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Abstract

Objective To introduce a protocol for the characterization of protein patterns in tears of dogs with 

primary angle closure glaucoma (PACG) and primary open angle glaucoma (POAG).

Animals Nineteen dogs (25 eyes)

Methods Tear samples were collected using a Schirmer tear strip, from dogs with PACG (PACG-

affected eyes, n=8; unaffected eyes predisposed to PACG, n=7), POAG (n=4), and healthy controls 

(n=6). Protein precipitation and trypsin digestion were performed for analyses via liquid 

chromatography tandem mass spectrometry. Proteins were identified using the SwissProt protein 

sequence database. Relative protein expression in 17 eyes (15 dogs) was evaluated using Proteome 

Discoverer 2.0. Pathway analyses were performed to investigate molecular mechanisms associated 

with primary glaucoma.

Results Unique peptides were identified in 505 proteins, with Major allergen Can f 1 and albumin 

identified with high confidence. Proteins unique to tears from diseased eyes (PACG: n=7; POAG: 

n=14) were identified. Nucleoside diphosphate was unique to tears in PACG eyes naïve to therapy, 

while Retinal binding protein and NSFL1 cofactor p47 were unique to medicated PACG eyes. Relative 

expression of 34 proteins differed between disease states. Pathway analyses identified that the 

‘inflammatory response’ was among the top disease/disorders in dogs with primary glaucoma (PACG 

and POAG) but not in healthy controls.

Conclusion Tear samples suitable for mass spectrometry were readily obtained from pet dogs 

without needing specialized equipment. Further studies to validate the findings and explore 

potential candidate biomarkers for early disease detection and potential therapeutic targets are 

indicated.

Introduction
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There is a recognized need to improve our understanding of the molecular and cellular mechanisms 

of the canine glaucomas.1 One way to address this need is through the appropriate use of 

biomarkers. A biomarker is a parameter that may act as an indicator of a physiologic or pathologic 

process, disease state, or response to treatment,2,3 and therefore has use in risk prediction 

(biomarkers of exposure), or for screening, diagnosis and monitoring of disease progression 

(biomarkers of disease).4 Indirect tonometry and imaging are typically used, and increasingly 

reported as indicators of canine glaucoma.5-8 Although genetic and biochemical biomarkers of canine 

glaucoma have been described,9 without appropriate validation of a biomarker for a specific 

intended use, many of these discoveries remain limited in their value for assessing glaucoma.10-23 

A major limitation in the development of diagnostic tests relevant to glaucoma is the difficulty in 

appropriate validation of a biomarker for its intended use. An important factor in validating a 

technique intended for clinical use, is the use of a standardized protocol for sample collection as well 

as analyses. Further limitations relevant to glaucoma arise from the complex etiopathogenesis, the 

spectrum of disease that encompasses canine glaucoma, and the absence of large-scale longitudinal 

studies in heterogenous populations with naturally occurring disease. For this reason, biomarkers 

that can be obtained with relative ease, and that are non- or minimally-invasive would be ideal, as 

appropriate validation may then be possible. The tear film is a readily accessible body fluid, close to 

the site of disease, which can be sampled in a non-invasive manner, with the potential to provide 

information about molecular events at the ocular surface, and therefore represents a potential 

source of biomarkers.24

In people, the tear proteome has been shown to reflect both ocular24-26 and systemic disease,27-31 

and ocular surface disease has been described in a majority of people with primary open angle 

glaucoma and ocular hypertension.32 When investigating tear film proteins in people with POAG 

naïve to therapy, 27 differential proteins were identified from healthy controls.33 In this shotgun 

proteomics analysis, pathway analyses of identified proteins showed the involvement of biochemical 

networks associated with inflammation as the overall protein modulation identified.33 By extension, 

it might be assumed that exploration of the canine tear film in healthy and diseased eyes, may 

provide insight into the pathophysiology of glaucoma and its treatment.

Research into the tear film, and its value as a source of biomarkers of disease, has been limited by 

factors such as the small volumes available for collection and variations in collection methods, but 

with increasing availability of technologies such as mass spectrometry, exploration of tears as a 

source of biomarkers is now possible.34 Liquid chromatography tandem mass spectrometry (LC-

MS/MS) is a commonly used bioanalytical technique, with its sensitivity and versatility in dealing 
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with small molecules. This technique involves the separation of complex samples, and subsequent 

analysis by mass spectrometry of the resulting peptide mixtures. Molecules are then identified 

based on established protein databases.

In this study we sought to determine whether tear samples obtained during a routine ophthalmic 

examination using commercially available tear strips could be used to collect tear samples useful for 

studies of the canine precorneal tear film. Our aim was to characterize tear proteins in dogs with and 

without naturally occurring primary glaucoma as a preliminary step in determining the feasibility for 

using tears as potential biomarkers in the investigation and management of canine glaucoma.

Materials and methods

Tear samples were obtained from dogs presenting to veterinary hospitals in NSW, Australia between 

July 2016 and July 2017. At the start of a complete ophthalmic examination, a Schirmer tear test 

(STT) was performed to measure wetting over a period of 60 seconds. Ophthalmic examination 

including slit lamp biomicroscopy (Keeler PSL Classic Portable Slit Lamp, Keeler Ltd, UK), direct and 

indirect ophthalmoscopy (Welch Allyn Australia Pty Ltd, NSW Australia), tonometry (Icare Tonovet, 

Icare, Finland), and fluorescein staining of the cornea (OptiStrips-FL Sterile Fluorescein Strips, Bausch 

+ Lomb, Australia) was performed in each case. This study was conducted with the approval of the 

University of Sydney Animal Ethics Committee (AEC 2016/1004) and samples were collected and 

stored with informed owner consent.

