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PURPOSE. To evaluate spontaneous and evoked ocular sensory responses in rats after
denervation of the lacrimal gland, as well as protein changes in tears that may mediate
functional changes.

METHODS. Sprague-Dawley rats served as subjects. The left lacrimal gland was partially
denervated with saporin toxin conjugated to p75. Unilateral and bilateral eye closures (winks
and blinks) and grooming behaviors were measured weekly. Nociceptive responses were
evoked by ocular application of menthol; tear production was assessed using the phenol
thread test. Relative changes in tear protein abundances were measured using a Tandem Mass
Tagging approach.

RESULTS. Denervation of the lacrimal gland reduced eye closure behavior, particularly in the
ipsilateral eye, and eye wipe responses to noxious menthol were also reduced. Tear volume
did not change, but tear protein composition was altered. Proteins implicated in the structural
integrity of epithelial cells and in protective functions were reduced by lacrimal denervation,
including keratins, serotransferrin, and beta-defensin. Other proteins that may modulate
TRPM8 channels and alter sensory neuronal function were reduced, including arachidonate
15-lipoxygenase B. A low-abundance protein that responds to oxidative stress and injury,
proteasome subunit beta type 10, was upregulated in denervated rats.

CONCLUSIONS. Denervation of the lacrimal gland causes long-lasting hypoalgesia, impairs the
blink response, and alters tear proteins. Tear proteins were altered without changing tear
volume. We speculate that impaired TRPM8 function in corneal sensory nerves may
contribute to ocular hypoalgesia, supporting growing evidence that this transduction
molecule is important for both nociceptive and spontaneous blinking behaviors.
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Corneal sensory nerves are important for both encoding
pain from the ocular surface and stimulating homeostatic

reflexes, such as blinking and tearing, that maintain the
integrity of the ocular surface. The central nervous system
reflex pathways and cellular mechanisms that mediate these
diverse functions have not been fully defined. Corneal sensory
nerves can be classified based on the types of stimuli that lead
to activation of single nerves, including cold, mechanical, and
heat stimuli,1–3 and osmoreceptors are also presumed to be
important for signaling changes in the osmotic state of the
ocular surface,4 but the molecular basis for this function has
not been conclusively identified. Dry eye disease is a complex
disorder that can be caused by a change in the evaporative state
of the ocular surface, reducing tear production and leading to a
sensation of discomfort.5,6 However, many individuals have
ocular pain and a perception of dryness without any
measurable changes in tear production.7 These findings suggest
that the mechanisms underlying ocular sensation and homeo-
static maintenance of the ocular surface may be distinct.3

We previously reported a novel laboratory model in which
we are able to cause divergent changes in the sensory and
homeostatic functions in a rodent model of dry eye.8 We

lesioned the nerves in the lacrimal gland, which we expected to

reduce tear production, but in fact we did not see any changes

in tear volume.8 We did find a reduction in the response of the

rats to ocular stimulation with a noxious dose of menthol, but

no changes in responses to capsaicin.8 This sensory deficit did

not lead to any changes in tear volume or sensory nerve density

in the eye. We speculated that these rats may have a deficit in

TRPM8 function, which is thought to be the molecular basis for

cold sensation, responses to menthol, and possible osmosensa-

tion.9 Recent studies implicate the TRPM8 receptor in

mediating homeostatic blinking behavior.9 In the present study,

we examined both spontaneous eye closure behaviors in rats

that had saporin toxin denervation of the lacrimal gland to

determine if both homeostatic and nociceptive responses are

altered after this treatment. We also tested nociceptive

responses 8 weeks after lacrimal gland denervation to

determine if the deficits in evoked pain in response to menthol

are chronic. Finally, we examined tear proteins in saporin-

denervated rats to determine if changes in the tear proteome

may provide clues to mechanisms that might alter sensory

nerve function.
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METHODS

Experimental Animals

Animal procedures were approved by the Institutional Animal
Care and Use Committee at Oregon Health and Science
University and all experiments adhered to the guidelines of
the National Institutes of Health, the Committee for Research
and Ethical Issues of the International Association for the Study
of Pain and the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research for animal experimentation.
Male Sprague-Dawley rats (250–450 g; Charles River Laborato-
ries, Wilmington, MA, USA) were housed in pairs on a 12/12
light/dark cycle and were given access to food and water ad
libitum. A total of 16 animals were used for all experiments; the
specific number of animals used in each study is also indicated
in the results section. In some cases, the same animal was used
for measuring multiple endpoints. For example, blink analysis,
phenol thread test, and proteomics of the tears were
performed in the same rat.

Saporin Denervation of Lacrimal Gland

Rats were deeply anesthetized with vaporized isoflurane in
oxygen (5% for induction, 2%–3% maintenance), and the left
extraorbital lacrimal gland was isolated from surrounding
tissue using cotton swabs; 192-IgG-saporin (5 lL, 0.5 lg/lL;
Advanced Targeting Systems, San Diego, CA, USA) was
microinjected into the gland through a glass pipette.8 Trypan
blue was included in the solution to monitor the spread of the
injectate. The area was carefully rinsed with saline, dried, and
the incision was closed with 3-0 monocryl suture (Ethicon,
Cornelia, GA, USA) and covered with anesthetic ointment. To
control for possible effects of toxin to the ocular surface, in a
separate group of animals, 192-IgG-saporin was applied directly
and unilaterally to the corneal surface using methods similar to
those described previously.10 Rats were anesthetized as
described above. A small stainless-steel metal ring (6-gauge,
4.4-mm internal diameter) was secured to the left cornea with
petroleum jelly and 5 lL 192-IgG-saporin was pipetted into the
ring and left there for 20 minutes. After 20 minutes, the 192-
IgG-saporin was wicked away with cotton swabs and the
cornea and surrounding areas were rinsed profusely with
saline. Control rats were injected with vehicle (PBS) into the
left lacrimal gland. Rats were returned to their home cage and
monitored during recovery from anesthesia.

