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Abstract
Introduction: Corneal nerves mediate pain from the ocular surface, lacrimation, and blinking, all of which protect corneal surface
homeostasis and help preserve vision. Because pain, lacrimation and blinking are rarely assessed at the same time, it is not known
whether these responses and their underlying mechanisms have similar temporal dynamics after acute corneal injury.
Methods: We examined changes in corneal nerve density, evoked and spontaneous pain, and ocular homeostasis in Sprague-
Dawley male rats after a superficial epithelial injury with heptanol. We also measured changes in calcitonin gene-related peptide
(CGRP), which has been implicated in both pain and epithelial repair.
Results: Hyperalgesia was seen 24 hours after abrasion injury, while basal tear production was normal. One week after abrasion
injury, pain responses had returned to baseline levels and dry eye symptoms emerged. There was no correlation between epithelial
nerve density and pain responses. Expression of both ATF3 (a nerve injury marker) and CGRP increased in trigeminal ganglia 24
hours after injury when hyperalgesia was seen, and returned to normal one week later when pain behavior was normal. These
molecular changes were absent in the contralateral ganglion, despite reductions in corneal epithelial nerve density in the uninjured
eye. By contrast, CGRP was upregulated in peripheral corneal endings 1 week after injury, when dry eye symptoms emerged.
Conclusion: Our results demonstrate dynamic trafficking of CGRP within trigeminal sensory nerves following corneal injury, with
elevations in the ganglion correlated with pain behaviors and elevations in peripheral endings correlated with dry eye symptoms.
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1. Introduction

The cornea contains the highest density of sensory nerves of any
tissue in the body.3,41,44 Corneal sensory nerves are predominantly
nociceptive and even low-threshold stimulation evokes a sensation
of pain.3 Corneal nerves are also vital for homeostatic reflexes, such
as blinking and lacrimation, and epithelial health.6 Loss of innervation
causes a loss of sensation49 and the development of spontaneous
corneal abrasions.59 Damage to corneal nerves can be caused by
diabetes,30 pharmacotherapeutics such as paclitaxel,17 vision
correction surgery,38 or accidental injury21 that causes damage to

the ocular surface. Studies examining injury-induced changes in
corneal nerves find conflicting and paradoxical results when trying to
correlate altered nerve structure with ocular pain. In some cases,
ocular sensation is unchanged despite obvious corneal nerve
damage, and in other cases, persistent pain may occur.3,9 The
presence of ocular pain may be caused by neuropathic changes in
corneal nerves. The present study tested this hypothesis by inducing
a unilateral corneal abrasion injury in rats to look at the relationship
between changes in corneal nerve density and morphology,
neurochemistry, and ocular sensation. We examined temporal
changes in ocular homeostatic responses, including blinking and
tear production. We also examined molecular changes in corneal
sensory cell bodies and peripheral endings, using activating
transcription factor 3 (ATF3) as a marker of nerve injury7 and
calcitonin gene-related peptide (CGRP) as a molecule associated
with changes in nociceptive processing8 and epithelial health.55

We found distinct temporal dynamics for changes in nocicep-
tion vs homeostatic ocular responses. Pain increased acutely
after superficial corneal epithelial injury, but pain responses
returned to normal levels long before nerve density returned to
normal; by contrast, tear production was normal acutely after
injury, but was impaired 1 week after corneal damage when
reinnervation of the corneal epithelium is progressing and pain
responses are normal. Together these findings suggest divergent
mechanisms underlying ocular pain and homeostatic functions,
although sensory nerves and some molecular transducers such
as TRPM8 are necessary for both cold pain4 and homeostatic
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responses.50 The trigeminal sensory neurons that innervate the
corneal surface are molecularly complex and may differentially
traffic materials to central and peripheral sites. These neurons are
also integrated into distinct reflex pathways that mediate pain
responses, blinking, and lacrimation. The present studies indicate
that trafficking of the neuropeptide CGRP to different regions of the
sensory nerves innervating the cornea is correlated with distinct
functional changes in nociceptive and homeostatic responses.

2. Methods

Methods were approved by Institutional Animal Care and Use
Committee (IACUC) at OHSU. Experiments were performed on
male Sprague-Dawley rats (250–350 g). Rats used for wheel
running studies were bred at Washington State University and
were housed individually. Rats studied at OHSU (Charles River
Laboratories, Wilmington, MA) were housed in pairs on a 12/12
light/dark cycle and had access to food and water at all times. A
total of 52 rats were used for all the experiments; specific group
sizes are indicated in the Results section for each study. In the
course of measuring behavioral responses, corneal nerve
density, and homeostatic responses, some rats at OHSU were
assessed for more than one metric when possible.

2.1. Heptanol abrasions and tracer applications

Rats were anesthetized with isoflurane for unilateral corneal
abrasion. Heptanol (10mL) was pipetted into a small metal ring (6-
gauge [4.4 mm internal diameter] stainless steel tubing, custom,
HTX-06R; Small Parts Inc, Miramar, FL) secured to the cornea
with petroleum jelly and left for 90 seconds.20,25 After 90
seconds, the heptanol was wicked away with cotton swabs,
the damaged epithelium was removed, and the corneal surface
was rinsedwith saline. Rats were returned to their home cage and
monitored until they were awake from anesthesia. Previous
studies demonstrate that the epithelium is closed within 24 hours
after heptanol injury.53

In a subset of animals, the tract tracer FluoroGold (FG;
Fluorochrome, Denver, CO) was applied to the central cornea in
the 6-gaugemetal ring immediately after the heptanol abrasion to
allow for labeling of nerves that were severed during the initial
abrasion. Oneweek after abrasion, 1%Cholera Toxin B (CTb; List
Laboratories, Campbell, CA) was applied to the cornea using
a similar method, but with a smaller metal ring (7-gauge [3.8 mm
internal diameter], HTX-07R; Small Parts Inc). For both tract

tracer applications, the dye was left on the cornea for 30
minutes.23 Animals were perfused 1 week after CTb application
as described below, and trigeminal ganglia (TG) were examined
for the presence of single (CTb)- or dual (CTb and FG)-labeled
neurons (see section 2.5).