Subjects

Tear samples from 19 dogs (25 eyes) were included (Table 1). Samples were grouped according to 

the clinical status of the eye from which the tears were obtained. Groups included tears obtained 

from: (1) normal eyes (n=6 eyes); (2) eyes predisposed to the development of PACG (n=7 eyes); (3) 

eyes diagnosed with PACG (n=8 eyes); and (4) eyes diagnosed with POAG groups (n=4 eyes). In the 

normal control animals, one eye was selected for sampling at random (coin toss) for inclusion. Six 

dogs had tear samples from each eye included in analyses. All six of these dogs had been diagnosed 

with PACG and had one eye allocated into the predisposed group, and one eye in the PACG group 

(Table 1). For all healthy control dogs (n=6), one eye was selected at random (coin toss) from which a 

tear sample was analyzed.

Inclusion criteria for all dogs diagnosed with glaucoma (n=13) included a diagnosis with either 

primary open angle glaucoma (POAG) or primary angle closure glaucoma (PACG) by a veterinary 

ophthalmologist. For each of these dogs, diagnosis was based on the finding of an abnormal 
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(narrowed or closed) iridocorneal angle in the unaffected (predisposed) eye in dogs with PACG, and 

a normal (open) iridocorneal angle in POAG. Other clinical or historical findings included a 

documented elevated intraocular pressure (IOP; >25mmHg), a degenerate optic nerve head or retina 

on ophthalmoscopy, and reduced or absent vision in the affected eye. Healthy controls (n=6) had no 

abnormalities on ophthalmic and physical examination, and no history of ocular or systemic disease. 

Gonioscopy in all healthy control dogs revealed a normal iridocorneal angle in both eyes. Exclusion 

criteria included the absence of gonioscopy findings, the presence of concurrent ocular or systemic 

disease (including moderate or severe uveitis), and the inability to obtain a tear sample for a full 60-

second period. Glaucomatous eyes with concurrent disease such as moderate-severe uveitis, 

cataract, clinically apparent ocular or surface disease (including STT <16mm/60seconds) were 

excluded. 

Tear collection and storage

Sampling of the precorneal tear film was performed using one of two commercially available 

Schirmer tear test strips (Merck Animal Health, NJ USA; or Haag-Streit UK Ltd, Harlow UK), as a 

shortage in availability of one brand of tear strips precluded the use of a single brand for the 

duration of the study. The strip was placed so that the tip contacted the inferior-temporal corneal 

surface. The distance of strip wetting (millimeters) was recorded after 60 seconds. The strip was 

placed into an Eppendorf polypropylene microcentrifuge tube containing 200µL of sterile water and 

stored at -20°C for up to 24 hours until transfer to the laboratory. Immediately following transfer, 

samples were centrifuged at 4°C for 30 minutes and then stored at -80°C until preparation for 

analyses.

Tear analyses

a. Variables in collection methods

Variables in collection methods (the use of different brands of tear strips, and the use of diluent for 

storage of samples) were investigated using samples obtained from 10 normal dogs independent of 

the study population by determining the intra-class correlation coefficient (ICC)  between paired 

samples from the same eye. 

As a single brand of tear strip could not be used for the duration of the study, potential differences 

in protein concentrations collected with each brand were investigated. To do this, one strip from 

each manufacturer was used to collect tears from the left (normal) eye at the same time. Protein 

quantification for each sample was determined using a Bicinchoninic Acid Protein assay (PierceTM 
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BCA Protein Assay Kit, Thermo Fisher Scientific, Rockford IL USA). Briefly, diluted albumin standards 

and working reagent were prepared according to the manufacturer’s instructions. A calibrated 

micropipette was used to add 200µL of the working reagent to 25µL of each sample or standard into 

a microplate well (PierceTM 96-Well plate, Thermo Fisher Scientific, Rockford IL USA). The microplate 

was placed on a plate shaker for 30 seconds, then covered and incubated for 30 minutes at 37°C. 

After cooling to room temperature, the absorbance at 562nm was determined on a plate reader 

(PHERAstar® FSX, BMG LABTECH Ortenberg, Germany).

To investigate a potential influence on protein concentrations of storage in diluent, the same 

process was then conducted on tear samples obtained using the same brand of tear strip, when 

tears were collected simultaneously from the right (normal) eye of the same 10 dogs. One strip was 

then placed in an Eppendorf tube with diluent (as used for all samples in the study population), and 

the other strip placed in an Eppendorf without diluent prior to protein quantification.

b. Sample preparation

Samples were removed from -80°C and allowed to thaw on ice. After ensuring complete immersion 

of the tear strip in the 200µL of sterile water, the sample tubes were incubated for 30 minutes 

before centrifuging at 15,000rpm for 30 minutes at 4°C. A micropipette was used to remove 150 µL 

of sample solution which was then placed into a low protein binding Eppendorf tube. Ice-cold 

ethanol (1.35ml) was added to the sample and left overnight at -20°C to precipitate the proteins. 

The Eppendorf tubes were then centrifuged at 14,000rpm for 30 minutes at 4°C, the supernatant 

was discarded, and the resulting pellet was air-dried. 

If the air-dried pellet retained some blue discoloration, the pellet was washed as follows: the sample 

was agitated using a vortex to dislodge and partially break up the pellet. Ice-cold ethanol (0.75ml) 

was added to the sample, which was then stored in -80°C for 2 hours. These samples were then also 

centrifuged at 14,000rpm for 30 minutes at 4°C and the air pellet air dried. 