Blinks and Winks

The number of blinks (simultaneous eye closures of both eyes)
and winks (unilateral eye closures) were counted weekly for 8
weeks after lacrimal gland injections in both saporin and
control rats. Rats were placed in a plexiglass chamber and
allowed to acclimate for 15 minutes. Blinks and winks were
counted by a trained observer for 5 minutes. Bouts of grooming
behavior were recorded during the same period starting 2
weeks after surgery. Grooming behavior was counted if the rat
followed and completed a stereotypic cephalocaudal grooming
progression.11

Phenol Thread Measurements

Rat were briefly anesthetized with isoflurane (vaporized at 5%
in oxygen) then a cotton thread embedded with phenol red
(Zone-Quick; Oasis Medical, Glendora, CA, USA) was placed in
the lateral canthus for 15 seconds. Phenol threads were stored
at�808C until they were processed for proteomic analysis (see
below).

Behavioral Measurement of Ocular Sensation

Awake rats were lightly restrained while 10 lL 50 mM menthol
(Sigma-Aldrich, St. Louis, MO, USA) was applied to the ocular
surface.12 Ipsilateral eye wipes with the forelimb were counted
for 3 minutes. Facial grooming behaviors or hind paw scratches
were not included, as these are not validated measures of eye
pain.13–15 Rats were assessed 8 weeks after lacrimal gland
injections. We tested rats only once because we have found
that repeated ocular applications of menthol cause sensitiza-
tion of nocifensive responses (Aicher S, Hegarty D, unpub-
lished observations, 2015).

Statistical Analyses

Two-way ANOVAs were used to compare eye closures and
grooming bouts over time for saporin and control groups.
Paired t-tests were used for within-animal comparisons of
phenol thread measurements taken before treatment (baseline)
and at the end of the study (8 weeks) for both saporin and
control animals. Changes in eye wipe behavior and lacrimal
gland weights were compared using t-tests.

Collection of Tear Proteins

Tear proteins from saporin-treated rats and control rats were
collected using phenol red threads (see above). Although this
allowed simultaneous estimation of the volume of tears
collected, the presence of the phenol red interfered with
quantification of the amount of protein collected. However,
based on the collection of approximately 1.5 lL of tears per
sample, and the reported 6 to 10 mg/mL protein concentration
of tears,16 each sample contained from 9 to 15 lg protein. On
collection, the threads were cut into 2- to 3-mm sections and
placed in 50 lL of 50 mM ammonium bicarbonate buffer and
frozen at �808C until processing.

Tear Protein Digestion and Tandem Mass Tag
(TMT) Labeling

Frozen threads were thawed, and 33.3 lL 100-mM triethyl
ammonium bicarbonate (TEAB), 2 lL 1% ProteaseMax deter-
gent (Promega, Madison, WI, USA), and 1 lL 0.5 M
dithiothreitol were added. Following vortexing, the samples
were heated at 568C for 20 minutes, then alkylated by addition
of 2.7 lL 0.55 M iodoacetamide and incubated in the dark at
room temperature for 15 minutes. Proteins were then digested
by addition of 1 lL 1% ProteaseMax detergent and 10 lL 0.1
lg/lL trypsin (Pierce, MS Grade; Thermo Scientific, Waltham,
MA, USA). After shaking at 378C overnight, the solution was
removed from the threads by transferring to another 0.5-mL
centrifuge tube, and 5 lL 10% trifluoroacetic acid added. The
samples were then stored at room temperature for 1 hour,
spun at 16,000g for 5 minutes, and the supernatant removed.
Peptides were then solid phase extracted using MicroSpin
columns (The Nest Group, Southborough, MA, USA) and dried
by vacuum centrifugation. Each digest was then dissolved by
vigorous shaking for 10 minutes in 20 lL 100 mM TEAB, and
200 lg TMT 10-plex reagent (Thermo Scientific) dissolved in
12 lL anhydrous acetonitrile was added. Samples were then
incubated for 1 hour at room temperature and 2 lL 5%
hydroxylamine added followed by an additional 15 minutes
incubation.

Mass Spectrometric Analysis

Then, 2 lL of each reaction mixture were mixed, dried by
vacuum centrifugation, dissolved in 5% formic acid, and
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approximately 2 lg of peptide was analyzed, as previously
described, to normalize the total reporter ion intensity of each
multiplexed sample and check labeling efficiency.17 Based on
these results, the remaining samples were combined with
volumes adjusted to produce equal total reporter ion
intensities and samples dried down in preparation for two-
dimensional liquid chromatography–mass spectrometry (LC-
MS) analysis. One-half of the multiplexed samples, correspond-
ing to approximately 60 lg of peptides, were separated using
an automated two-dimensional (2D) nano–reverse phase/
reverse phase chromatography system and Orbitrap Fusion
mass spectrometer (Thermo Scientific) using synchronous
precursor isolation for MS3-based reporter ion measurement as
previously described,17 except using 14%, 17%, 20%, 21%, 22%,
23%, 24%, 25%, 26%, 27%, 28%, 29%, 30%, 35%, 40%, 50%, and
90% acetonitrile elution steps during the first dimensional
separation. Due to re-equilibration times after each LC-MS run,
the entire 2D LC-MS/MS method required 34 hours of
instrument time.

