstrate b-tubulin
and CGRP-immunolabeled corneal nerves. (a) b-tubulin was used as a marker to visualize all nerves in the rat cornea. (b) CGRP-
immunoreactive (-ir) peptidergic nerves are also present in the cornea. (c) The overlay image demonstrates that CGRP-immunoreactive
nerves constitute a subset of the entire corneal nerve population. Images are projections of optical slices through the corneal epithelium
made using Imaris software. Scale bars540 mm [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 2 Imaris software was used to quantitate nociceptive corneal nerves within the corneal epithelium. All images include the Imaris
frame for orientation. (a) The confocal image of the rat cornea from Figure 1c was rotated in Imaris software such that the z plane was
oriented vertically. The epithelial area was defined by the extent of corneal nerve labeling and was traced at several levels throughout the
z plane. (b) Imaris then used those tracings to build a region of interest (ROI; yellow area) that included labeling throughout the epithelium.
Note the natural curvature of the cornea on the right side (arrow). (c) The volume of b-tubulin labeling was determined within the corneal
epithelium ROI. This b-tubulin volume was then used as an ROI to mask the CGRP labeling within b-tubulin-labeled nerves. (d) The volume
of CGRP labeling within b-tubulin nerves can be revealed and quantified. By changing the perspective angle, more details can be visualized
of the Imaris-calculated b-tubulin (e) and CGRP (f) volumes around the whorl-like vortex (asterisk) within the corneal epithelium. The
overlay (g) of these volumes demonstrates populations of corneal nerves with and without CGRP. Scale bars: a–d540 mm; e–g510 mm.
[Color figure can be viewed at wileyonlinelibrary.com]

2022 | The Journal of
Comparative Neurology

HEGARTY ET AL.

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


whorl and in a region outside the whorl but within the central cornea.

Confocal micrographs used for publication were adjusted for optimal

brightness and contrast using Adobe Photoshop CS5 (Adobe Systems

Incorporated, San Jose, CA, RRID: SCR_014199).

We noticed that corneal nerve varicosity size appeared to differ

among stimulated corneas, so we used high magnification images

to qualitatively assess stimulus-induced alterations to the structure of

the corneal nerves using Zeiss Zen 2011 (black edition, RRID:

SCR_013672) software. Varicosities were operationally defined as

punctate enlargements along or at the end of a corneal nerve that

were present in two consecutive optical slices (Aicher et al., 2013,

2014; Hegarty et al., 2010, 2014). Two regions were captured per cor-

nea and varicosities were arbitrarily sampled throughout each scanned

image. The maximum of the minimum cross-sectional diameter of each

varicosity was measured by an observer blinded to experimental condi-

tion (25 varicosities per image, 50 varicosities per cornea). The fre-

quency of varicosity diameters from all corneas was displayed using a

histogram fitted with a Gaussian peak curve (SigmaPlot 12.0 (Systat

Software, Inc., San Jose, CA, RRID: SCR_003210).

2.6 | Statistical analyses

Statistical analyses and curve fitting were performed using SigmaPlot

12.0 software. A one-way ANOVA was performed to test for differen-

ces among treatment groups in eye wipe behavioral responses and cor-

neal epithelium volumes. The Holm-Sidak post hoc test was utilized

when analyzing the eye wipe responses. A Mann-Whitney Rank Sum

test and t test were used to compare the % b-tubulin and % CGRP in

Naïve and Vehicle corneas, respectively, to pool them as one Control

group for further analysis. T tests were then used to compare each

chemically-stimulated treatment group to Control. In all cases, a p value

less than 0.05 was considered significant.

3 | RESULTS

3.1 | Different ocular chemical stimuli evoke similar

eye wipe responses

The purpose of this study is to determine if noxious ocular stimulation

alters the morphology and neurochemistry of corneal sensory nerves

(Figure 1). Application of noxious chemical stimuli to the corneal sur-

face of awake rats evoked stereotypical forelimb eye wipe behavior

(Figure 3a). We selected doses of menthol, capsaicin, and hypertonic

saline that elicited similar numbers of eye wipes (Figure 3a). As a con-

trol, we used the vehicle solution used to prepare the menthol stimu-

lus. We found that eye wipes evoked by ocular application of 50mM

menthol, 33mM capsaicin, and 5M hypertonic saline were all signifi-

cantly different from vehicle, but were not different from each other

(one way ANOVA (p<0.001), Holm-Sidak post hoc tests, p�0.001 for

all stimuli as compared to Vehicle) (Figure 3a). These results demon-

strate that among this diverse set of chemical stimuli, we have

achieved behaviorally equivalent doses for corneal nociception.