2.2. Evoked and spontaneous pain measures: menthol-
evoked eye wipes and spontaneous wheel running

To assess evoked pain responses, menthol (10 mL of 50 mM
menthol in 10% ethanol/10% Tween-80 in saline) was applied to
the corneal surface in awake, lightly restrained rats.1,12,40 Two
observers counted the number of ipsilateral eye wipes for 3
minutes after menthol stimulation.24 Rats were habituated to
handling the testing apparatus and testing room for 40 minutes
per day for 2 days before nociceptive testing. Each rat received
a single corneal menthol application to avoid sensitization; thus,
separate groups were used for 24-hour and 1-week assess-
ments. Individual rats were tested either on the abraded or
contralateral eye, but not both.

Home cage wheel running was used to assess spontaneous
pain as described previously.32,33 Rats were given access to
a running wheel in the home cage for 23 hours a day for 7 days
before corneal abrasion. The number of wheel revolutions
measured on the seventh day was used as the baseline value.
Rats were randomly assigned to control or abrasion groups. Only
rats with a baseline wheel running value of at least 400 revolutions
on the baseline day were tested. Testing began approximately 1
hour after induction of a unilateral heptanol abrasion of the cornea
as described above. Control rats were briefly anesthetized but not
abraded. Rats were returned to the home cage, and wheel
running was assessed 23 hours a day for 1 week. No one entered
the test room except during the 1 hour when running wheel data
were not assessed. Food, water, and the health of the rat were
monitored during this hour.

2.3. Spontaneous blinks and winks

The number of blinks (simultaneous eye closures of both eyes)
and winks (unilateral eye closures) was counted before (baseline)
and 1week after corneal abrasion. Ratswere placed in a Plexiglas
chamber and allowed to acclimate for 15 minutes. Blinks and
winks were counted by an observer for 5 minutes. Rats were
habituated to handling the testing apparatus and testing room for
60 minutes per day for 2 days before eye closure assessment.

Table 1

List of primary and secondary antibodies used for each immunohistochemical experiment.

Tissue experiment Primary antibodies, concentration, source,
catalog number

Secondary antibodies, concentration, source,
catalog number

Corneas Mouse anti-b-tubulin, 1:500, BioLegend (San
Diego, CA), Cat no. 801202

Donkey anti-Mouse Cy3, 1:800, Jackson
ImmunoResearch (West Grove, PA), Cat no.
715-165-151

Rabbit anti-CGRP, 1:8000, ImmunoStar (Hudson,
WI), Cat no. 24112

Donkey anti-Rabbit Alexa Fluor 647, 1:800,
Jackson ImmunoResearch, Cat no. 711-605-152

Trigeminal ganglia dual retrograde experiment Goat anti-CTb, 1:25000, List Laboratories
(Campbell, CA), Cat no. 703

Donkey anti-Goat Alexa Fluor 488, 1:800, Life
Technologies (Carlsbad, CA), Cat no. A11055

Rabbit anti-FluoroGold, 1:20000, Fluorochrome,
LLC (Denver, CO), Cat no. Antibody to Fluoro-Gold

Donkey anti-Rabbit Alexa Fluor 647, 1:800,
Jackson ImmunoResearch, Cat no. 711-605-152

Trigeminal ganglia assessment of injury and
nociceptive markers

Rabbit anti-ATF3 (C-19), 1:1000, Santa Cruz
Biotechnology (Dallas, TX), Cat no. sc-188

Donkey anti-Rabbit Alexa Fluor 488, 1:800, Life
Technologies, Cat no. A21206

Sheep anti-CGRP, 1:3000, Abcam (Cambridge,
MA), Cat no. ab22560

Donkey anti-Sheep Alexa Fluor 647, 1:800, Life
Technologies, Cat no. A21448

CGRP, calcitonin gene-related peptide; CTb, Cholera Toxin B.
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2.4. Phenol thread test

Tear production was assessed using the phenol thread test
(Zone-Quick, Oasis Medical, Glendora, CA) as described pre-
viously.1 This test is equivalent to the Schirmer test.57 A timed
wicking (15 seconds/eye) was used tomeasure tear production in
rats briefly anesthetized with isoflurane (5% in oxygen). At the end
of 15 seconds, the length of thread that turned red wasmeasured
to the nearest millimeter (mm). Each animal was tested before
abrasion (baseline) and at a time point after abrasion (24 hours; 1
week). The phenol thread test was conducted at least 24 hours
before nociceptive testing because we have observed that even
brief anesthesia interferes with nociceptive testing on the
same day.

2.5. Immunohistochemistry

Rats were overdosed with sodium pentobarbital (150 mg/kg) and
perfused transcardially through the ascending aortawith 10mL of
heparinized saline (1000 units/mL) followed by 600 mL of 4%
paraformaldehyde in 0.1 M phosphate buffer (PB), pH 7.4.24,27

The eyeswere enucleated immediately after perfusion and placed
in PB. Using a 5 mm corneal trephine (Ambler Surgical, Exton,
PA), the central corneas were removed and placed in fresh PB at
4˚C until immunoprocessing. The TG were dissected, placed in
fixative for 30 minutes, and then stored in 30% sucrose in PB for
at least 24 hours. Trigeminal ganglia were then cryosectioned at
20 mm on a Leica CM1950 cryostat (Leica Microsystems Inc,
Buffalo Grove, IL) and mounted directly onto room temperature
Superfrost Plus slides (Fisher Scientific, Pittsburgh, PA). Sections
were dried and stored at 220˚C until immunoprocessing.