Data Analysis

Raw instrument files from the 17 fractions were simultaneously
searched with the SEQUEST HT search engine within Proteome
Discoverer (PD) version 1.4.1.14 (Thermo Scientific). A
manually annotated rat UniProtKB/Swiss-Prot database con-
taining 7925 entries and common contaminants was used to
minimize the number of shared peptides from homologous
proteins. SEQUEST HT search parameters were identical to
those previously used17 and used a reversed-sequence decoy
strategy to control peptide false discovery, followed by
validation using Percolator software within PD.18 Search results
and TMT reporter ion intensities were exported from PD as
text files and processed using in-house Python scripts. Only
peptide spectral matches (PSMs) uniquely matching a single
protein entry with q scores < 0.05, accurate masses within 10
parts per million, and trimmed average reporter ion intensity
peak heights greater than 600 were used for quantification.
TMT reporter ions with zero values were replaced with
intensities of 150 to avoid artifacts. The individual reporter
ion intensities from all PSMs were summed to create total
protein intensities. Differential protein abundances between
groups were determined by comparing the total reporter ion
intensities using the Bioconductor package edgeR19 as

previously described.17 Additional data normalizations,20 mul-
tiple testing corrections, and calculation of false discovery
rates (FDRs) were performed within edgeR. Only results with P

< 0.05 and FDR < 0.1 were considered significant. Multidi-
mensional scaling plots generated within edgeR were used to
exclude one 3-week posttreatment sample that differed greatly
from other samples, presumably due to sample contamination
during collection or processing. Final results listing all
identified proteins, TMT reporter ion intensities, and edgeR
analysis results are found in Supplementary File S1.

RESULTS

Saporin Toxin-induced Denervation Reduced Eye
Closure Behavior

To assess the impact of saporin-induced lacrimal gland
denervation, we examined spontaneous eye closure behav-
ior.21 Saporin-treated rats received a left side denervation of the
lacrimal gland (n¼ 4), and the control rats received anesthesia,
incision, and injection of vehicle into the lacrimal gland (n ¼
4). Saporin injection into the left lacrimal gland produced a
significant 15.4% decrease in lacrimal gland weight (treated
side: 120.5 6 6.7 mg, contralateral: 142.3 6 8.5 mg, n ¼ 4; t-
test, P ¼ 0.04), similar to the decrease seen in our previous
study.8 Figure 1 shows eye closure measures from the left eye
(treated side) assessed weekly for 8 weeks in saporin and
control groups. Eye closures (Fig. 1A) included both bilateral
(blinks) and unilateral (winks) behaviors that occurred
spontaneously during a 5-minute test period. Overall, sapor-
in-treated rats showed fewer eye closure behaviors over time
compared with controls (2-way ANOVA with Holm-Sidak post
hoc test, treatment group factor; P ¼ 0.014) (Fig. 1A). There
were no differences in the time or interaction factors,
indicating that there was no progression in eye closure
behavior over time.

Because we denervated the lacrimal gland on only one side
in each animal, we wanted to determine if there were changes
in eye closure behavior that were specific to the treated side.
Thus, we separately examined only ‘‘wink’’ behaviors, which
are closures of only one eye at a time. The left (treated) and
right (untreated) eyes were analyzed separately. Figure 1B
shows that winks were reduced on the left side in saporin-

FIGURE 1. Saporin denervation of lacrimal gland reduces eye closure behavior. Eye closure behaviors were assessed weekly in saporin-denervated
(black symbols) and control (white symbols) rats for 8 weeks following surgery. (A) Eye closures included both bilateral (blinks) and ipsilateral
(winks) responses. Saporin treatment significantly reduced eye closures compared with the control group, but there was no effect of time. (B, C)
Single eye closures (winks) were also assessed and saporin treatment significantly reduced eye closures compared with sham-treated controls in the
left eye (B), which was the same side on which the lacrimal gland was denervated (effect of treatment, but no effect of time). (C) There was no
effect of denervation on eye closure rate in the right eye, which was contralateral to the denervated gland. See Results for detailed presentation of
statistical analysis. Bars indicate mean 6 SEM.
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denervated animals, which was ipsilateral to the treated
lacrimal gland (2-way ANOVA treatment factor, P ¼ 0.01; no
effect of time or interaction between treatment and time). In
contrast, there was no change in wink behavior for the right
eye (Fig. 1C; 2-way ANOVA treatment factor, P¼ 0.791), which
was on the untreated side for each animal. These results show
that the eye closure behavior can be selectively altered by
lacrimal gland denervation and restricted to the treated side.
Recent studies implicate TRPM8 channels in mediating blink
behavior,9 supporting our hypothesis that TRPM8 is one
potential molecule that may be altered in the corneal afferents
of our saporin animals.

Saporin-treated Rats Maintain Normal Tear
Production

In our previous study, we found that despite substantial loss of
cholinergic innervation of the lacrimal gland after saporin
treatment, rats continue to have normal tear volumes 3 weeks
after saporin treatment.8 In the present study, we examined
rats at 8 weeks post-denervation and we found that even at this
long-term time point, tear volume as assessed by phenol thread
test is normal (Fig. 2A). Statistical comparisons were made as
paired t-tests on raw phenol thread measures from the treated
(left) side and compared within each treatment group (saporin,
baseline: 12.0 6 0.9 mm, saporin 8 weeks: 14.0 6 2.3 mm
paired t-test, P ¼ 0.56; control, baseline: 10.0 6 1.0 mm,
control 8 weeks: 10.8 6 1.9 mm paired t-test, P ¼ 0.70).
Despite changes in eye closure frequency, there was not a
significant change in tear production, suggesting that mecha-
nisms regulating lacrimal gland secretion and eye closure
reflexes are distinct.