TABLE 2 Corneal epithelium volumes

Treatment group
Epithelium volume
(3106 mm3) N

Control 6.860.6 7

Menthol 8.260.7 4

Capsaicin 5.561.1 4

Hypertonic saline 7.060.5 4

Long-term capsaicin 7.661.4 3

Data expressed as mean6 SEM. All volumes have an exponent of 3106.

FIGURE 3 Stimuli of different modalities induce similar eye wipe responses in rats but produce differential effects on the corneal
nerves. (a) Application of menthol (50mM, n54), capsaicin (33 mM, n510), or hypertonic saline (5M, n55) to the ocular surface
induce significant numbers of ipsilateral eye wipes compared to vehicle (n53). (b) b-tubulin immunolabeling in the corneal epithelium
is reduced after ocular application of menthol (n54) or capsaicin (n54) as compared to Control corneas (n57). In contrast,
hypertonic saline did not alter corneal b-tubulin immunolabeling (n54). Bars indicate mean6 SEM. *p<0.05 versus Vehicle; #p<0.05
versus Control.
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3.2 | Corneal epithelium volume is not affected by

chemical stimulation

We used immunocytochemistry to identify corneal nerves and their

content of CGRP (Figure 1). For quantification, we limited our analyses

to corneal nerves within a defined volume of the corneal epithelium

(Figure 2a,b). To ensure the corneal epithelial volume was similar

between groups we compared two groups of control corneas: corneas

that received application of the vehicle control solution (Vehicle) and

corneas that received no stimulation (Naïve). The volume of the corneal

epithelium was not significantly different between these two groups

(All volumes have an exponent of 3106; Vehicle: 6.160.2mm3, n53;

Naïve: 7.361.0mm3, n54; t test, p50.192). Therefore, these two

groups of corneas were pooled as the Control group for further analy-

sis. Corneal epithelium volumes are listed in Table 2 for all treatment

groups in this study. We compared all acutely stimulated corneas

(Menthol, Capsaicin, Hypertonic Saline) and a group of corneas that

were stimulated and then perfused 1 week later (Long-term Capsaicin).

There were no significant differences in corneal epithelial volume

between any of these groups (one-way ANOVA, p50.242).

3.3 | Corneal b-tubulin labeling is reduced after

application of menthol or capsaicin

Corneal nerves contain b-tubulin and assessment of this marker is

often used as an index of nerve density (Aicher et al., 2015; Dvorscak

& Marfurt, 2008; Hirata et al., 2015). We tested the hypothesis that

noxious stimulation of the cornea can alter corneal nerve density. To

conduct a three dimensional analysis, we normalized the volume of

b-tubulin labeling to the corneal epithelium volume (% b-tubulin) for

each cornea to account for any individual differences in epithelial vol-

ume among all of the corneas tested (Figure 2). We first assessed %

b-tubulin in Vehicle (2.160.5%, n53) and Naïve (2.460.2%, n54)

corneas and found no significant differences between these groups

(Mann-Whitney Rank Sum test, p50.857). Therefore, the Vehicle and

Naïve groups were pooled as the Control group for further analysis.

The % b-tubulin values were then compared between Control corneas

and individual groups of acutely stimulated corneas. A single applica-

tion of menthol caused a significant reduction in % b-tubulin when

compared to Control corneas (Figure 3b; t test, p50.026, n57 Con-

trol, 4 Menthol). An acute, single application of capsaicin also signifi-

cantly reduced the % b-tubulin in treated corneas as compared to

Control (Figure 3b; t test, p50.018, n57 Control, 4 Capsaicin). This is

in contrast to a single application of hypertonic saline which did not

change % b-tubulin (Figure 3b; t test, p50.253, n57 Control, 4 Hyper-

tonic Saline). These results demonstrate that even a single application

of menthol or capsaicin can reduce corneal nerve density 2hr later.

Although all three stimuli (menthol, capsaicin, and hypertonic saline) eli-

cited psychophysically equivalent behavioral responses (Figure 3a), only

the menthol and capsaicin reduced corneal nerve density (Figure 3b).