Whole-mount corneas were processed free-floating,
whereas TG were processed on slides as previously de-
scribed.1,23,24 Tissue was incubated in 1% sodium borohydride
solution for 30 minutes before primary antibody incubation.
Corneas were incubated for 3 nights, and TG sections were
incubated for 2 nights at 4˚C in primary antibody cocktails in
0.25% Triton X-100 (Sigma-Aldrich, St. Louis, MO) and 0.1%
bovine serum albumin (Sigma) in 0.1 M Tris-buffered saline pH
7.6 (Table 1). Corneas and TG sections were rinsed and
incubated in fluorescent secondary antibody cocktails made in
0.1% bovine serum albumin in Tris-buffered saline (Table 1)
light-protected for 2 hours at room temperature. Corneas were
rinsed, blotted dry and placed into individual wells of an 18-well
m-slide (ibidi USA, Inc, Fitchburg, WI), and coverslipped with
CFM-1 (Electron Microscopy Sciences, Hatfield, PA), which
maintains the natural curvature of the cornea for imaging.
Trigeminal ganglia sections were additionally stained with
NeuroTrace (NT) Fluorescent Nissl stain 530/615 (1:200,
ThermoFisher Scientific, Waltham, MA) for 20 minutes before
being rinsed, dried, and coverslipped with Prolong Gold
Antifade reagent (Life Technologies, Carlsbad, CA).

2.6. Imaging and image analysis

2.6.1. Corneal nerve density and calcitonin gene-related
peptide content

Antibodies to b-tubulin and CGRP (Table 1) were used to assess
corneal nerve density and CGRP content as previously de-
scribed.24 Images of b-tubulin- and CGRP-labeled corneal
nerves were taken within the central cornea and included the
whorl-like vortex as an anchor. Images were captured on a Zeiss
LSM510 or LSM780 confocal microscope with a 203 Plan-
Apochromat objective (Carl ZeissMicroImaging, Thornwood, NY)
using the single-pass, multitrack format at a 2048 3 2048 pixel
resolution. Optical sectioning produced Z-stacks of 1 mm optical
slices that were bounded by the extent of fluorescent b-tubulin
and CGRP immunolabeling throughout the thickness of the
corneal epithelium.

Volumetric assessments of corneal nerve density and CGRP
content were performed using Imaris 8.0 software (Bitplane USA,
Concord, MA) on an offline workstation in the Advanced Light
Microscopy Core at OHSU by a treatment-blind observer as
previously described in detail.24 Only corneas that did not receive
menthol stimulation were assessed. Briefly, we defined the
corneal epithelium by the b-tubulin- and CGRP-labeled subbasal
and intraepithelial corneal nerves from the anterior surface of the
cornea to the epithelial–stromal border. The corneal epithelium
was isolated as a region of interest (ROI) using the Surfaces
Segmentation tool and its volume was calculated by the software
(mm3). The Mask Channel function was then used to isolate
b-tubulin and CGRP labeling within the corneal epitheliumROI for
further analysis. b-tubulin labeling within the ROI was determined
using the Thresholding function and Surfaces Segmentation tool
in Imaris, and a volume (mm3) was calculated. To account for
subtle differences in the corneal epithelium volumes (Table 2), the
volume of b-tubulin labeling was calculated as a percentage of
the corneal epithelium volume for each cornea and expressed as
the mean % b-tubulin or the percent of the epithelium that con-
tains b-tubulin–labeled nerves. To measure the CGRP content
specifically within the corneal nerves, we established the b-tubulin
volume as the ROI and isolated the CGRP labeling using the Mask
Channel function and then, CGRP volume (mm3) was calculated.
The volume of CGRP within the volume of the b-tubulin labeling
was calculated as a percentage and expressed as the% b-tubulin
containing CGRP.

2.6.2. Trigeminal ganglia

In the dual retrograde experiment, TG sections were assessed for
the number of CTb-labeled corneal neurons and whether they
contained FG tracer. Cryostat sections (13–15 sections per
animal, 120 mm apart) throughout the TG were evaluated using
an Olympus BX51 epifluorescence microscope equipped with
a DP71 camera and associated software (Olympus America,
Center Valley, PA). All TG sections with CTb labeling were imaged
for CTb, NT, and FG labeling. Each marker was imaged
separately using a 103 UPlanFL N objective and the appropriate
filter (FITC, TRITC, and Cy5) for the fluorophore or neuronal stain.
Trigeminal ganglion neurons (TGNs) were analyzed using the Cell
Counter Plug-In in ImageJ (NIH) similar to our previous study.23 In
order for TGNs to be included in each analysis, the nucleus had to
be visible in the NT channel. In the dual retrograde experiment,
every CTb-labeled TGNwasmarked with a number using the Cell
Counter. The CTb numbers were then transferred to the FG
image from the same trigeminal ganglion section, and each
numbered neuron was evaluated for FG expression. The total

Table 2

Corneal epithelium volumes.

Injury group Epithelium volume (3106 mm3) N

Uninjured control 6.3 6 0.8 6

24 h abraded n/a 4

24 h contralateral 8.0 6 0.9 3

1 wk abraded 5.7 6 0.5 4

1 wk contralateral 7.1 6 1.1 4

Data were expressed as mean 6 SEM. All volumes have an exponent of 3106.
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number of CTb-labeled TGNs that contained FG was calculated
as a percent for each animal and expressed as % CTb-labeled
neurons containing FG.