The pellet was solubilized in 20µl of 6M urea and 50mM ammonium bicarbonate (NH4HC03, pH7.5), 

sonicated in a water bath sonicator for 20 minutes, followed by 1 hour on a platform rocker at room 

temperature to ensure complete resuspension of the pellet. Sample reduction was achieved by 

adding 1µl of 200mM dithiothreitol (DTT) (final concentration of 9.5mM; DTT made up in 50mM 

NH4HC03 pH7.8) which was then incubated for 30 minutes at room temperature. Alkylation was 

performed with 1µl of 400mM iodoacetamide (IAA) (final concentration of 32mM; IAA made up in 

50mM NH4HC03, pH7.8) at room temperature in the dark for 30 minutes. To consume excess IAA, 2µl 

of 400mM DTT in 50mM NH4HC03 was then added. The sample was then diluted with 50mM 
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NH4HC03 to 1.5M urea by adding 72µl ammonium bicarbonate to the 24µl reduced, alkylated 

sample. Trypsin digestion at 50:1 protein to trypsin ratio was at 37°C overnight, followed by a further 

3 hours of digestion. Formic acid was then added to a final concentration of 1% to stop trypsin 

digestion and prepare for sample clean-up.

Empore™ Solid Phase Extraction 4mm/1ml C18-SD columns (3M Company, Eagan, MN) were used to 

desalt the samples. Column activation was achieved with 200µl of 90% acetonitrile/0.5% formic acid 

solution. The column was washed with 500µl of 0.5% formic acid in water, then the sample was 

loaded in 0.5% formic acid (1ml) to allow the proteins to bind to the column. Unbound non-protein 

molecules were washed away with 2ml of 0.5% formic acid in water before eluting the bound 

proteins with 200µl of 70% acetonitrile/0.5% formic acid, followed with 100µl of 90% 

acetonitrile/0.5% formic acid. The eluted proteins were then vacuum dried.

Mass spectrometry

Mass spectrometry and data analysis was carried out at the Biomedical Proteomics facility, 

Children’s Medical Research Institute, Westmead, Australia. Samples were analysed by liquid 

chromatography tandem mass spectrometry (LC-MS/MS) using a SCIEX tripleTOF 5600 system 

coupled to an Eksigent NanoLC Ultra 2D Plus HPLC system.  The samples, in buffer A (0.1% formic 

acid) were injected onto a trapping column (PROTECOL C18G, 200 Å, 3 μm, 10 mm × 300 μm) before 

separation on an analytical column (Acquity UPLC M-class BEHC18 1.7 mm, 300 mm x 150 mm) over 

a 90 minute multi-step gradient to buffer B (100% acetonitrile, 0.1% formic acid) at a flow rate of 5 

µl/min for a total run time of 90 minutes. Alternatively, LC-MS instrumentation consisting of a 

Dionex UltiMate 3000 RSLCnano system (Thermo Scientific) coupled to an LTQ Velos Pro Orbitrap 

Elite mass spectrometer (Thermo Scientific) was used.  The analytical column was made in-house 

using fused silica tubing (360m outer and 75m inner diameter) packed with Dr Maisch Reprosil 

C18 AQ 1.9m particles.  Peptides were loaded in buffer A (0.1% formic acid) and eluted over a 90 

minute multi-step gradient to buffer B (100% acetonitrile, 0.1% formic acid) at 250 nL/min. Mass 

spectra were acquired with a mass range of 550-2400 m/z, with automatic switch between MS and 

MS/MS using top 15 method.     

Data processing and statistical analysis

Peptide mass fingerprint spectra were analysed using ProteomePilot (SCIEX) and Proteome 

Discoverer 2.0™ (Thermo Fisher Scientific, Waltham MA USA). Data were searched against the 

SwissProt protein sequence database to identify and quantify (label-free) peptides and proteins. 
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Configurations were as follows: Canis lupus familiaris as database, precursor error at 0.3Da, 

carbamidomethylation of cysteine residues as static modification, methionine oxidation as dynamic 

modification, mixed cleavages at 1, and trypsin for enzyme. False discovery rate (FDR) was set at 

<1% and all shared peptides were excluded from analysis. When using Proteome Discoverer 2.0, 

MASCOT was the specified search engine, and Percolator was used for FDR calculations. For relative 

quantitation determination the Events Detector and the Precursor Ion Area Detector options were 

added to the processing workflow to take the intensities of the three best peptides for each protein 

in each file.

To identify proteins absent or present in all samples within a group of interest visual inspection was 

performed of tabulated data for all proteins in each tear sample. The molecular function and 

biological process for each of these proteins was then searched against the UniProt database. A 

proportion of tear samples then underwent relative quantitative analyses (n=17). A one-way ANOVA 

was used to identify proteins that had a differential expression between groups.

To investigate possible molecular mechanisms associated with canine glaucoma, pathway analysis 

was performed on differentially expressed proteins using Ingenuity Pathway Analysis (IPA) software. 

Established interactions were identified and used by the software to construct protein networks for 

each group.

Statistical analyses were conducted using IBM SPSS Statistics version 24, with graphical 

representations made using GraphPad Prism 7.0a. Age, breed (pure- or cross-bred), sex, left versus 

right eye, STT results, IOP, and the number of topical medications used were compared between 

dogs with and without glaucoma. To calculate the ICC for the variables in tear collection and storage 

methods, a one-way random model was assumed where the subjects (dogs) were assumed 

random.35 The correlation between the amount of protein extracted for each variable (presence and 

absence of dye in the tear strip; and storage with or without a diluent) was considered excellent if 

>0.90, good when 0.80-0.89, adequate when 0.70-0.79, and of limited applicability if <0.70.36 For all 

continuous data, a Shapiro-Wilk test was used and a histogram was visually assessed to confirm 

normality of data distribution. A two-tailed paired t-test was used to compare continuous variables 

and Fisher’s exact test for categorical data. Results with a p value <0.05 were considered statistically 

significant.