Saporin Rats Show Reduced Responses to Noxious
Menthol

We previously showed that saporin-denervated rats were less
responsive to application of noxious menthol to the corneal
surface, which was manifest by fewer eye wipe behaviors.8 In
this study, we monitored rats after a much longer period to see
if the changes evoked by denervation would be stable over
time. We found reduced responses to menthol at 8 weeks
following saporin injection (Fig. 2B) compared with controls (t-

test, P¼ 0.06), demonstrating the stability of impaired sensory
responding over time.

Saporin Treatment Does Not Alter Facial Grooming
Behavior

Facial grooming behaviors that are included in the stereotypic
rodent cephalocaudal grooming sequence11 are distinct from
nociceptive eye wipe responses; both types of behavior were
assessed each week to determine if saporin denervation of the
lacrimal gland may have altered behavior more generally. No
changes in the number of grooming bouts were seen based on
treatment group (2-way ANOVA, P ¼ 0.393 for treatment
factor). There was a significant effect of time (P¼ 0.006) with
all rats showing more grooming behavior over the 8-week
study period, suggesting greater acclimation to the testing
situation for all rats in the study. These findings show that
saporin denervation of the lacrimal gland did not alter facial
grooming behavior, supporting the idea that the saporin toxin
did not alter innervation to regions other than the lacrimal
gland.

Topical Corneal Application of Saporin Does Not
Contribute to Behavioral Alterations

To ensure that 192-IgG-saporin was not having a direct effect
on the corneal surface itself, we applied 192-IgG-saporin
topically to the corneal surface (without removal of tear film
barrier) in a separate group of rats and measured eye wipe
responses, tear production, and eye closures 3 weeks later.
Rats that received topical saporin did not show any alterations
in eye wipe responses to 50 mM menthol (topical saporin: 9.6
6 1.5 eye wipes, n¼ 5; control: 7.3 6 1.2 eye wipes, n¼ 4; t-
test, P¼0.28). The data from the control animals were recently
published as part of another study.10 There were no changes in
tear production 3 weeks after topical saporin application
(topical saporin baseline: 10.7 6 0.9 mm; 3-week endpoint:
12.7 6 2.6 mm, n ¼ 3; paired t-test, P ¼ 0.44). Eye closures
were also assessed 3 weeks after topical saporin and compared
with näıve control animals. There were no changes in total eye
closures (blinks and winks) on the treated (left) side (topical
saporin baseline: 6.0 6 3.5 eye closures, 3-week endpoint: 6.7
6 2.9 eye closures, n ¼ 3; control baseline: 3.8 6 1.9 eye
closures, control 3 weeks: 5.0 6 0.7 eye closures, n¼ 4; 2-way
ANOVA, P¼0.4). Unilateral winks on the treated side were also
not altered when topical saporin was compared with controls
(topical saporin baseline: 2.3 6 1.9 winks, 3-week endpoint:
2.0 6 0.6 winks, n ¼ 3; control baseline: 1.5 6 .9 winks, 3-
week endpoint: 4.3 6 1.4 winks, n ¼ 4; 2-way ANOVA, P ¼
0.6). There were no changes in lacrimal gland weight after
topical saporin (left: 134.5 6 13.5 mg, right: 132.7 6 10.8 mg,
n ¼ 5; t-test, P ¼ 0.9). These findings demonstrate that the
alterations after saporin-induced denervation of the lacrimal
gland were not due to a direct effect of the saporin toxin on
the corneal surface.

Saporin-induced Denervation Alters Tear Proteins

Studies from other groups have demonstrated that the TRPM8
receptor is crucial for both nociceptive responses to menthol,
as well as spontaneous blinking.9,22 Our saporin-treated rats
showed reductions in both nociceptive responses to menthol
and deficits in eye blink behaviors, both of which are
consistent with reduced function of the TRPM8 receptor. In
our prior studies we found no changes in corneal nerve density
that could account for the functional changes we have seen,8

but it is possible that denervation of the lacrimal gland could
alter the protein composition of tears and thereby alter the

FIGURE 2. Saporin treatment does not alter tear production, but
causes hypoalgesia. (A) Phenol thread measurements were assessed as
the percentage of baseline for each animal (% Tears). Saporin and
control rats showed normal tear volume even after 8 weeks (n¼4 each
group). (B) Saporin-treated rats showed reduced eye wipe responses to
a noxious dose of menthol applied to the ocular surface at 8 weeks
following lacrimal gland denervation.
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function of TRPM8 and other molecules within the corneal
sensory nerves. We conducted extensive proteomic analysis on
tears from saporin-treated rats.

A 2D LC separation of TMT-labeled peptides and mass
spectral analysis identified a total of 1490 rat tear proteins in
näıve control animals (n¼4) following the removal of common
contaminant proteins (Supplementary Table S1; n¼ 5 baseline
tear samples; n ¼ 4 tear samples from saporin-denervated
animals). Based on numbers of PSMs, Table 1 lists the 20
proteins having the highest overall abundance in rat tears.
Some proteins from related families, particularly the keratins,

are grouped together in Table 1, and their overall abundance
estimated by averaging their PSM numbers. The known
functions of each protein are also listed in Table 1. Many of
these proteins have been reported to be altered in some
patients with dry eye disease.