In the assessment of activating transcription factor 3 (ATF3),
a nerve injury marker,7 and CGRP immunohistochemistry, one
trigeminal ganglion section from each uninjured control and each
abraded animal (24 hours or 1 week later), was evaluated. To
avoid counting corneal neurons activated by noxious corneal

menthol stimulation,7 only trigeminal ganglion sections from
unstimulated sides were used. Cryostat sections (9–14 sections
per animal, 120 mm apart) throughout each trigeminal ganglion
were first evaluated with the Olympus epifluorescence micro-
scope. The trigeminal ganglion section that contained peak ATF3
labeling within the ophthalmic region per ganglion was also
imaged for NT andCGRP using the 103UPlanFLN objective and
the appropriate filter (FITC, TRITC, and Cy5). Analysis was

Figure 1.Corneal abrasion produces hyperalgesia at 24 hours, and dry eye at 1week after abrasion. (A) Abraded rats showmore eyewipes to ocular application of
noxious menthol 24 hours after injury (black bar, n5 4) compared with uninjured rats (white bar, n5 4) or abraded rats tested at 24 hours on the contralateral side
(24 hours Contra., gray bar, n5 3). At 1 week after abrasion, the eye wipe responses to menthol are normal on both abraded (black bar, n5 6) and contralateral
eyes (gray bar, n 5 6). *P , 0.05 vs uninjured; #P , 0.05 vs contralateral side. (B) Abrasion injury has a delayed effect on tear production. Phenol thread
measurements taken at 24 hours or 1 week after injury are expressed as a percent of preinjury baseline measurements (% tears; baseline: dotted line at 100%).
Tear production was not affected 24 hours after abrasion injury on either the injured (24 hours abraded, black bar, n5 8) or unabraded (24 hours Contra., gray bar,
n5 8) side. Tear production was significantly reduced 1week after abrasion injury on the injured side (1 week abraded, black bar, n5 4) as compared to preinjury,
but not the unabraded (1 week Contra., gray bar, n 5 4) side. *P , 0.05 as compared to raw preinjury phenol thread measurements.

Figure 2. Eye closures were increased after abrasion injury. It was not possible to accurately assess blinks and winks at 24 hours after abrasion because of
photophobia that produced prolonged eye closures. (A) Spontaneous bilateral blinks (closure of both eyes) were not different 1 week after abrasion injury (black/
gray patterned bar, n5 12) compared with preinjury baseline (white bar, n5 12). (B) Unilateral winks increased 1 week after abrasion in both the abraded (black
bar, n 5 12) and contralateral eyes (gray bar, n 5 12) compared with preinjury baseline (white bars). *P , 0.05.
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performed by an observer blind to the experimental conditions.
Using the ImageJ Cell Counter Plug-In, every NT-stained TGN
with a visible nucleus was marked with a number to get the total
number of neurons in that section. Trigeminal ganglion neurons
that were ATF3-immunoreactive (-ir) or CGRP-ir were evaluated
separately using the Cell Counter Plug-In. The number of TGNs
that contained ATF3 or CGRP was calculated as a percent for
each ganglion and grouped by treatment. Data were expressed
as mean % TGNs containing ATF3 or CGRP.

2.7. Statistics

Statistical analyses and graph production were performed using
SigmaPlot 12.0 software. Data are expressed as the mean 6
SEM unless otherwise noted. A 1-way analysis of variance
(ANOVA) test was used when comparing more than 2 experi-
mental groups; post-hoc tests were used during these analyses
when applicable. We used a t test in those cases in which there
were only 2 experimental groups to compare, or a paired t test for

within-animal comparisons. In all studies, if the data did not meet
normality criteria, we used appropriate nonparametric statistical
tests. A P value of 0.05 was considered significant.

3. Results

3.1. Corneal abrasion causes short-term increase in evoked
and spontaneous pain

To assess evoked nociceptive responses, menthol was applied
to the left eye, and the number of nocifensive eye wipes was
measured.1 The dose of menthol tested is sufficient to activate
TRPM8 channels, as well as other types of nociceptors.51 Eye
wipe responses to ocular application of menthol were increased
at 24 hours after abrasion injury (Fig. 1A; 1-way ANOVA [P 5
0.002]) compared with uninjured animals (Holm–Sidak post hoc,
P5 0.004) and the unabraded contralateral eye at this time point
(Holm–Sidak post hoc, P 5 0.006). There was no change in eye
wipe responses to menthol in the unabraded contralateral eye as

Figure 3. Corneal nerves detected with b-tubulin antibody are damaged after epithelial abrasion. (A–C) Epifluorescent images of whole-mount corneas show the
loss of central corneal nerves in the abraded eye 24 hours after abrasion injury (B) compared with an uninjured cornea (A). There is partial recovery of corneal nerve
density 1 week after abrasion (C). (D–F) High-magnification images of corneal nerve morphology show changes after abrasion injury. Images are projections of Z-
stacks of 0.8 mm optical sections captured with a 633 Plan-Apochromat objective. (D) A high-magnification confocal image of b-tubulin–labeled corneal nerves
from an area close to the central whorl of an uninjured cornea shows thin nerves beaded with varicosities. (E) At 24 hours after abrasion, the nerves lining the edge
of the abraded area have enlarged nerve endings. (F) One week after injury, the abraded central cornea contains corneal nerves that are disorganized and
smoother in appearance. Scale bars 5 1 mm (A–C); 20 mm (D–F).
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compared to the uninjured control eye at 24 hours. Responses in
both eyes were at baseline levels 1 week after injury (Fig. 1A). The
presence of hyperalgesia in the abraded eye is consistent with
previous studies of increased photophobia using this model of
corneal injury.20

Separate groups of animals were assessed for spontaneous
pain using a wheel-running assay. There was no difference in
baseline wheel running rates between abraded and uninjured
control animals before corneal injury (abraded baseline: 1418.36
307.7 revolutions; uninjured baseline: 1169.3 6 205.9 revolu-
tions; the t test, P 5 0.306). A significant decrease in wheel
revolutions occurred in the 24 hours after corneal abrasion
(abraded 24 hours: 832.8 6 136.2 revolutions) compared with
baseline values (the Wilcoxon signed-rank test, P 5 0.031),
whereas no change in wheel running was evident in uninjured
control animals (uninjured 24 hours: 1125.36 394.1 revolutions;
the paired t test, P5 0.419). Wheel revolution values returned to
baseline levels in abraded animals by the second day after
abrasion and remained at baseline through 1week after abrasion.
These data support the evoked pain data and suggest that
spontaneous pain after corneal abrasion peaks 24 hours after
injury and resolves by 1 week after corneal injury in abraded
animals.