Results

Tear samples were obtained from 25 eyes (19 dogs). Thirteen dogs diagnosed with primary 

glaucoma were included with their eyes allocated to predisposed (n=7), PACG (n=8), and POAG (n=4) 
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groups (Table 1). All dogs with POAG were being treated with at least one topical ocular hypotensive 

medication (carbonic anhydrase inhibitor and/or prostaglandin analogue). Among dogs with PACG, 

there were four predisposed and four glaucomatous eyes naïve to therapy. Three predisposed eyes 

and four glaucomatous eyes were on topical medication. 

When comparing dogs with and without glaucoma, there was no statistically significant difference in 

age (p=0.621), sex (p=1.000), the number of purebred dogs (p=0.128), whether the left or right eye 

was affected (p=0.645) or Schirmer tear test results (p=0.920). The IOP in PACG eyes (M=32mmHg, 

SD=16.1) was higher compared to normal (M=12mmHg, SD=3.5), predisposed (M=11mmHg, SD=3.2), 

and POAG (M=13.5mmHg, SD=6.0) (p=0.010).

Protein recovery with and without dye in the tear strip, and diluent in the storage tube 

Protein recovery from tear strips with no dye ranged from 68.2µg (341µg/ml) – 78.7µg (393.7µg/ml) 

and was between 65.2µg (325.9µg/ml) – 78.1µg (390.4µg/ml) when extracted from tear strips 

containing dye. For all samples, there was excellent reliability (ICC >0.91) between paired samples 

taken simultaneously from the same eye.  

When two samples were obtained simultaneously from the right eye of these dogs  and placed into 

one Eppendorf tube with diluent and one without diluent, there was excellent reliability between 

paired samples (ICC >0.94) (with diluent: 64.9µg [324.5µg/ml] – 76.9µg [384.4µg/ml]; without 

diluent: 70.2µg [351.2µg/ml] – 79.8µg [398.8µg/ml]).

Proteins unique to disease states 

Component peptides and proteins from 25 eyes (19 dogs) were identified. The proteins identified 

with most confidence based on the total number of identified peptide spectra matched for the 

protein (PSMs) included Major allergen Can f 1, Serum albumin, Actin, Aldehyde dehydrogenase, and 

Minor allergen Can f2 (Table 2).

The disease groups were compared to identify proteins uniquely present or absent. Fourteen 

proteins were present in all tear samples from dogs with POAG and absent in all other tear samples 

(Fig.1). There were seven proteins identified only in dogs with PACG. Apolipoprotein was present 

only in tears from medically treated eyes with PACG, and Transforming protein RhoA in tears from 

untreated eyes with PACG. Nucleoside diphosphate kinase was present in the tears from both eyes 

of dogs with PACG (both predisposed and PACG-affected eyes) naïve to therapy. Retinol binding 
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protein and NSFL1 cofactor p47 were identified only in tears from PACG-affected eyes being treated 

with topical medication.

Comparative proteomics analysis by label-free mass spectrometry

Protein expression levels were explored in 17 eyes (15 dogs) including six healthy controls, four eyes 

predisposed to PACG, four eyes with PACG, and three eyes with POAG. A total of 2334 unique 

peptides comprising 505 proteins with distinct peptides were identified using FDR of 1.0%. We 

identified 390 proteins in healthy control eyes, 318 proteins in eyes predisposed to PACG, 245 

protein in eyes with PACG, and 262 proteins in eyes with POAG. The number of proteins shared, and 

unique to, eyes with and without disease is represented in Figure 2. The majority of proteins had an 

intracellular location, with the relative proportion of proteins located in the nucleus, cytoplasm, 

plasma membrane, and extracellular space relatively consistent between groups (Fig.3).

There was a statistically significant difference between groups in the level of expression of 34 

proteins. Eyes with PACG had a statistically significant increase in the expression of Annexin A1, 

S100-A6, S100-A2, Prostaglandin reductase 1 and Calpain-2 catalytic subunit compared to other 

groups (Table 3). The levels of Ubiquitin-40S ribosomal protein S27a were greater in predisposed 

compared to all other eyes (normal: p<0.001; PACG: p=0.006; POAG: p=0.016), and Coagulation 

factor V had greater expression in predisposed compared to PACG eyes (p=0.017), but was not 

expressed differently to other groups with statistical significance (Fig.4).

There were 15 proteins whose expression differed with statistical significance in eyes with POAG 

compared to all other groups (Table 4). Higher levels of Alpha-actinin-4 (p=0.008) and Heat shock 

cognate 71kDa protein (p=0.024) were identified in tears from POAG compared to PACG eyes. 

Higher levels of Ezrin was found in tears from POAG eyes compared to PACG (p=0.004) and normal 

eyes (p=0.012), but the difference with levels in predisposed eyes was not statistically significant 

(p=0.361).

Molecular function and pathway analysis of differential proteins

Pathway analyses were used to identify functional networks from normal, predisposed, PACG and 

POAG eyes. The inflammatory response was among the highest ranked disease/disorders in tears 

from dogs with PACG (predisposed and PACG eyes), but not in normal and POAG eyes, while 

infectious disease was among the top 5 processes in all dogs with glaucoma (predisposed, PACG and 

POAG eyes), but not in normal dogs. 