To determine whether corneal nerves show long-term changes

after a single capsaicin stimulation, a subset of animals that received

corneal application of capsaicin were examined 1 week later. When

qualitatively compared to a Control cornea (Figure 4a) and an acutely

stimulated Capsaicin cornea (Figure 4b), the nerves in the cornea that

received capsaicin stimulation 1 week prior (Long-term Capsaicin) con-

tained some irregular nerve morphology (Figure 4c, arrows) and a

somewhat lower nerve density. The % b-tubulin values in the Long-

term Capsaicin corneas (1.860.2%, n53) are intermediate between

the % b-tubulin values from Control (2.360.2%, n57) and acute

Capsaicin (1.460.2%, n54) corneas. These results suggest that the

corneal nerves undergo persistent dynamic changes in response to a

single ocular chemical stimulus that are still evident 1 week later.

3.4 | CGRP is depleted from corneal nerves by

different noxious stimuli

We examined the CGRP content of corneal nerves to determine

whether ocular chemical stimuli specifically affected CGRP-containing

FIGURE 4 Representative images of the b-tubulin labeling demonstrate the acute and long-term effects of capsaicin stimulation of
the cornea. (a) b-tubulin labeling around the whorl-like vortex in the central cornea of a Control animal that received vehicle solution. (b)
b-tubulin is markedly decreased 2 hr after capsaicin stimulation. (c) Nerve density is increased 1 week after capsaicin, but abnormal
varicosities are still apparent (arrows). Images are projections of optical slices taken through the corneal epithelium made using Imaris
software. Scale bars540 mm [Color figure can be viewed at wileyonlinelibrary.com]
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nerves. The volume of epithelial CGRP labeling was measured within

the mask created by the b-tubulin labeling present in each cornea (Fig-

ure 2) to obtain the percent of nerve volume containing CGRP. There

were no significant differences in % CGRP between Vehicle and Naïve

corneas (Vehicle: 0.2460.07%, n54; Naïve: 0.1960.04%, n53; t

test, p50.271). Therefore, these two groups were pooled as the Con-

trol group. The % CGRP values were compared between Control cor-

neas and each group of acutely chemically stimulated corneas. When

compared to Control corneas (n57), Menthol (t test, p50.01, n54),

Capsaicin (t test, p50.009, n54), and Hypertonic Saline (t test,

p50.022, n54) corneas all showed significantly reduced % CGRP

after an acute, single ocular application (Figure 5). This suggests that

CGRP is depleted by stimuli that are noxious enough to elicit nocicep-

tive behavioral eye wipe responses (Figure 3a), regardless of whether

nerve density is reduced (Figure 3b).

A similar analysis was conducted on a group of rats exposed to

capsaicin 1 week prior (Long-term Capsaicin treatment). Similar to %

b-tubulin, the % CGRP values from Long-term Capsaicin corneas

(0.1260.03%, n53) were intermediate between % CGRP values from

Control (Figure 5; 0.2160.03%, n57) and Capsaicin (Figure 5; 0.076

0.02%, n54) corneas. This suggests that the effects of capsaicin stimu-

lation persist in CGRP-containing corneal nerves.

3.5 | Corneal nerve varicosities are acutely affected by

noxious ocular stimuli

High magnification images of central corneal nerves were qualitatively

assessed for stimulus-induced changes in nerve structure (Figure 6).

We noted that the varicosities dotting the intraepithelial corneal nerves

appeared to be distended in some cases. We assessed this by meas-

uring the cross-sectional diameter of 50 representative varicosities in

one cornea per treatment group. In the images taken from a Control

cornea, all varicosities on corneal nerves fell within the range of 0.4 to

1.5mm in diameter (Figure 6a; white bars). The majority of varicosities

from stimulated animals were 1.5mm or smaller, but stimulated corneas

also had a few very large varicosities (Figure 6a; gray striped bars). Cor-

neal nerves from a Control animal appeared normal with thin nerves

beaded with small varicosities (Figure 6b). In contrast, corneas exposed

to noxious chemical stimuli, including cases for Long-term Capsaicin

treatment 1 week prior (Figure 4c), contained varicosities that

appeared distended and measured greater than 1.5mm in diameter.

Although hypertonic saline did not affect the overall corneal % b-tubulin

density (Figure 3b), it did induce enlarged varicosities (Figure 6c) 2hr after

application.