3.2. Corneal abrasion causes delayed reduction in
tear production

Corneal abrasions can evoke symptoms of dry eye, including
changes in tear production.2 Tear production in the abraded eye
was significantly reduced 1 week after the abrasion (baseline:
13.56 1.5mm; 1 week abraded: 9.06 1.3mm; the paired t test,
P 5 0.0489), but not 24 hours after abrasion (baseline: 12.8 6
1.4; 24 hours abraded: 13.96 1.5; the paired t test, P5 0.182).
The tear measurements in the contralateral eye were not different

at 24 hours (baseline: 9.56 1.6; 24 hours contralateral: 9.56 1.4;
the paired t test,P5 0.5) or at 1week (baseline: 8.56 1.0; 1week
contralateral: 7.06 1.1; the paired t test, P5 0.148), suggesting
some independence of the reflex circuits for the 2 eyes. The
percent of baseline tear production was calculated for each
animal, averaged for each treatment group, and expressed as %
tears (Fig. 1B). The temporal expression of the changes in tear
production is apparently unrelated to nociceptive responses
(Fig. 1A).

3.3. Corneal abrasion increases unilateral eye closures
(winks) but not blinks

We assessed changes in behavioral responses related to ocular
surface homeostasis because molecular mechanisms involved in
cold nociception48 have also been implicated in both spontane-
ous blinking and tear production.47,50 We assessed bilateral
(blinks; Fig. 2A) and unilateral (winks; Fig. 2B) eye closures in
subsets of our corneal injury rats and uninjured control rats. We
were not able to accurately quantify blinking andwinking behavior
at 24 hours after injury because these rats exhibit profound
photophobia including extended eye closures.20 However, rats
showed increased ipsilateral winks 1 week after abrasion
compared with baseline (Fig. 2B; the paired t test, P 5
0.0009). Abraded animals also demonstrated increased winks
in the contralateral unabraded eye (Fig. 2B; the paired t test, P5
0.01), although bilateral blink frequency did not change signifi-
cantly (Fig. 2A; the paired t test, P5 0.324). These results show
that the overall rate of eye closure is increased, but the responses
are not bilaterally coordinated. This change in eye closure
behavior occurs at a time when nocifensive responses have
returned to normal. Interestingly, the increased wink behavior
was detected in both eyes, whereas tear production was only
significantly reduced in the abraded eye.

3.4. Central corneal nerves are absent 24 hours after
abrasion and partially restored by 1 week

The extent of nerve injury was assessed at times when
nociceptive responses were measured in our abraded rats
(Fig. 3A–C). Using quantitative assessment of b-tubulin
immunohistochemistry, we found that heptanol abrasion
removed epithelial nerves from the central cornea at 24 hours
after injury (Fig. 3B). Some corneal innervation returned at 1
week after injury (Fig. 3C), but nerve density was reduced and
did not have the classic central whorl seen in intact corneas
(Fig. 3A). These findings are intriguing and demonstrate that
hyperalgesia can be evoked by ocular application of menthol,
even in the absence of epithelial nerve endings in the central
cornea. Also, nociceptive responses return to normal at a time
when innervation is not fully restored.

Careful examination of nerve endings at high magnification
(Fig. 3D–F) shows enlarged endings resembling neuromas at
the border of the corneal abrasion 24 hours after injury (Fig.
3E). Some of these endings contained CGRP immunoreactivity
(data not shown), supporting the idea that these are
nociceptors.25 These endings should be accessible to topical
menthol applied to the eye of an awake rat and appear to be
sufficient to support hyperalgesia (Fig. 1). Innervation to the
abraded central cornea did not return to control levels 1 week
after injury (Fig. 3C, F), and appeared to lack the organization
and morphology of uninjured corneal nerves (Fig. 3D). Despite
the nerve pathology, nociceptive responses returned to
baseline levels by 1 week after injury.54

Figure 4. Quantitative changes in corneal epithelial nerve volumes after
abrasion injury. Central corneal nerves were absent 24 hours after abrasion in
the abraded eye, and there was also a significant nerve loss in the unabraded
contralateral eye. Corneal nerve density was reduced in contralateral corneas
24 hours after abrasion (gray bar, n 5 3) compared with uninjured control
corneas (white bar, n 5 6). Corneal nerve density remained reduced 1 week
after abrasion (black bar, n 5 4) compared with corneas from uninjured rats
and unabraded contralateral corneas 1 week after abrasion (1 week Contra.,
gray bar, n 5 4). *P , 0.05 vs uninjured corneas; #P , 0.05 vs contralateral
side.
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3.5. Unilateral abrasion injury alters corneal nerve density in
both corneas

We quantitatively assessed nerve density in the corneal
epithelium at different times after injury (Fig. 4). There was
a complete absence of corneal nerves in the central portion of the
cornea 24 hours after abrasion (Figs. 3B and 4). For the abraded
eye, nerve density 1 week after abrasion was reduced by 86%
compared with uninjured corneas (Figs. 3 and 4; 1-way ANOVA
(P 5 0.004), Holm–Sidak post hoc, P 5 0.006). More surprising
was a 56% reduction in corneal nerve volume in the unabraded
contralateral eye 24 hours after injury compared with the
uninjured group (Fig. 4; the t test, P 5 0.0312). The innervation
in the contralateral eye returned to baseline levels 1 week after
abrasion (Fig. 4; Holm–Sidak post hoc, P 5 0.956). There were
no significant differences in corneal epithelium volume among the
treatment groups (Table 2; 1-way ANOVA, P 5 0.358), showing
that changes in epithelium volume are not underlying nerve
density changes. These findings are noteworthy because there
were no detectable changes in nociceptive response in the
contralateral eye (Fig. 1), despite significant changes in nerve
density.