A
u
th

o
r 

M
a
n
u
s
c
ri
p
t



This article is protected by copyright. All rights reserved

Discussion

The major objective of this study was to determine the feasibility of using tear samples collected 

when performing a standard ophthalmic examination in a veterinary clinic. Among proteins we 

identified with most confidence were those identified with the highest degree of confidence in a 

previous study of healthy canine tears (Major allergen can f 1, albumin and keratin type II 

cytoskeletal)37 providing a form of external validation of our findings. We therefore propose that our 

methodology is suitable for further studies that investigate tear proteins as potential biomarkers. A 

multicenter study with an appropriately sized sample population is possible using the methodology 

we have described. This would allow the conduct of a suitably powered prospective study with 

groups that allowed investigation of factors such as medication and disease duration. This is an 

essential initial step because a standardized methodology accounting for factors such as collection 

method (absorbent material versus microcapillary tubes), the type of tears (reflex, open or closed 

eye), and the use of low protein tubes for storage of samples instead of the standard Eppendorf 

used in this study, is needed to obtain meaningful results.34,37-41 

The bottom-up shotgun approach is based on the analysis of peptides where complex protein 

samples are digested into peptides by trypsin and the resulting peptide mixtures are analyzed by 

mass spectrometry. The shotgun strategy has enabled the most comprehensive proteome analysis, 

and is a widely used method in proteomics. Molecule identification relies on protein databases to 

identify unique peptides and proteins using m/z peak lists. Based on the number of unique peptides 

that match proteins in existing databases, proteins are identified with levels of confidence. The 

database of canine proteins is currently less complete than that for humans thus it is possible that 

proteins have been missed.  Also, as the number of peptides present in the sample is very large, only 

a subset of the peptides can be analyzed in a single run in discovery proteomic experiments, limiting 

the number of proteins identified. However, we identified a larger number of proteins in our 

samples compared to an existing description of the tear proteome of healthy dogs.37

Although every protein derives from a specific gene, and numerous studies describe genetic factors 

associated with the disease in dogs,11-23,42 there remains a need to investigate different proteins 

associated with the canine glaucomas. In this study we identified 34 proteins with differential 

expression levels between the tears from eyes with POAG, PACG, those predisposed to the 

development of PACG, and healthy control eyes. In addition, we identified a unique protein in PACG 

eyes naïve to therapy (Transforming protein RhoA), in PACG eyes on topical medication 

(Apolipoprotein), and two proteins unique to eyes predisposed to PACG that were naïve to therapy 

(Thymosin beta-4, WD repeat-containing protein 1), and on topical medication (Retinol binding 
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protein, NSFL1 cofactor p47).

Although we identified proteins unique to, and expressed differentially between study groups, 

determining the nature of associations between identified proteins and disease is beyond the scope 

of this study. We identified numerous proteins in dogs with glaucoma that have been investigated or 

identified in people with the glaucomas. The cytokines interleukin-4 (IL4), transforming growth 

factor beta (TGFβ), and tumor necrosis factor (TNF) have been implicated in OSD in people,43 and we 

identified them in dogs with PACG. We found heterogeneous nuclear ribonucleoprotein L, which has 

been identified in the retinas of people with POAG,44 unique to the tears of dogs with POAG. We also 

found increased levels of inflammatory proteins Protein S100 and immunoglobulins which have been 

identified in the tears of medically treated people with POAG and pseudoexfoliative glaucoma.45 

Several of the proteins that have been evaluated for their role in glaucoma in people were identified 

in our study, including TNF, TP53,46 Apolipoprotein,47 Cytochrome P450, family 46, subfamily A, 

polypeptide 1,48 Heat-shock 70kD protein 1A,49 TGFβ,50-52 and tyrosine kinase receptor B (TrkB).46,53 

None of the proteins we identified as being unique to the tears of dogs with POAG have been 

described in the tear film of people with POAG.33 However, we did identify more Actin cytoplasmic 1 

in the tears of (treated) POAG dogs compared to all other groups, and this protein also differed 

between people with POAG naïve to therapy and healthy controls.33 Although the specific proteins 

differed between species, we also identified heat shock proteins and immunoglobulins that were 

differentially expressed in tears from POAG compared to other eyes, and this has been described in 

people with POAG naïve to therapy.33 Further investigations are required to determine whether 

these proteins have potential use as biomarkers of the presence of disease or disease progression.

Similar to other exploratory proteomic investigations, we performed pathway analyses to investigate 

the functional and biological processes governed by groups of proteins. The benefit of pathway 

analyses is the ability to look at networks and potential interactions rather than relying solely on the 

identification of individual proteins. Glaucoma represents a group of disorders rather than a single 

disease entity. By identifying factors such as upstream regulatory molecules and functional or 

molecular group patterns, there is a greater ability to draw on existing knowledge of physiological 

processes, evaluate the relevance (or potential relevance), and identify areas for more focused 

investigations. 

While this study was not designed to determine the relevance of identified proteins or clarify their 

association with disease, pathway analysis moves interpretation of data from a gene-centric view 

toward the identification of functional biological processes, and is therefore important in preliminary 

investigations such as this. The IPK database which we used for pathway analyses includes diverse 
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interaction data arising from intracellular reactions, genetic interactions and drug development 

studies.54 The inflammatory pathway was among the top networks in PACG eyes, but not in other 

groups in our study. It is possible this reflects processes associated with PACG and that further 

investigation of the components and interactions of the tear film in PACG-affected dogs could 

provide more information about the disease. With no evidence of other disease (ophthalmic or 

systemic) in any dogs included in the study, we cannot determine why the infectious pathway was 

among the top pathways in all dogs with glaucoma, regardless of the status of each eye. We cannot 

rule out factors such as the potential impact of topical medications, or whether this finding reflects 

immunological processes associated with disease (rather than infection per se). As most proteins 

form complexes with other proteins, rather than functioning as independent entities, biomarker 

research requires investigation of interactions and biological systems. By using analyses of biological 

pathways, the mechanisms associated with glaucoma may be investigated, and potential biomarkers 

identified.  