The labeling of peptides with TMT reagents also allowed
simultaneous comparison of the abundance of tear proteins
from saporin-denervated rats at 3 weeks following saporin
treatment (n ¼ 4) to tear protein composition of baseline
profiles (n ¼ 5). TMT analysis using the Orbitrap Fusion,
followed by multiple test correction, found 13 unique proteins

TABLE 1. The Most Abundant Proteins in Rat Tears as Measured by Numbers of Assigned Tandem Mass Spectra (PSMs)

Identified Protein Accession Description PSMs

Secretoglobin family 2A member 2 P02780 Member of a family of secreted proteins that is increased

in certain cancers as well as in dry eye.38

1166

Cystatin-related protein 1 and 2 P22282 and P22283 Proteins synthesized and secreted in rat lacrimal gland

under androgen control.39

564*

Polymeric immunoglobulin

receptor

P15083 Receptor expressed in lacrimal acinar cells that transports

antibodies involved in immune responses.40 This protein

is decreased in a rabbit model of Sjögren syndrome–

associated dry eye32 and patients with dry eye.41

499

Aldehyde dehydrogenase, dimeric

NADP-preferring

P11883 Enzyme that is thought to be an ocular antioxidant.42

Upregulated in dry eye patients.41

432

Serotransferrin P12346 Glycoprotein expressed in secretions that has

antimicrobial, antiviral, antiparasitic, and anti-

inflammatory activity. This is decreased in a rabbit

model of Sjögren syndrome–associated dry eye.32

323

Keratins Q6P6Q2, Q6IFV4, Q6IG00,

Q4FZU2, Q6IFV3, Q6IG05,

Q6IFW5, Q6IFW6, Q6IMF3,

Q10758

A large family of proteins that are essential structural

components of epithelial cells. Keratins have been

found in human conjunctiva and may also be minor

components of cornea.43–45

296*

Alpha-actinin-4 Q9QXQ0 F-actin cross-linking protein that is thought to anchor actin

to a variety of intracellular structures.

288

Thioredoxin P11232 Catalyzes dithiol-disulfide exchange reactions and plays a

role in the reversible S-nitrosylation.

285

Actins P60711, P68035 Cytoskeletal filament. Has role in exocytosis of secretory

vesicles from lacrimal acini.46

283*

Major urinary protein P02761 Binding and release of pheromones. 240

Plectin P30427 Interlinks intermediate filaments with microtubules and

microfilaments.

239

Annexin A1 and A2 P07150, Q07936 Calcium and phospholipid binding protein that inhibits

phospholipase A. Thought to have anti-inflammatory

activity47 and is overexpressed in dry eye patients.48

231*

Serum albumin P02770 Abundant protein found in the blood that has been shown

to be increased in a rabbit model of Sjögren syndrome–

associated dry eye.32

224

Furin P23377 Processes newly synthesized precursor proteins into

biologically active proteins. The furin gene was found to

have reduced expression in a rat model of severe dry

eye.49

221

Prolactin-inducible protein

homolog

O70417 Inhibits T-lymphocyte programmed cell death.50 This

protein is decreased in a rabbit model of Sjögren

syndrome–associated dry eye32 and in patients with

mild dry eye.41

193

Myosin-9 Q62812 Cellular myosin that appears to play a role in cytokinesis,

cell shape, and specialized functions.

168

Guanine deaminase Q9WTT6 Catalyzes the hydrolytic deamination of guanine,

producing xanthine and ammonia.

146

Heat shock 70 kDa protein 1A P0DMW0 Molecular chaperone. 144

Lactadherin P70490 Contributes to phagocytic removal of apoptotic cells in

many tissues.

136

Elongation factor 1-alpha 1 P62630 Promotes the GTP-dependent binding of aminoacyl-tRNA. 126

* These family members were combined and an average of their PSM numbers reported. A full list of identified proteins appears in
Supplementary File S1.
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that were different in abundance between baseline and 3
weeks post-saporin treatment (Table 2). Most differentially
abundant proteins showed decreases, whereas 2 proteins
(syntaxin 8 and Proteasome subunit beta type-10) increased in
saporin-treated rats. The potential functional significance of
the changes in tear protein composition are described in the
Discussion.

DISCUSSION

Behavioral Consequences of Lacrimal Gland
Denervation

Consistent with our previous study,8 we find that partial
denervation of the lacrimal gland with saporin toxin impairs
menthol nociception. In the present study, we show that this
deficit is still present 8 weeks after treatment. The deficit
seems to be modality selective because capsaicin responses
were not altered by saporin treatment.8 In the present study,
we now also show that spontaneous eye closure behavior is
also reduced following saporin denervation of the lacrimal
gland. These behavioral findings are consistent with a loss of
function of TRPM8 receptors in corneal afferents, which have
been shown to at least partially mediate responses to
menthol23 as well as spontaneously blinking.9 Because we
treated only one eye, we are able to show that these behavioral
changes are localized and more severe in the treated eye,
compared with the contralateral eye. We previously showed
that there is no overt loss of corneal nerves after saporin
denervation of the lacrimal gland,8 and that there is also no
change in tear volume. Our current findings show that the
protein content of the tears is altered after saporin denervation
of the lacrimal gland, suggesting this as a possible mechanism
for altered function of corneal sensory nerves.