3.6. Calcitonin gene-related peptide content is altered after
corneal nerve injury

Calcitonin gene-related peptide is the most abundant peptide
in corneal central processes terminating in the trigeminal
dorsal horn,25 as well as in trigeminal ganglion cell bodies.36,45

We examined the epithelial nerves to determine the CGRP

content of the intraepithelial endings of corneal nerves and
how the content of this molecule changes after corneal
abrasion injury. Calcitonin gene-related peptide is present in
a subset of corneal nerve endings (Fig. 5) and this can be
quantified as a percentage of the nerves by examining CGRP
as a portion of b-tubulin volume within the epithelium.
Calcitonin gene-related peptide could not be calculated in
the abraded corneas 24 hours after injury because intra-
epithelial nerves were absent from the central cornea, but 1
week after abrasion, the CGRP content of the remaining
nerves was increased approximately 4-fold compared with the
uninjured control group (Fig. 6; Kruskal–Wallis 1-way ANOVA
on ranks, P 5 0.003; the Dunn method post-hoc test, P ,
0.05). Interestingly, CGRP content of nerves in the contralat-
eral eye was stable at both 24 hours and 1 week time points,
despite significant fluctuations in nerve volume in the uninjured
eye (Fig. 4). This suggests that the neuropeptide content is
well regulated during changes in innervation density in the
absence of injury to the cornea, in contrast to the injured
cornea where CGRP content was elevated even when nerve
density was quite low (Figs. 5 and 6). It is also noteworthy that
CGRP immunoreactivity was present in abraded corneas 1
week after injury in a diffuse pattern (Fig. 5E) that was not
associated with nerve endings, and therefore not included in
our analysis, but could be interpreted as being present in
epithelial tissue. We speculate that this could be due to
increased peptide release from the corneal nerves. Our
findings support the hypothesis that there are phenotypic
changes in corneal nerves that occur specifically after
peripheral nerve axotomy.

Figure 5. Confocal images of central corneas for uninjured control cornea (A–C) compared with 1 week after abrasion (D–F). b-tubulin (red) and CGRP (blue)
signals are shown separately and in overlay (C and F). Both nerve density and CGRP expression remain low at 1 week after abrasion. Scale bar5 100mm. CGRP,
calcitonin gene-related peptide.
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3.7. Increased expression of ATF3 and calcitonin
gene-related peptide in trigeminal ganglia after injury

Our findings show a disconnect between corneal epithelial nerve
density, pain responses, and homeostatic responses such as
tear production and eye closure. We hypothesize that phenotypic
changes in corneal nerve cell bodies are likely induced after frank
injury of the peripheral endings in the epithelium. In this case, we
would expect to see changes in the expression of molecules in
the trigeminal ganglion that happens acutely after injury. We
examined the expression of a neuronal injury marker, ATF3,56 as
well as CGRP, the primary neuropeptide in corneal nociceptors25

within the ophthalmic region of TG (seeMethods). Both ATF3 and
CGRP are present in subsets of trigeminal ganglion cells after
injury (Fig. 7). The proportion of trigeminal ganglion cells
containing the nerve injury marker ATF3 was increased 24 hours
after injury in abraded rats, but only on the injured side (Fig. 7D)
compared with uninjured control animals (1-way ANOVA [P 5
0.007], Holm–Sidak post hoc, P 5 0.008) or the contralateral
unabraded side (Holm–Sidak post hoc, P 5 0.027). ATF3 levels
returned to control levels 1 week after abrasion (1-way ANOVA, P
5 0.343). The proportion of TG neurons that contained ATF3 is
high because the region of analysis was centered on the
ophthalmic section of the ganglion that contains corneal
afferents, but is not 100% because we did not use a tract tracer
to confine our analysis to only corneal-projecting neurons.

The nociceptive marker CGRP showed the same pattern of
change in the trigeminal ganglion, with increased levels 24 hours
after injury on the side ipsilateral to the abrasion (Fig. 7E; 1-way
ANOVA,P5 0.046). Interestingly, the CGRP content of trigeminal
ganglion cells returned to baseline levels 1 week after injury (1-
way ANOVA, P 5 0.322) when CGRP content in the peripheral
endings was increased (Fig. 6). Thus, the elevated CGRP content

in the trigeminal ganglion is better correlated with increased pain
responses than the CGRP content in the peripheral endings
within the cornea, at the 1 week time point when both portions of
the trigeminal nerve were assessed. Despite changes in
peripheral nerve density in the contralateral eye 24 hours after
injury (Fig. 4), there was no change in expression of either ATF3 or
CGRP in the contralateral trigeminal ganglion at either time point
(Fig. 7D and E). This difference suggests that the changes in
peripheral nerve density seen in the contralateral eye are not of
sufficient degree or nature to evoke molecular changes in the
trigeminal ganglion, the cell bodies of the peripheral endings in the
cornea.

3.8. Corneal nerve restoration is produced by original
nerve population

Studies of cutaneous nerves suggest that regions of denervated
epithelium are reinnervated by new nerve endings taking over the
receptive field of the skin that has lost innervation.14 We tested
whether the nerves appearing in the central cornea at 1week after
abrasion injury were from new nerves taking over the corneal
receptive field or from the same neurons sending in new
branches. This hypothesis was tested by measuring sequential
retrograde labeling from the central cornea at the time of abrasion
injury (FG) and again 1 week later (CTb; Fig. 8A). A smaller
application area for the second retrograde dye placement was
used to limit labeling to nerve endings within the most central
portion of the cornea after injury. Although this approach
underestimates the number of cells innervating the central
cornea, it ensures that we are only detecting cells with branches
in the central cornea. The vast majority (96.2%6 1.6%, n5 247
neurons from 4 rats) of trigeminal ganglion cells labeled with CTb
1 week after abrasion (Fig. 8B, green) also contained the FG
tracer that was applied at the time of injury (Fig. 8B, magenta).
These results indicate that the innervation in the central cornea 1
week after abrasion injury represents branches from the nerves
that originally occupied this region of the epithelium, not from new
nerves taking over that territory.