4 | DISCUSSION

We have demonstrated that corneal nerves are differentially affected

by psychophysically equivalent doses of noxious chemical stimuli

applied to the corneal surface. We have combined behavioral assess-

ments of corneal nociception with quantitative imaging tools and

qualitative observations to assess the effects of noxious chemical stim-

ulation on corneal nerves. Eye wipe responses to noxious stimuli were

used to establish doses of chemical stimuli and are in agreement with

previous studies from this laboratory (Aicher et al., 2015; Hegarty

et al., 2014) and others (Farazifard et al., 2005). We used b-tubulin, a

well-characterized nerve marker to study the overall changes in corneal

nerve density in the central area of the cornea (Aicher et al., 2015;

Dvorscak & Marfurt, 2008; Hirata et al., 2015), while CGRP was also

used to address whether subgroups of nociceptive nerves were specifi-

cally affected by select noxious ocular stimuli (Belmonte et al., 2004;

Hegarty et al., 2010). We found that the density of b-tubulin-labeled

corneal nerves within the epithelium was significantly reduced by cap-

saicin and menthol, but not by hypertonic saline. Stimulus-induced

CGRP depletion from corneal nerves was caused by all of the noxious

stimuli tested. This study underscores that even a single application of

a noxious stimulus produces acute morphological and neurochemical

changes in the corneal nerve population. This study also suggests that

a single application of a noxious stimulus may have long-lasting effects

on these vulnerable peripheral nerves.

4.1 | Methodological considerations

We developed a protocol combining well-established immunocyto-

chemical methods and confocal microscopy with advanced imaging

tools for assessing corneal nerve density and neurochemical composi-

tion (see Methods). This approach improves upon our previous work in

the cornea (Aicher et al., 2015) by allowing widefield, high resolution

imaging. By mounting the corneas in individual wells, we are able to

maintain the natural curvature of the cornea and avoid the need to

clover-leaf and flat-mount them on to slides. By using advanced imag-

ing tools, we are able to compensate for variations in z-thickness and

orientation and thereby limit our analyses specifically to the corneal

epithelium. We found that there were some subtle differences in epi-

thelium volume among individual corneas that may be due to variations

FIGURE 5 CGRP is reduced after acute noxious corneal
stimulation. CGRP immunolabeling within epithelial corneal nerves
is reduced after ocular application of menthol (n54), capsaicin
(n54) or hypertonic saline (n54) as compared to Control corneas
(n57). Bars indicate mean6 SEM. #p<0.05 versus Control.
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in z-thickness, natural differences among animals, and variations in the

experimenter tracing the outline of the corneal epithelium. Despite

these sources of variation, we did not find any significant differences in

corneal epithelium volume among any of the treatment groups (Table

2). We calculated volumes for each marker as a portion of the epithe-

lium volume for each cornea to allow between animal comparisons.

Therefore, the differences we found in % b-tubulin (Figure 3b) are not

attributable to differences in epithelium volume.

We also used the advanced imaging approach to quantify CGRP

loss from corneal nerves. Over the course of our studies, we found

that CGRP labeling in the cornea was not always limited to nerves. We

occasionally observed extra-nerve fiber labeling within the corneal epi-

thelium that we speculate could be background labeling or may repre-

sent CGRP that has been released from nerves into the epithelial space

by noxious stimuli. Therefore, to assess CGRP content specifically

within corneal nerves, we isolated the CGRP labeling within an ROI

created from the volume of epithelial b-tubulin labeling (Figure 2c) and

created a new volume representing CGRP labeling within the corneal

nerves (Figure 2d). By limiting CGRP volume measurements to the

b-tubulin ROI within the epithelium volume ROI, we make our best

approximation of changes in CGRP within corneal nerves, even after

stimulus-induced nerve loss.