Overall Abundance of Tear Proteins

Using the numbers of PSMs, which are roughly correlated with
the abundance of different proteins,24 we identified the 20
most abundant proteins or protein families in the rat tear
(Table 1). Our findings are in partial agreement with recent
studies.25 A full list of all 1490 proteins identified in rat tears
are listed in Supplementary File S1. The recovery of so many
tear proteins from the minute volume collected on each
phenol thread emphasizes the sensitivity of the current
methods.

Changes in Abundance of Tear Proteins After
Saporin Denervation of the Lacrimal Gland

In our analysis, we identified 11 proteins that were decreased
after saporin treatment (Table 2), some of which may have a
role in TRPM8 channel function. Protein ERGIC-53 (endoplas-
mic reticulum [ER]-Golgi intermediate compartment) is a
transport receptor of glycoproteins from the ER to the Golgi
apparatus.26 The TRPM8 channel undergoes posttranslational
glycosylation, which is important in establishing the sensitivity
of this channel to cold and other stimuli in sensory
neurons.27,28 Unglycosylated TRPM8 has been shown to have
reduced responses to menthol in cultured trigeminal neu-
rons.27 In our saporin model, if transport of glycoproteins is
reduced due to a decrease in the ERGIC transport receptor, it
could lead to the insertion of unglycosylated TRPM8 channels
into the membrane, resulting in the reduced response to
menthol that we observed.8 We also saw a decrease in
arachidonic 15-lipoxygenase B, which is the enzyme that
converts arachidonic acid (AA) into its metabolites and is

expressed in human corneal epithelial cells.29,30 A previous
study demonstrated that AA has a direct inhibitory effect on
TRPM8 channel activation by menthol, but activates other TRP
channels such as TRPV1.31 Therefore, if expression of the
enzyme that converts AA to its metabolites is decreased, AA
may accumulate, which could inhibit TRPM8 activation. This
would also explain why capsaicin responses were not reduced
in saporin-treated rats,8 because AA would activate the TRPV1
channel, which mediates the response to capsaicin.

In addition to protein changes that may relate to TRPM8
function, we also saw changes in proteins that are related to
homeostatic maintenance of the ocular surface. We detected a
reduction in serotransferrin, a glycoprotein expressed in
secretions that has antimicrobial, antiviral, antiparasitic, and
anti-inflammatory activity and is decreased in a rabbit model of
Sjögren syndrome–associated dry eye.32 Thus, despite normal
tear production in our saporin-treated rats, some protein
changes are consistent with other dry eye models. We also
found a reduction in beta-defensin-1, which is a naturally
occurring antimicrobial peptide produced in epithelial cells
and constitutively expressed on the ocular surface33,34; the
reduction in this protein would be expected to make the
cornea more susceptible to infection in our saporin-treated rats.

Two low-abundance proteins, proteasome subunit beta
type 10 and Syntaxin 8 were increased in our saporin-treated
rats (Table 2). Proteasome subunit beta type 10 is an inducible
immunoproteasome that is expressed in corneal epithelial
cells. The protein has been shown to respond to oxidative
stress and injury, and knockout mice have slower corneal
wound healing responses.35 Syntaxin 8, a member of the
SNARE protein family,36 has been implicated in vesicular
trafficking events and has been reported to increase in rat tears
with aging.37 The rats in this prior study were 24 months of
age, which is substantially older than our rats, but we cannot
rule out that some of the increase in syntaxin may be age-
related. Our findings are in agreement with this prior study that
demonstrated reduced function and degeneration of the
lacrimal gland in aged rats. This suggests that our saporin
denervation is accelerating processes that can occur naturally
with extreme age. The aged rats in this prior study showed no
changes in tear volume assessed with a modified Schirmer
test,37 although they did show altered tear protein composi-
tion, consistent with our current findings.

TABLE 2. Tear Proteins That Changed After Saporin Denervation of
Lacrimal Gland Compared With Baseline

Change From Baseline

Fold

Change FDR

Phenylalanine–tRNA ligase, mitochondrial 5.2 0.098

Procollagen-lysine,2-oxoglutarate 5-dioxygenase 3 3.8 0.001

Beta-defensin 1 3.8 0.004

Syntaxin-8 3.7 0.049

45kDa calcium-binding protein 2.6 0.041

Protein ERGIC-53 2.6 0.069

Arachidonate 15-lipoxygenase B 2.6 0.008

Proteasome subunit beta type-10 2.5 0.044

Protein-glutamine gamma-glutamyltransferase E 2.3 0.084

Serotransferrin 2.0 0.069

Dual-specificity mitogen-activated protein kinase

kinase 5

1.9 0.016

Filamin-A-interacting protein 1 1.8 0.052

Cofilin-1 1.6 0.019

Most protein levels decreased after saporin treatment; those that
increased are listed in bold type.
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CONCLUSIONS

Our studies show that saporin toxin denervation of the
lacrimal gland leads to impaired homeostatic blinking behavior,
including fewer ipsilateral eye closures, as well as reduced
responses to application of noxious menthol to the ocular
surface. These behavioral changes implicate impaired function
of TRPM8 receptors in corneal sensory nerves. We show that
highly sensitive approaches are able to analyze the proteome in
extremely small volumes of tears collected via the phenol
thread test, including low-abundance proteins. Proteomic
analysis suggests that downregulation of key proteins may
contribute to the impaired sensory function seen in our rats
and other proteins suggest a compromised ocular surface.
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zation of Aë and C fiber free nerve endings innervating rabbit
corneal epithelium. J Neurosci. 1993;13:4511–4524.

2. Acosta MC, Belmonte C, Gallar J. Sensory experiences in
humans and single-unit activity in cats evoked by polymodal
stimulation of the cornea. J Physiol. 2001;534:511–525.