4. Discussion

Our findings show dynamic changes in pain, corneal nerve
density, molecular phenotype, and ocular homeostasis after
a superficial abrasion of the cornea. Hyperalgesia was seen
acutely and was correlated with increased expression of ATF3
andCGRP in the trigeminal ganglion; whereas dry eye symptoms,
including increased eye closures and reduced tear production,
occurred later when acute pain had resolved. Although TRPM8
channels are involved in mediating nocifensive responses to
menthol,48 as well as ocular homeostatic responses such as
blinking,50 we find that changes in nociception and blinking did
not always co-occur in our abrasion injury animals. Our results
suggest that either TRPM8 is modulated in different ways over
time after injury in our animals, or that it is not directly involved in
mediating the changes we see after abrasion injury.

Chemical abrasion of the corneal surfacewith heptanol virtually
abolished the epithelial innervation but resulted in increased pain
responses. This paradoxical finding54 suggests that abrasion
injury causes alterations in either nerve function, the central pain
pathways mediating corneal sensation, or both. The presence of
neuromas at the edge of the abrasion injury may be a local
mechanism for increased sensory nerve activation. We found
expression of CGRP in these neuromas and others have found
accumulation of sodium channels at these sites, coupled with

Figure 6.Calcitonin gene-related peptide (CGRP) content ofb-tubulin nerveswas
increased 1 week after abrasion in injured corneas, but not in the nerves of the
contralateral eye, despite reductions in nerve density. The volume of CGRP
immunoreactivitywithin the volumeofb-tubulin-ir corneal nerveswascalculated for
each cornea and expressed as the percent of b-tubulin containing CGRP.
Calcitonin gene-related peptide content was not measurable at 24 hours in the
abraded corneas because intraepithelial nerves were absent in these animals. The
percent ofb-tubulin volumecontainingCGRPwas increased1weekafter abrasion
injury (black bar, n 5 4) as compared to uninjured corneas (white bar, n 5 6).
Calcitonin gene-related peptide levels remained stable within contralateral corneas
at 24 hours (gray bar, n5 3) and 1week (gray bar, n5 4) after abrasion. *P, 0.05
compared with the uninjured group.
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increased excitability of injured nerves.3,11,13,42 Blockade of
sodium channels with tetrodotoxin prevents the photophobia
seen with corneal heptanol injury.20 Because both the light used
to evoke photophobia and our topical menthol application can
reach nerve endings at the edge of the corneal injury, our findings
are consistent with an acute upregulation of sodium channels in
these endings that may mediate hyperalgesia. Changes in
corneal nerve morphology, including swellings, have been
reported after both nerve injury and application of intense stimuli
such as high osmotic concentrations of hypertonic saline,24,29

suggesting that these enlargements may be a site for aberrant
nerve activity. By contrast, responses to stimuli confined to the
denervated central cornea are impaired in the hours immediately
after heptanol abrasion.28

Both CGRP and ATF3 expression in TG cell bodies increased
24 hours after injury and returned to normal levels by 1 week,
paralleling the time course of changes in nociceptive responses.
The increased expression of CGRP and ATF3 in the trigeminal
ganglion may enhance central activation of pain pathways in
response to ocular stimulation, leading to hyperalgesia.37

Surprisingly, the CGRP content of the trigeminal ganglion was
normal 1 week after injury, whereas CGRP expression was
elevated within the peripheral corneal nerve population that is
reinnervating the central cornea. A study from another laboratory
reported no changes in CGRP or substance P in trigeminal

ganglion cells after corneal injury with sodium hydroxide
(NaOH),16 but responses were assessed 3 days after injury. Our
findings suggest that changes in molecular expression within the
TG are rapid and dynamic after injury, and the content of cell
bodies may be distinct from the content of peripheral or central
endings of the trigeminal nerves. A previous study from our
laboratory found expression of the transient receptor potential
vanilloid 1 (TRPV1) channel in 30% of corneal-projecting cells in
the TG but only 2% of their central terminals,23 consistent with the
idea of differential trafficking of molecules within corneal sensory
neurons. Nerve injury may further provoke differential changes in
peptide trafficking.

Increased CGRP expression in corneal epithelial nerves was
seen in the context of severely reduced corneal nerve density,
suggesting that there is more CGRP per nerve ending in the
ocular surface. Calcitonin gene-related peptide is known to be
released on noxious corneal stimulation,3 and we speculate that
there may be increased CGRP release in the epithelium, despite
reduced nerve density. Reduced number of nerves and increased
release of CGRP may impair corneal epithelial function and
eventually destabilize the corneal surface.34 One long-term
consequence of this impaired corneal epithelial function may be
reduced tear production,43 and the reduced tear production may
stimulate reflex blinking,26 and thus cause the increase in eye
closure responses at 1 week after injury. These results suggest

Figure 7. ATF3, a marker of neuronal injury, and the nociceptive marker CGRP are both present in rat trigeminal ganglion neurons (TGNs) and elevated after
abrasion injury. (A–C) Subsets of TGNs (gray) contain ATF3 (A, yellow arrowheads) or CGRP (B, blue arrowheads), or in some cases, both markers (C, white
arrows). Scale bar5 50mm (D and E) The percent of TGNs that contain (D) ATF3 or (E) CGRP is increased in ipsilateral TGNs 24 hours after corneal abrasion (black
bars, n5 3) comparedwith uninjured rats (white bars, n5 4). Oneweek after abrasion, the percent of TGNs on the abraded side containing ATF3 (D) or CGRP (E) is
similar to controls (black bars, n5 6). There were no significant increases in ATF3 or CGRP in contralateral TGNs at either time point (24 hours, gray bars, n5 3; 1
week, gray bars, n 5 6). *P , 0.05 vs uninjured; #P , 0.05 vs contralateral side. CGRP, calcitonin gene-related peptide.
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that increased CGRP in peripheral nerve endings in the cornea
may contribute to the dry eye symptoms (reduced tear production
and increased eye closures) seen 1 week after injury.