4.2 | CGRP content of corneal nerves is reduced by all

noxious stimuli tested

We demonstrate that CGRP is reduced by all the noxious stimuli we

applied to the cornea, suggesting that CGRP-containing nerves are vul-

nerable to different types of noxious insults, not just the TRPV1-

specific agonist capsaicin. If CGRP-immunoreactive nerves were selec-

tively responsive to capsaicin stimulation, we would have expected a

more profound loss of CGRP compared to menthol stimulation or

hypertonic saline. Both capsaicin and menthol caused a reduction in

overall b-tubulin density, so the assessment of CGRP depletion is more

complex in these cases. However, we conducted our analysis in a man-

ner that compared the CGRP within the remaining nerve content as a

percent of the corneal epithelium volume, so that we might detect dif-

ferences even in the face of changes in overall nerve density. For both

Menthol and Capsaicin corneas, it is possible that the CGRP reduction

is due to loss or disruption of those nerves. However, we also saw a

reduction in CGRP immunoreactivity for cases treated with hypertonic

saline. Since the Hypertonic Saline corneas did not show a change in

b-tubulin density, our data suggest that all of these stimuli are suffi-

cient to induce the release of CGRP from corneal sensory nerves.

CGRP is thought to contribute to the sensitization of local nociceptors

as well as promote the integrity and health of epithelial tissues (Alamri

et al., 2015; Muller, Marfurt, Kruse, & Tervo, 2003). CGRP has been

shown to promote wound healing of bronchial epithelial cells (Zhou

et al., 2013), induce the synthesis of the neutrophil-recruiting chemo-

kine IL-8 within corneal epithelial cells (Tran, Ritchie, Lausch, & Oakes,

2000) and promote the stratification of corneal epithelial cells (Ko

et al., 2014). Therefore, chronic depletion of CGRP could compromise

the integrity of the corneal epithelium.

4.3 | Capsaicin stimulation alters corneal nerve

morphology and neurochemistry

Capsaicin is an agonist of the transient receptor potential vanilloid 1

(TRPV1) channel, a cationic channel that is permeable to calcium and

sodium (Caterina et al., 1997, 2000; Patapoutian, Tate, & Woolf, 2009).

FIGURE 6 Corneal nerve varicosities are enlarged after acute noxious chemical stimulation. (a) A histogram displaying the frequency of
cross-sectional diameters measured from 250 varicosities (25 varicosities/scan, 2 scans/cornea, 1 cornea/animal; n55 animals) and fitted

with a peak Gaussian curve. White bars represent the varicosity diameters measured from a Control cornea and the majority of varicosities
from stimulated corneas. Striped bars represent those large varicosities only found in stimulated corneas. (b) High magnification image of
b-tubulin-labeled corneal nerves from a Naïve animal demonstrates thin nerves beaded with varicosities. (c) Hypertonic saline stimulation
leads to distended varicosities (arrows). Images are projections of optical slices taken through the corneal epithelium. Scale bars520 mm
[Color figure can be viewed at wileyonlinelibrary.com]
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Several studies have demonstrated that capsaicin and the more potent

TRPV1 agonist resiniferatoxin (RTX) are noxious stimuli to orofacial

structures in rodents (Aicher et al., 2015; Caterina et al., 2000; Hegarty

et al., 2014; Klein et al., 2011; Neubert et al., 2008; Shimada &

LaMotte, 2008). These agonists have been also shown to have cyto-

toxic effects on neurons in culture (Goswami, Dreger, Otto, Schwap-

pach, & Hucho, 2006; Han et al., 2007). Previous studies have

demonstrated loss of the corneal nerves in adulthood after systemic

injection of TRPV1 agonists into neonates (Fujita, Miyazono, & Ohba,

1987; Lambiase et al., 2012; Marfurt, Ellis, & Jones, 1993; Ogilvy &

Borges, 1990). Other studies have looked at the effects of topical cap-

saicin or RTX on corneal nerves and have found that CGRP-labeled

nerves were lost after application of a TRPV1 agonist. One study in

rats found a 50% reduction in the number of CGRP- and substance P

(SP)-labeled nerves after repeated topical applications of a high con-

centration of capsaicin over the course of 5 days (Harti et al., 1989). A

more recent study used topical application of RTX to the rat cornea to

look at changes to b-tubulin and CGRP-labeled corneal nerves, but due

to methodological constraints, only assessed changes in stromal nerve

bundles (Bates et al., 2010). This study demonstrated a reduction in

CGRP-labeled nerves within b-tubulin-labeled stromal nerve bundles

that they attributed to ablation of CGRP-labeled nerves or depletion of

CGRP (Bates et al., 2010). In our current study, we used advanced

imaging techniques to examine the entire depth of the corneal epithe-

lium, including intraepithelial and subbasal corneal nerves. Our study

demonstrates a loss of corneal nerves as well as a reduction in CGRP

content in the remaining nerves after a single application of capsaicin.