With reports describing tear protein patterns in medicated45,55 and untreated33 human glaucoma 

patients, it is well known that ocular hypotensive agents preserved with benzalkonium chloride are 

strongly associated with topical inflammation.56-60 The tear film is crucial in maintaining a healthy 

ocular surface, and in people, it has been explored to understand the impact of topical medications 

on ocular surface disease (OSD),61 and on bleb fibrosis associated with filtration surgeries.62,63 With 

increasing use of glaucoma drainage devices reported in dogs,64-69 the effect of topical medications 

on surgical outcomes warrants consideration in future investigations. In our study 20 dogs were on 

topical medication to lower the IOP. For ethical reasons, withholding or discontinuing medication is 

not a realistic option in clinical investigations such as this. This means the effect of disease versus 

medication cannot be determined using these data and obtaining samples from newly diagnosed 

patients prior to the initiation of treatment is imperative.

Despite limitations in validation and clinical application, potential biomarkers of POAG in people 

have been reported in blood, aqueous humor, the trabecular meshwork, optic nerve and retina 

associated with oxidative stress, immune response and apoptosis.44,52 

The tear film has been explored as a potential source of biomarkers for ophthalmic24,33,70-79 and 

systemic27-29 disease in people and in dogs.80 Not only are biomarkers of glaucoma required to 

understand causative factors in the disease, but also in the assessment of response to therapies. 

Potential clinical benefits of improving our understanding of molecular and cellular mechanisms 

associated with glaucoma include: identifying patients that might be better (or poorer) responders 

to therapeutic intervention; identifying patients that may benefit from newly emerging cell-based 
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and viral-gene-transfer therapies;81 identifying potential therapeutic targets (for example, potential 

neuroprotective targets such as TrkB which we identified in our study;53 and identifying disease and 

initiating therapy at a stage before irreversible damage of retinal ganglion cells. With this range of 

potential uses of biomarkers, patient follow-up should be used to determine the value of the marker 

(or set of biomarkers) for its (their) intended use. 

In this study, we describe a method for tear collection, storage and analysis that would be useful in a 

large-scale investigation of the canine precorneal tear film. Using this approach, we identified 

proteins unique to the tear film of dogs with POAG and PACG. With 34 proteins expressed differently 

between eyes with hereditary glaucoma, eyes predisposed to PACG, and healthy eyes, we suggest 

further exploration of the tear film in dogs with glaucoma is indicated in the search for potential 

biomarkers of the disease.
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Figures and Tables

Figure 1. Representation of proteins unique to the tears of dogs with primary glaucoma. All dogs 

with primary open angle glaucoma (POAG) were being treated with topical ocular hypotensive 

medications at the time of tear sampling. The eyes of dogs with primary angle closure glaucoma 

(PACG) either had PACG (affected) that was already being treated (treated) or was newly diagnosed 

(untreated), while the contralateral (predisposed) eye was on topical ocular hypotensive medication 

(treated), or yet to be started on prophylactic medication (untreated).

Figure 2. Venn diagram showing the number of unique proteins in the tears of each study group, and 

the number of proteins common to two or three groups when comparing (A) dogs with primary 

angle closure glaucoma (PACG) and healthy controls; and (B) dogs with primary glaucoma and 

healthy controls. The majority of proteins were indentified in all three groups, with a smaller number 

of proteins unique to disease states. NORM = normal/healthy controls (green); PD = predisposed to 

PACG (yellow); PACG = primary angle closure glaucoma (blue); POAG = primary open angle glaucoma 

(red).

Figure 3. Pie graphs depicting a similar proportion of proteins originating from intracellular, 

extracellular and  plasma membranes between disease states: (A) normal eyes; (B) eyes predisposed 
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to PACG; (C) eyes with PACG; and (D) eyes with POAG. The percentage listed represents the number 

of proteins in each cellular location as a proportion of all proteins identified in that group. Higher 

numbers of intracellular originating proteins have been reported in the human tear film, and these 

intracellular proteins may have a functional role in tear fluid, or may be present as the result of 

biological processes, but could in principle still be relevant for diagnostic purposes.

Figure 4. Relative expression of Ubiquitin-40s ribosomal protein S27a (white circles) and Coagulation 

factor V (black circles) in the tears of eyes predisposed to primary angle closure glaucoma. The 

circles represent mean relative expression and the lines indicate 95% confidence interval. P values 

are listed for all comparisons where there was a statistically significant difference in the amount of 

protein between groups.

Table 1. Individual subject characteristics

Table 2. Proteins identified with highest confidence by label-free mass spectrometry are listed in 

descending order according to the number of peptide spectra matched for the protein (PSM), 

indicating the degree of confidence in identification of that protein.