3. Meng ID, Kurose M. The role of corneal afferent neurons in
regulating tears under normal and dry eye conditions. Exp Eye

Res. 2013;117:79–87.

4. Hirata H, Oshinsky ML. Ocular dryness excites two classes of
corneal afferent neurons implicated in basal tearing in rats:
involvement of transient receptor potential channels. J

Neurophysiol. 2012;107:1199–1209.

5. Bron AJ, Tomlinson A, Foulks GN, et al. Rethinking dry eye
disease: a perspective on clinical implications. Ocul Surf.
2014;12:S1–S31.

6. Vehof J, Kozareva D, Hysi PG, et al. Relationship between dry
eye symptoms and pain sensitivity. JAMA Ophthalmol. 2013;
131:1304–1308.

7. Galor A, Felix ER, Feuer W, et al. Dry eye symptoms align
more closely to non-ocular conditions than to tear film
parameters. Br J Ophthalmol. 2015;99:1126–1129.

8. Aicher SA, Hermes SM, Hegarty DM. Denervation of the
lacrimal gland leads to corneal hypoalgesia in a novel rat
model of aqueous dry eye disease. Invest Ophthalmol Vis Sci.
2015;56:6981–6989.

9. Quallo T, Vastani N, Horridge E, et al. TRPM8 is a neuronal
osmosensor that regulates eye blinking in mice. Nat

Commun. 2015;6:7150.

10. Hegarty DM, Hermes SM, Morgan MM, Aicher SA. Acute
hyperalgesia and delayed dry eye after corneal abrasion. Pain

Rep. 2018;3:e664.

11. Kalueff AV, Stewart AM, Song C, Berridge KC, Graybiel AM,
Fentress JC. Neurobiology of rodent self-grooming and its
value for translational neuroscience. Nat Rev Neurosci. 2016;
17:45–59.

12. Hegarty DM, Hermes SM, Yang K, Aicher SA. Select noxious
stimuli induce changes on corneal nerve morphology. J Comp

Neurol. 2017;525:2019–2031.

13. Price TJ, Patwardhan A, Akopian AN, Hargreaves KM, Flores
CM. Modulation of trigeminal sensory neuron activity by the
dual cannabinoid-vanilloid agonists anandamide, N-arachido-
noyl-dopamine and arachidonyl-2-chloroethylamide. Br J

Pharmacol. 2004;141:1118–1130.

14. Farazifard R, Safarpour F, Sheibani V, Javan M. Eye-wiping test:
a sensitive animal model for acute trigeminal pain studies.
Brain Res Brain Res Protoc. 2005;16:44–49.

15. Hegarty DM, Hermes SM, Largent-Milnes TM, Aicher SA.
Capsaicin-responsive corneal afferents do not contain TRPV1
at their central terminals in trigeminal nucleus caudalis in rats.
J Chem Neuroanat. 2014;61–62:1–12.

16. von Thun Und Hohenstein-Blaul N, Funke S, Grus FH. Tears as
a source of biomarkers for ocular and systemic diseases. Exp

Eye Res. 2013;117:126–137.

17. Plubell DL, Wilmarth PA, Zhao Y, et al. Extended multiplexing
of tandem mass tags (TMT) labeling reveals age and high fat
diet specific proteome changes in mouse epididymal adipose
tissue. Mol Cell Proteomics. 2017;16:873–890.

18. Kall L, Canterbury JD, Weston J, Noble WS, MacCoss MJ. Semi-
supervised learning for peptide identification from shotgun
proteomics datasets. Nat Methods. 2007;4:923–925.

19. Robinson MD, McCarthy DJ, Smyth GK. edgeR: a bioconduc-
tor package for differential expression analysis of digital gene
expression data. Bioinformatics. 2010;26:139–140.

20. Robinson MD, Oshlack A. A scaling normalization method for
differential expression analysis of RNA-seq data. Genome

Biol. 2010;11:R25.

21. Meng ID, Barton ST, Mecum NE, Kurose M. Corneal sensitivity
following lacrimal gland excision in the rat. Invest Ophthal-

mol Vis Sci. 2015;56:3347–3354.

22. Peier AM, Moqrich A, Hergarden AC, et al. A TRP channel that
senses cold stimuli and menthol. Cell. 2002;108:705–715.

23. Robbins A, Kurose M, Winterson BJ, Meng ID. Menthol
activation of corneal cool cells induces TRPM8-mediated
lacrimation but not nociceptive responses in rodents. Invest

Ophthalmol Vis Sci. 2012;53:7034–7042.

24. Liu H, Sadygov RG, Yates JR III. A model for random sampling
and estimation of relative protein abundance in shotgun
proteomics. Anal Chem. 2004;76:4193–4201.

25. Chen HY, Chou HC, Chang SJ, et al. Proteomic analysis of
various rat ocular tissues after ischemia-reperfusion injury and
possible relevance to acute glaucoma. Int J Mol Sci. 2017;18:
E334.

26. Hauri HP, Kappeler F, Andersson H, Appenzeller C. ERGIC-53
and traffic in the secretory pathway. J Cell Sci. 2000;113:587–
596.

27. Pertusa M, Madrid R, Morenilla-Palao C, Belmonte C, Viana F.
N-glycosylation of TRPM8 ion channels modulates tempera-
ture sensitivity of cold thermoreceptor neurons. J Biol Chem.
2012;287:18218–18229.