We find that these effects are sustained at 2 hr after stimulation and

morphological changes are still evident 1 week later.

The influx of calcium through the TRPV1 channels may lead to

changes in sensory nerve morphology by different mechanisms which

could lead to reversible peripheral nerve injury or irreversible cell death,

depending on the site of activation (Patapoutian et al., 2009). Of special

relevance to the current study, one potential mechanism underlying

TRPV1-induced cytotoxicity involves the effects of TRPV1 activation on

the neuronal microtubule cytoskeleton. Microtubules provide neurons

with structure and guide transport of proteins and organelles to all parts

of the neuron. The dynamic nature of microtubule assembly and disas-

sembly is critical to axon growth during development and regrowth after

injury (Kapitein & Hoogenraad, 2015). RTX-induced TRPV1 activation

within cultured DRG cells led to the dispersal of the tubulin cytoskeleton

within 1min of application (Goswami et al., 2006). This study goes on to

suggest that calcium influx via activated TRPV1 channels contributes to

the depolymerization of microtubules, leading to a disruption of the

cytoskeleton which could potentially induce cellular degeneration (Gos-

wami et al., 2006). In another study, capsaicin activation of TRPV1 was

found to induce rapid calcium influx into cultured cells that was sus-

tained for at least 20min. This increase in intracellular calcium increased

cell body size, rapidly depolymerized microtubules within 10min of cap-

saicin application and led to shrinkage of cellular processes in a subset of

cells (Han et al., 2007). The loss of b-tubulin in our study suggests that

the TRPV1 agonist can also disrupt axonal microtubules in vivo, even

after a brief application to the cornea. We could not determine whether

the affected nerves had been removed from the corneal epithelium or

distorted beyond our ability to image them. It is possible that the loss of

b-tubulin labeling may reflect the thinning of the corneal nerves beyond

what can be resolved by the confocal microscope. Regardless, our results

point to neuropathic changes in the corneal nerves after a single applica-

tion of certain noxious stimuli.

4.4 | Menthol stimulation alters corneal nerve

morphology and neurochemistry

Menthol is an agonist of the TRPM8 channel which is the primary

molecular transducer involved in transmission of noxious cold stimula-

tion (Bautista et al., 2007; McKemy, Neuhausser, & Julius, 2002). In the

cornea, TRPM8-containing sensory nerves are involved in mediating

responses to ocular application of menthol and are thought to be impor-

tant for tear production, thus providing an important mechanism for

sustaining the protective environment on the corneal surface (Acosta,

Belmonte, & Gallar, 2001; Madrid et al., 2006; Parra et al., 2010; Rob-

bins, Kurose, Winterson, & Meng, 2012). In the current study, we used a

dose of menthol sufficient to elicit nociceptive eye wipe responses simi-

lar to those seen with capsaicin in rats (Aicher et al., 2015) because we

wanted to compare equally noxious stimuli. Surprisingly, we find that a

noxious dose of menthol is able to disrupt corneal nerves in a similar

manner and to a similar extent as capsaicin. Menthol stimulation pro-

duced a significant loss of corneal nerve labeling with b-tubulin and also

caused the depletion of CGRP from remaining corneal nerves. To our

knowledge, this is the first study to examine the acute effects of noxious

menthol on the structural integrity of corneal nerves.

The similarities between menthol- and capsaicin-stimulated cor-

neas suggest that TRP agonists may share a common mechanism that

leads to the disruption of corneal nerve morphology. One of the unify-

ing features of TRP agonist-induced neuronal activation is the influx of

calcium (Almaraz, Manenschijn, de la Pena, & Viana, 2014; McKemy

et al., 2002; Patapoutian et al., 2009). Unlike the TRPV1 agonists,

examination of the cytotoxic effects of menthol has primarily been lim-

ited to in vitro studies in cancer cell lines. Menthol-induced cytotoxicity

and reductions in cancer cell numbers have been demonstrated in A-

375 malignant melanoma (Kijpornyongpan, Sereemaspun, & Chanchao,

2014), Caco-2 human epithelial colorectal adenocarcinoma (Faridi

et al., 2011), human bladder cancer T24 (Li, Wang, Yang, Wang, & Li,

2009), human leukemia HL-60 (Lu et al., 2006) and murine WEHI-3

leukemia (Lu et al., 2007) cells. Some of these studies found menthol-

induced increases in calcium influx into these cancer cells, suggesting

that calcium influx led to cell death (Kijpornyongpan et al., 2014; Lu

et al., 2006). Another study found menthol-induced reductions in tubu-

lin proteins, modulation of tubulin polymerization and ultimately an

increase in apoptosis of Caco-2 epithelial colorectal adenocarcinoma

cells, suggesting a novel mechanism of menthol-induced cell death

involving microtubule integrity (Faridi et al., 2011).