Table 3. Proteins expressed more abundantly in eyes with primary angle closure glaucoma (PACG) 

compared to other groups

Table 4. Proteins with differential expression in the tears of eyes with primary open angle glaucoma 

(POAG) 
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Table 1. Individual subject characteristics 

ID Group  Age 

(years) 

Sex Breed Eye Medication
a 

IOP 

(mmHg) 

STT 

(mm/min) 

Contralateral 

eye 

Glaucoma 

duration 

Gonioscopy 

findings 

Quantitative 

analysis
b 

6 Normal 8 FS Labrador R Nil 15 23 Unremarkable N/A Open  

7 Normal 11 MN Terrier R Nil 7 22 Unremarkable N/A Open  

10 Normal 6 FS Poodle   L Nil 17 31 Unremarkable N/A Open  

11 Normal 8 FS Poodle R  Nil 13 24 Unremarkable N/A Open  

17 Normal 8 MN Cocker 

Spaniel 

L Nil 14 26 Unremarkable  Open  

18 Normal 9 FS Labrador R Nil 11 21 Unremarkable N/A Open  

5 Predisposed 6 FS GSD L Dorz/Tim (2) 

Latanoprost 

(2) 

5 21 End-stage 

PACG 

(enucleated) 

N/A Closed  

1 PACG 10 MN Kelpie  L Latanoprost 

(3) 

18 16 End-stage 

PACG 

(enucleated) 

1-3 months Closed  

2 PACG 12 FS Manchester 

Terrier 

L Nil 38 18 Below 

(predisposed) 

<1 week Closed  

 Predisposed    R Nil 13 24 Above (PACG) N/A Narrow  

8 Predisposed 9 FS Labrador X L Dorz/Tim (2) 10 26 Below (PACG) N/A Closed  

 PACG    R Dorz/Tim (2) 

Latanoprost 

(2) 

42 20 Above 

(predisposed) 

<1 week Could not 

examine 

 

9 Predisposed 5 MN Maltese X L Dorz/Tim (2) 10 20 Below (PACG) N/A Narrow  
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 PACG    R Dorz/Tim (3) 

Latanoprost 

(2) 

54 18 Above 

(predisposed) 

3-6 months Could not 

examine 

 

12 PACG 12 FS JRT L Dorz/Tim (2) 

Latanoprost 

(2) 

15 18 Above 

(predisposed) 

> 6 months Closed  

 Predisposed    R Dorz/Tim (2) 12 16 Below (PACG) N/A Narrow  

15 Predisposed 13 FS Poodle X 

Cocker 

L Dorz/Tim (2) 9 22 Above (PACG) N/A Closed  

 PACG    R Dorz/Tim (3) 43 18 Below 

(predisposed) 

> 6 months Closed  

16 PACG 14 MN Maltese X R Dorz/Tim (2) 

Latanoprost 

(2) 

Pred Forte 

(2) 

9 15 End-stage 

PACG 

(enucleated) 

3-6 months Closed  

19 Predisposed 8 MN Cocker 

Spaniel 

L Nil 15 22 Below (PACG) N/A Narrow  

 PACG    R Nil 40 20 Above 

(predisposed) 

1-3 months Could not 

examine 

 

3 POAG 7 FS Cattle dog L Dorz/Tim (2) 

Latanoprost 

(2) 

13 20 POAG, IOP 

28mmHg 

3-6 months Open when 

first 

examined 

 

4 POAG 6 FS Beagle R Dorz/Tim  

Latanoprost 

22 22 POAG, IOP 

20mmHg 

3-6 months Open when 

first 
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examined 

13 POAG 5 MN Miniature 

Fox Terrier 

L Dorz/Tim (3) 

Latanoprost 

(2) Ocuglo, 

Amlodipine 

11 25 POAG, IOP 

60mmHg 

>6 months Open when 

first 

examined 

 

14 POAG 5 MN Boston 

Terrier 

R Dorz/Tim (3) 

Latanoprost 

(2) 

8 25 POAG, IOP 

13mmHg 

> 6 months Open when 

first 

examined 

 

PACG = primary angle closure glaucoma; POAG = primary open angle glaucoma; normal = healthy control animal; MN = male neutered; FS = female spayed; L = 

left eye; R = right eye; IOP = intraocular pressure (measured at the time of tear sample collection); STT = Schirmer tear test result (measured at the time of tear 

sample collection); Dorz/Tim = dorzolomide 2%, timolol 0.05%; Pred Forte = prednisolone acetate 1%, phenylephrine hydrochloride 0.12%; 
a
Daily frequency of 

topical medication administration listed in parentheses; 
b
Tick indicates those subjects where relative quantities of proteins were determined using mass 

spectrometry. Tear samples from eyes without a tick were included only in analyses to determine whether or not proteins were present in different disease 

states 
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Table 2. Proteins identified with highest confidence by label-free mass spectrometry 

Protein PSMs 

Number 

of 

Unique 

Peptides 

Number 

of 

Peptides 

Molecular function Biological Process 

Major allergen Can f 1  5696 17 17 

Binding 

Catalytic activity 

Fatty acid biosynthetic process 

Transport 

Serum albumin  1798 44 66 - Transport 

Actin, cytoplasmic 1  994 17 32 

Structural molecule activity Cell cycle; endocytosis; exocytosis; 

intracellular protein transport 

Aldehyde dehydrogenase, 

dimeric NADP-preferring  780 31 32 

Oxidoreductase activity Response to injury; aging; oxygen-

reduction 

Actin, alpha cardiac 

muscle 1  678 3 18 

Structural molecule activity Cellular component organization; 

anatomical structure morphogenesis; 

intracellular protein transport; 

endocytosis; exocytosis 

Minor allergen Can f 2  593 14 14 

Binding; catalytic activity Fatty acid biosynthetic process; 

transport 

Haptoglobin  517 22 29 

Serine-type endopeptidase activity Cell death; inflammatory response; 

positive regulation of cell death; 

response to organic substance 

Keratin, type II 515 23 36 Central role in hair formation Cornification; hair follicle 
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cytoskeletal 71 morphogenesis 

Keratin, type II 

cytoskeletal 1  472 24 32 

Carbohydrate binding; signaling 

receptor activity 

Cornification; establishment of skin 

barrier; fibrinolysis 

Alpha-actinin-4  463 45 45 Cytoskeleton protein binding Golgi organization; Lysosomal transport 