We saw no evidence of altered nociceptive responses in the
contralateral eye, despite a 56% reduction in corneal nerve
density.35 The reduced nerve density could be due to superficial
damage to the epithelium during extended intense eye closure
during photophobia, but it is of note that there was still no change
in nociception. Previous studies report unilateral disease or injury
in the cornea causing bilateral effects on corneal nerve density,
with no changes in corneal sensation. For example, patients with
unilateral microbial keratitis had significant decreases in total
number of corneal nerves, total nerve length, number of branches
and branch nerve length in the uninfected, contralateral cornea10

as assessed by in vivo confocal microscopy of subbasal nerves.58

Despite the decreased nerve density, there was no significant
change in corneal sensation. In a mouse model, after unilateral
trigeminal axotomy, subbasal nerves from the center of the
contralateral cornea were reduced 1 day after axotomy, which
caused a loss of sensation on the injured side; on the contralateral
side, there was a loss of nerves, but no significant decrease in
corneal sensation.61 The mechanisms underlying these contra-
lateral changes are unclear, especially given that there are other
examples of unilateral corneal injury and disease states that affect
both contralateral nerve density and sensation.22 Possible
mechanisms of bilateral changes induced by unilateral corneal
injury include bilateral increases in dendritic cells that mediate
immune responses and alterations in tear cytokines in the context
of unilateral bacterial keratitis.60 Others have suggested that
contralateral hyperalgesia, or mirror pain, after nerve injury may
be related to changes in the peripheral nervous system, central
pathways, and/or the activation of immunocompetent cells such
as cytokines, macrophages, microglia, and astrocytes.15,52 The
presence of contralateral sensory deficits have also been
reported in various genetic knockout animals, included vasoac-
tive intestinal peptide and tumor necrosis factor alpha receptor
knockouts.18,39 Together, these studies suggest that the causes
of contralateral effects of nerve injury may stem from multiple
mechanisms, and may depend on the type and severity of the
injury or disease state.

Spontaneous pain was evident as a depression in home cage
wheel running 24 hours after corneal injury. Previous studies have
shown that home cage wheel running is a sensitive method to
objectively assess the duration and magnitude of inflammatory
pain and migraine-like pain.32,33 Despite the extent of the nerve

injury, the pain resolved quite rapidly with wheel running returning
to baseline levels quickly after injury; supporting the argument
that pain is largely resolvedwithin a few days, despite the lingering
loss of corneal epithelial innervation.

Our animals also exhibited extensive blinking and photophobia
24 hours after abrasion. At 1 week after abrasion, bilateral blinks
were at baseline levels, whereas unilateral eye closures were
increased in both the injured and contralateral eyes. We
speculate that the bilateral blinks may represent the spontaneous
blink pattern31 in these animals, whereas the unilateral eye
closures, or winks, may represent corneal reflexes from ongoing
spontaneous pain after abrasion injury. Previous studies in
humans looking at normal blink rates and blink patterns found
that even after topical application of an anesthetic to the cornea,
spontaneous blinking was reduced but still present.46 These and
other studies suggest that spontaneous blinks are centrally
mediated and modulated by external factors,5,31 rather than
being solely dependent on the state of the peripheral corneal
environment. A recent human study found a correlation between
higher blink rates and lower thresholds to corneal stimulation,
meaning that more corneal pain is correlated with higher rates of
blinking.46 Therefore, if the rat is experiencing bouts of
spontaneous pain, this may increase unilateral corneal reflexive
eye closures on the injured side. It is unclear why the unabraded
eye experienced increased unilateral eye closures as well, but
causes of contralateral effects of injury or disease are compli-
cated and require further study.

Corneal nerves are critically important in maintaining the health
and integrity of the corneal epithelial environment.6,44 In light of
the reduction in corneal nerve density, we would have predicted
that abrasion injury would affect tear production at both time
points after injury. However, we only found a reduction in tears at
the 1-week time point. It is possible that the extensive blinking
observed at 24 hours may have produced reflex tears that would
have masked a decrease in normal tear production caused by
corneal nerve damage. At 1 week, the decrease in tears may
indicate subtle, persistent effects of corneal nerve injury. Our
study has demonstrated that the cornea is a complex system in
which nociceptive and homeostatic mechanisms are integrated
to maintain the important protective barrier. A recent study in
humans demonstrated that corneal sensation, tear film stability,
tear break-up time, and blink rate are significantly correlated.46

This integration may underlie the temporal dynamics of corneal
injury with immediate paradoxical changes in nerve density and
evoked corneal sensation giving way to a dry eye disease

Figure 8. Identification of trigeminal ganglia innervating the central cornea. (A) Heptanol was applied within a small 6-gauge metal ring to abrade an area of the
central cornea followed by application of the FG tracer. After 1 week, a shorter heptanol application time within a smaller diameter 7-gaugemetal ring was used to
lightly abrade the cornea and apply CTb to the central cornea. One week later, trigeminal ganglia were collected for analysis. (B) A representative epifluorescent
micrograph demonstrates trigeminal ganglion neurons stained with NeuroTrace (NT, gray) that contains only FG (magenta arrowheads), FG and CTb (white
arrows), or no tracer. Scale bar 5 50 mm. CTb, Cholera Toxin B; FG, FluoroGold.
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phenotype with changes in spontaneous pain, blink rate, and tear
production. This study also suggests that corneal nerve density
alone is not a good predictor of pain state.19
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