Topical menthol application evokes a cold sensation that is accom-

panied by discomfort and a painful burning sensation in humans

(Acosta et al., 2001; Wasner, Schattschneider, Binder, & Baron, 2004).
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Studies have demonstrated the co-expression of TRPM8 and TRPV1 in

populations of small diameter dorsal root ganglia (DRG) and trigeminal

ganglia (TG) neurons (Alamri et al., 2015; McKemy et al., 2002; Taka-

shima et al., 2007; Xing, Ling, Chen, & Gu, 2006), suggesting that the

sensation of pain evoked from noxious menthol is due to activation of

polymodal nociceptors that express TRPV1 (McKemy et al., 2002;

Wasner et al., 2004; Xing et al., 2006). Previous studies have also dem-

onstrated the co-expression of TRPM8 and the nociceptive peptide

CGRP in trigeminal neurons (Abe et al., 2005; Takashima et al., 2007).

Our results support the notion that noxious doses of menthol likely

activate polymodal nociceptors, leading to behavioral responses and

changes to corneal nerve morphology equivalent to that seen in

capsaicin-stimulated animals.

Doses of menthol similar to the ones used in the current study,

have also been shown to evoke eye wipe responses (Robbins et al.,

2012) and trigger expression of a nerve injury marker (Braz & Basbaum,

2010) in TRPM8 knockout mice, suggesting a TRPM8-independent

activation of nociceptive neurons. It is possible that noxious doses of

menthol may be capable of directly activating receptors in addition to

TRPM8. It is thought that only 10–15% of corneal nerves are cold-

sensitive (Belmonte et al., 2004), however the results of the current

study would suggest that more corneal nerves than that were affected

by noxious menthol. This is consistent with the notion that other noci-

ceptors, such as polymodal nociceptors, may also be responsive to nox-

ious doses of menthol. A recent review suggested that a variety of

other TRP, potassium and sodium channels may be involved in the

transduction or modulation of cold pain from peripheral afferents

(Lolignier et al., 2016). However, it is unclear if any of these channels

could be directly activated by menthol in the absence of TRPM8. Thus,

the menthol-induced effect on corneal afferents may be similar to

those of capsaicin because the intensity of the stimulation is also acti-

vating non-TRPM8 receptors, because both channels are localized on

corneal polymodal nociceptors, or because each stimulus elicits similar

downstream cytotoxic mechanisms following calcium influx.

4.5 | Hypertonic saline stimulation alters corneal

nerve neurochemistry

We have demonstrated that hypertonic saline is a noxious stimulus to

the cornea, which is in agreement with previous studies in rats (Farazi-

fard et al., 2005) and humans (Liu et al., 2009). Similar to capsaicin and

menthol, a single stimulation with noxious intensity hypertonic saline

significantly depleted CGRP from corneal nerves. In contrast to the

TRP channel agonists, hypertonic saline did not cause a reduction in

corneal nerve density. These results suggest that activation of nocicep-

tors alone is not sufficient to disrupt b-tubulin in sensory axons and

alter nerve density. This could be because hypertonic saline is activat-

ing a different population of nociceptors or because it is activating dif-

ferent intracellular mechanisms in nociceptors.