28. Scott H, Panin VM. The role of protein N-glycosylation in
neural transmission. Glycobiology. 2014;24:407–417.

29. Brash AR, Boeglin WE, Chang MS. Discovery of a second 15S-
lipoxygenase in humans. Proc Natl Acad Sci U S A. 1997;94:
6148–6152.

30. Chang MS, Schneider C, Roberts RL, et al. Detection and
subcellular localization of two 15S-lipoxygenases in human
cornea. Invest Ophthalmol Vis Sci. 2005;46:849–856.

31. Andersson DA, Nash M, Bevan S. Modulation of the cold-
activated channel TRPM8 by lysophospholipids and polyun-
saturated fatty acids. J Neurosci. 2007;27:3347–3355.

32. Zhou L, Wei R, Zhao P, Koh SK, Beuerman RW, Ding C.
Proteomic analysis revealed the altered tear protein profile in

Sensation and Proteins Altered by Loss of Lacrimal Nerves IOVS j October 2018 j Vol. 59 j No. 12 j 5223



a rabbit model of Sjogren’s syndrome-associated dry eye.
Proteomics. 2013;13:2469–2481.

33. Haynes RJ, McElveen JE, Dua HS, Tighe PJ, Liversidge J.
Expression of human beta-defensins in intraocular tissues.
Invest Ophthalmol Vis Sci. 2000;41:3026–3031.

34. McDermott AM. The role of antimicrobial peptides at the
ocular surface. Ophthalmic Research. 2009;41:60–75.

35. Ferrington DA, Roehrich H, Chang AA, et al. Corneal wound
healing is compromised by immunoproteasome deficiency.
PLoS One. 2013;8:e54347.

36. Bennett MK, Garcia-Arraras JE, Elferink LA, et al. The syntaxin
family of vesicular transport receptors. Cell. 1993;74:863–
873.

37. Batista TM, Tomiyoshi LM, Dias AC, et al. Age-dependent
changes in rat lacrimal gland anti-oxidant and vesicular related
protein expression profiles. Mol Vis. 2012;18:194–202.

38. Nichols JJ, Green-Church KB. Mass spectrometry-based
proteomic analyses in contact lens-related dry eye. Cornea.
2009;28:1109–1117.

39. Winderickx J, Vercaeren I, Verhoeven G, Heyns W. Androgen-
dependent expression of cystatin-related protein (CRP) in the
exorbital lacrimal gland of the rat. J Steroid Biochem Mol

Biol. 1994;48:165–170.

40. Xu S, Ma L, Evans E, Okamoto CT, Hamm-Alvarez SF.
Polymeric immunoglobulin receptor traffics through two
distinct apically targeted pathways in primary lacrimal gland
acinar cells. J Cell Sci. 2013;126:2704–2717.

41. Srinivasan S, Thangavelu M, Zhang L, Green KB, Nichols KK.
iTRAQ quantitative proteomics in the analysis of tears in dry
eye patients. Invest Ophthalmol Vis Sci. 2012;53:5052–5059.

42. Marchitti SA, Chen Y, Thompson DC, Vasiliou V. Ultraviolet
radiation: cellular antioxidant response and the role of ocular
aldehyde dehydrogenase enzymes. Eye Contact Lens. 2011;
37:206–213.

43. Poli M, Janin H, Justin V, Auxenfans C, Burillon C, Damour O.
Keratin 13 immunostaining in corneal impression cytology for
the diagnosis of limbal stem cell deficiency. Invest Ophthal-

mol Vis Sci. 2011;52:9411–9415.

44. Ramirez-Miranda A, Nakatsu MN, Zarei-Ghanavati S, Nguyen
CV, Deng SX. Keratin 13 is a more specific marker of
conjunctival epithelium than keratin 19. Mol Vis. 2011;17:
1652–1661.

45. Kivela T, Uusitalo M. Structure, development and function of
cytoskeletal elements in non-neuronal cells of the human eye.
Prog Retin Eye Res. 1998;17:385–428.

46. Wu K, Jerdeva GV, da Costa SR, Sou E, Schechter JE, Hamm-
Alvarez SF. Molecular mechanisms of lacrimal acinar secretory
vesicle exocytosis. Exp Eye Res. 2006;83:84–96.

47. Lim LH, Pervaiz S. Annexin 1: the new face of an old
molecule. FASEB J. 2007;21:968–975.

48. Soria J, Duran JA, Etxebarria J, et al. Tear proteome and
protein network analyses reveal a novel pentamarker panel
for tear film characterization in dry eye and meibomian gland
dysfunction. J Proteomics. 2013;78:94–112.

49. Nguyen DH, Vadlamudi V, Toshida H, Beuerman RW. Loss of
parasympathetic innervation leads to sustained expression of
pro-inflammatory genes in the rat lacrimal gland. Auton

Neurosci. 2006;124:81–89.

50. Kitano T, Tian W, Umetsu K, et al. Origin and evolution of
gene for prolactin-induced protein. Gene. 2006;383:64–70.

Sensation and Proteins Altered by Loss of Lacrimal Nerves IOVS j October 2018 j Vol. 59 j No. 12 j 5224


	f01
	f02
	t01
	t02
	b01
	b02
	b03
	b04
	b05
	b06
	b07
	b08
	b09
	b10
	b11
	b12
	b13
	b14
	b15
	b16
	b17
	b18
	b19
	b20
	b21
	b22
	b23
	b24
	b25
	b26
	b27
	b28
	b29
	b30
	b31
	b32
	b33
	b34
	b35
	b36
	b37
	b38
	b39
	b40
	b41
	b42
	b43
	b44
	b45
	b46
	b47
	b48
	b49
	b50