Keratin, type I 

cytoskeletal 10  462 14 28 

Structural constituent of epidermis Cornification; keratinization; peptide 

cross-linking 

Heat shock cognate 71 

kDa protein  433 22 31 

ATPase activity; heat shock protein 

binding, signaling receptor binding, 

unfolded protein binding 

Autophagy; cellular responses to heat; 

lysosomal transport; axo-dendritic 

transport; peptide metabolic process 

Lysozyme C, milk isozyme  414 7 7 Lysozyme activity; metal ion binding Cytolysis; defense responses to bacteria 

Glyceraldehyde-3-

phosphate 

dehydrogenase  356 3 16 

Hydro-lyase activity; intramolecular 

transferase activity; kinase activity; 

oxidoreductase activity; 

phosphotransferase activity 

ATP biosynthetic process; carbohydrate 

metabolic process; coenzyme 

biosynthetic process; generation of 

precursor metabolites and energy; n 

Clusterin  352 20 20 

Protein binding Antimicrobial humoral response; cell 

morphogenesis 

Heat shock 70 kDa 

protein 1  346 23 26 

ATP binding; ATPase activity; heat 

shock protein binding; ubiquitin 

protein ligase binding 

Cellular response to heat and to 

unfolded protein; chaperon-mediated 

protein folding; vesicle-mediated 

transport 

Peroxiredoxin-1  327 18 19 

Oxidoreductase activity Cellular catabolic process, homeostasis 

and response to oxidation; drug 
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PSMs = peptide spectra matched for the protein 

metabolic process; reactive oxygen 

species metabolic process; regulation of 

cellular process; response to toxic 

substance 

14-3-3 protein sigma  321 12 17 - Cell cycle; signal transduction 

Keratin, type I 

cytoskeletal 25  304 8 23 

Protein heterodimerization activity Aging; cornification; cytoskeleton 

organization; hair cycle 

Trefoil factor 2  298 11 11 

Chemokine receptor binding Chemokine-mediated signaling pathway; 

maintain gastrointestinal epithelium 
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Table 3. Proteins expressed more abundantly in eyes with primary angle closure glaucoma (PACG) compared to other groups 

Protein Mean relative protein levels* P 

value 

Molecular function Biological process 

PACG Other groups 

Annexin A1 610 Normal 

Predisposed 

POAG 

100 

100 

140 

<0.001 

<0.001 

<0.001 

Phospholipase A2 inhibitor Adaptive and innate immune 

response; 

Cytokine-mediated signalling 

Inflammatory response 

Chemotaxis 

Phagocytosis 

Apoptosis 

Protein S100-

A6 

270 

 

Normal 

Predisposed 

POAG 

100 

110 

50 

 

0.001 

0.006 

0.003 

Effector of glucocorticoid-

mediated responses (innate 

immunity); regulator of the 

inflammatory process/anti 

inflammatory action 

Axonogenesis 

Positive regulation of fibroblast 

proliferation 

Signal transduction 

 

Protein S100-

A2 

1760 

 

Normal 

Predisposed 

POAG 

100 

40 

70 

<0.001 

<0.001 

<0.001 

Calcium, protein and 

transition metal ion binding 

Endothelial cell migration 

 

Prostaglandin 

reductase 1 

950 

 

Normal 

Predisposed 

POAG 

100 

60 

90 

 

<0.001 

<0.001 

<0.001 

Key step in inactivation of 

leukotriene 4 

Leukotriene metabolic process 
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Calpain-2 

catalytic 

subunit 

720  Normal 

Predisposed 

POAG 

100 

80 

130 

<0.001 

<0.001 

<0.001 

Calcium ion, protein and 

enzyme binding; peptidase 

activity 

Cellular response to amino acid 

stimulus; positive regulation of 

neuron death; proteolysis; 

regulation of interleukin-6 

production; response to hypoxia 

*Mean relative protein levels are expressed relative to the amount of that protein identified in the tears of normal dogs (healthy control group); 

p values indicate the result of comparison with the protein levels in PACG tears  
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Table 4. Differentially expressed proteins in the tears of eyes with primary open angle glaucoma (POAG) 

Protein Mean relative protein levels
a 

Normal Predisposed PACG POAG 

Alpha-actinin-4 100 86 23* 61 

Fructose-bisphosphate aldolase A 100* 118* 49* 363 

Aldehyde dehydrogenase, dimeric NADP-preferring 100* 182* 89* 520 

Plastin-3 100* 233* 112* 459 

Heat shock cognate 71 kDa protein 100 76 31^ 160 

Transgelin-2 100^ 88^ 66^ 205 

Fatty acid-binding protein 5 100* 91* 67* 201 

Macrophage-capping protein 100* 106* 80* 332 

Actin, cytoplasmic 1 100^ 86^ 38* 218 

Cofilin-1 100* 122* 75* 352 

Ezrin 100^ 136 59* 173 

Elongation factor 1-alpha 1 100* 143 58* 273 

Heat shock protein beta-1 100* 104^ 53* 213 

Gelsolin 100* 105^ 41* 205 

Transforming protein RhoA 100* 2* 79* 316 

Calpain-1 catalytic subunit 100* 123* 84* 303 

Adenylyl cyclase-associated protein 1 100* 88* 47* 286 

Ig heavy chain V region GOM 100* 141* 61* 601 A
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a
Mean relative protein levels are expressed relative to the amount of that protein identified in the tears of normal dogs (healthy control group); 

*indicates p<0.01 when compared with the protein levels in POAG tears; ^indicates 0.01<p<0.05 when compared with the protein levels in POAG 

tears 
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