The identification of a specific corneal osmoreceptor has been elu-

sive, although many studies have looked at the effect of hyperosmolar

solutions in the context of reflex tearing and dry eye disease. A recent

study demonstrated an increase in activation of cold-sensitive trigemi-

nal ganglion neurons after brief corneal stimulation with supraphysio-

logical hyperosmolar solutions (Hirata & Meng, 2010). Other studies

have shown that longer stimulation of corneal nerve terminals with

supraphysiological hyperosmolar solutions altered corneal nerve termi-

nal firing patterns of both cold thermoceptor and polymodal nocicep-

tors (Parra, Gonzalez-Gonzalez, Gallar, & Belmonte, 2014) and led to

the disappearance of responses of both low- and high-threshold cold-

sensitive corneal neurons to corneal drying (Hirata et al., 2015). Last, in

vitro and in vivo studies using TRPM8 knockout mice demonstrated

that the TRPM8 channel is an osmosensor in detecting increases in

osmolality (Quallo et al., 2015). Therefore, TRPM8-containing cold

thermoceptors in the cornea may act as sensors for fluctuations in

physiologically relevant levels of osmolality, but supraphysiological

hyperosmolar solutions may recruit polymodal nociceptors to trans-

duce this noxious stimulus (Hirata et al., 2015; Liu et al., 2009; Parra

et al., 2014; Quallo et al., 2015). The specific channels that transduce

noxious hyperosmolar stimulation are unknown, although studies on

centrally-regulated systemic osmoregulation have implicated a variant

of the TRPV1 channel as an osmosensor (Zaelzer et al., 2015).

Since the majority of the corneal nerves are polymodal, it is likely

that stimulation with hypertonic saline activates the same nociceptors

but engages a different set of downstream signaling and effector sys-

tems than was activated with the TRP agonists. While overall nerve den-

sity was not altered, we did see morphological changes in corneal nerves

after hypertonic saline, including increases in the size of varicosities. This

finding is similar to morphological changes reported by others following

sustained application of hypertonic saline to the rodent eye in an anes-

thetized preparation (Hirata et al., 2015). In those studies, the stimulus

was left on the eye for a much longer duration, so our study is important

in showing that even a brief application of this noxious stimulus, which

is wiped away by the rat in less than 1min is sufficient to both release

CGRP and also induce changes in nerve varicosities.

While we do not know the underlying mechanisms, a study modeling

traumatic brain injury in isolated axon cultures found that rapid mechani-

cal stretching of axons results in enlarged focal axon swellings within 3hr

and eventual degeneration after 24hr of injury (Tang-Schomer, Patel,

Baas, & Smith, 2010). This study demonstrated that the microtubules

within the focal swellings had ruptured and became disorganized, likely

disrupting axonal transport, which would lead to the accumulation of pro-

tein, an increase in swelling and eventual degeneration (Tang-Schomer

et al., 2010). Therefore, one possibility in our study is that the hypertonic

saline acts as a profound osmotic stimulus that causes axon swelling mim-

icking mechanical stretch. Studies of central nociceptor nerves have

shown that stimulation with intense heat or substance P can evoke

changes in nerve morphology that includes enlarged varicosities and thin-

ning of adjacent nerves which is thought to be due to internalization of

the substance P receptor; these changes reverse in less than 1hr after

termination of the stimulus (Mantyh et al., 1995).

4.6 | Functional implications and conclusions

In our studies, we find that noxious chemical stimulation of the cornea pro-

duced changes in corneal nerve morphology that may alter interpretation
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of imaging studies and may also alter nerve function. Humans with ocular

exposure to pepper spray have been shown to have changes in sensation

(Vesaluoma et al., 2000), with modality-specific decreases in sensation for

several days following exposure, consistent with our findings of a reduction

in nerve density. Also, menthol is used in some eye drop formulations to

reduce ocular pain (Kurose & Meng, 2013). Our data suggest that both

chemicals may alter sensory function by temporarily disrupting nerve mor-

phology. Noxious doses of capsaicin and menthol injected into the rodent

hind paw have been shown to increase the expression of a nerve injury

marker, activating transcription factor 3 (ATF3), in DRG neurons (Braz &

Basbaum, 2010) supporting the notion that these TRP agonists can impact

nerve health. Together these findings show that a single noxious stimulus

applied to the ocular surface can alter nerve morphology for hours and in

some cases even for days. Studies from other groups indicate that applica-

tion of capsaicin or menthol can reduce sensitivity, although responses

may depend on intensity and duration of the chemical stimulus and time

between stimulation and testing (Almaraz et al., 2014; Belmonte, Gallar,

Pozo, & Rebollo, 1991; Carstens, Kuenzler, & Handwerker, 1998; Caterina

& Julius, 2001; Cliff & Green, 1994; McKemy et al., 2002; Szolcsanyi,

Jancso-Gabor, & Joo, 1975). Our results indicate that viewing changes in

nerve density as an index of chronic disease may be confounded by neural

responses to acute stimulation. Thus, a complete history may be important

in aiding the interpretation of corneal nerve morphology in patients.
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