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Abstract

Purpose: The purpose of this pilot study was to explore the possibility of a common molecular pathway leading to the development 
of primary angle closure glaucoma (PACG) in dogs. This was done by comparing the aqueous humor (AH) microRNA (miRNA) profile 
of dogs predisposed to developing PACG to that of normal healthy dogs.

Material and Methods: The AH (250μl) samples were collected under general anesthesia from the normal eye of dogs that had been 
diagnosed with PACG associated intraocular pressure (IOP) elevation in the opposite eye (study group; n=3 eyes). Aqueous humor 
from normal healthy eyes was also collected from purpose bred, beagle dogs immediately after euthanasia (control group; n=3 eyes). 
The AH samples were submitted to a commercial laboratory for miRNA sequencing and analysis.

Results: MicroRNA was successfully sequenced from all six AH samples. There were 19 sequences (16 novel and 3 known) which 
showed differential expression (13 upregulated and 6 downregulated) between eyes of the study group and the control group (P < 
0.05). There were three sequences that were expressed in all study group dogs but not in any of the control group dogs (cfa-miR-
NA-206, NovelmiRNA-222, and NovelmiRNA-366).

Conclusions: There may be differences in miRNA expression in dog eyes predisposed to developing PACG prior to the onset of IOP el-
evation. Further investigation of these differences may lead to the discovery of the molecular mechanisms involved in IOP elevations 
in dogs with PACG and the development of novel diagnostic and treatment modalities.

Keywords: MicroRNA Expression; Aqueous Humor; Predisposed; Glaucoma

Introduction
Primary angle closure glaucoma (PACG) is the most common 

form of primary glaucoma in the dog.[1] The prevalence of prima-
ry glaucoma across all dog breeds is nearly 1%. However, in breeds 
in which the disease is most common, such as the American cocker 

spaniel, Basset hound, Chow Chow, and Shar-Pei, prevalence is 
greater than 4% [1]. The disease is typically associated with sud-
den, severe, painful rises in intraocular pressure (IOP) that lead 
to vision loss if not addressed immediately. Affected dogs show 
characteristic pectinate ligament abnormalities, yet not all dogs 
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with these abnormalities develop glaucoma [2]. The mechanism 
by which the pectinate ligament changes are linked to the onset 
of glaucoma or the molecular mechanism which leads to elevated 
IOPs has not been discovered.

Previous attempts to identify these mechanisms have centered 
around the investigation of genetic mutations in dogs with PACG 
[3]. Genetic mutations associated with the presence of glaucoma 
have been discovered in several breeds. However, these mutations 
are only associated with disease within a specific breed, and in 
some cases, only within a specific sub-population of a breed [4,5]. 
For example, a mutation in NEB was associated with glaucoma in a 
small group of Bassett hounds but this association did not remain 
when investigated in a broader cohort [4]. This has led investiga-
tors to wonder whether PACG is a polygenic trait with environ-
mental influence [2,4]. Considering the similarities in pectinate 
ligament abnormalities and disease progression among dogs of dif-
ferent breeds affected with PACG, perhaps the multiple genes and 
environmental factors feed into a common molecular pathway that 
causes disease across all breeds. Discovery of this final molecular 
pathway could lead to the identification of the multiple genes that 
feed into it, leading to new ways to treat and prevent the disease.

Unpublished data from our lab suggests there is elevation of 
aqueous humor (AH) inflammatory cytokine levels of interleu-
kin-6, interleukin-8, and monocyte chemoattractant protein-1 
across multiple breeds predisposed to PACG prior to IOP eleva-
tion, implying there are differences in AH composition in dogs with 
PACG that might lead to rises in IOP. We hypothesized these dif-
ferences might be driven by differences in local gene expression 
modulated by microRNA within AH. MicroRNA (miRNA) are short, 
single-stranded, non-coding RNA molecules that lead to markedly 
different local gene expression within an environment. This effect 
is mediated by miRNA binding to complementary sequences within 
messenger RNA molecules which results in decreased messenger 
RNA translation, thus altering local protein expression [6]. miRNA 
is found in human AH and has been shown to play a role in the de-
velopment of different types of glaucoma in humans [6]. This may 
also be true in dogs. However, the feasibility of sequencing miRNA 
from canine AH has not been reported. Therefore, the goal of this 

exploratory pilot study was twofold: 1) determine whether miRNA 
could be sequenced from canine AH and 2) compare the microRNA 
profiles of dogs predisposed to PACG and normal healthy dogs. 

Material and Methods
This was an exploratory prospective controlled pilot study. Cli-

ent owned dogs presenting to the veterinary hospital with overt 
IOP elevations caused by PACG in one eye and requiring surgery 
to control pain or preserve vision in that eye were eligible to par-
ticipate in the study. Participation in the study consisted of collec-
tion of 250uL of AH from the opposite normal eye under general 
anesthesia. Informed consent was obtained from all owners, and 
all procedures were approved by the Institutional Animal Care and 
Use Committee (Protocol # 21-146).

Study animals
Inclusion criteria for dogs with PACG (study group) consisted of 

documented IOP elevation in one eye >35mmHg, absence of intra-
ocular disease known to cause secondary glaucoma, and pectinate 
ligament and ciliary cleft abnormalities associated with PACG. The 
presence of PACG was confirmed on a full ophthalmic evaluation 
by a board-certified veterinary ophthalmologist (HDW). All PACG 
dogs had severe pectinate ligament abnormalities documented 
photographically with a wide-angle contact viewing system (Ret-
Cam II, Clarity Medical Systems, Pleasanton, CA) and ciliary cleft 
morphology evaluated with high resolution ultrasound (UHF70, 
VevoMD, Fujifilm, Bothell, WA).

The normal healthy dogs (control group) consisted of purpose-
bred, beagle dogs undergoing euthanasia for an unrelated study. 
These dogs had not received any systemic medication or under-
gone any surgical procedures during the previous six months and 
had a normal ophthalmic examination documented by a board-
certified veterinary ophthalmologist (HDW). The AH was collected 
immediately following euthanasia. The globe was then enucleated 
and hemisected under an operating microscope. Normal pectinate 
ligament morphology and normal ciliary cleft morphology was 
confirmed by direct observation by a board-certified veterinary 
ophthalmologist (HDW).
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Aqueous humor collection
The AH was collected from dogs in the study group while under 

general anesthesia using aseptic technique and immediately after 
euthanasia from dogs in the control group. The AH was collected by 
inserting a 30g x 1/2” hypodermic needle into the anterior cham-
ber using a standard limbal paracentesis approach. The AH was 
then allowed to passively drip from the hub of the needle into a 
microcentrifuge tube until at least 250uL had accumulated. The AH 
was then immediately frozen at -80oC and kept frozen until analy-
sis. Topical neomycin/polymyxin/dexamethasone 0.1% ophthal-
mic suspension (Bausch + Lomb, Bridgewater, NJ) was prescribed 
for dogs in the study group following aqueocentesis (1 drop every 
8 hours for one week).

MicroRNA analysis
The AH samples were submitted to a commercial laboratory for 

high throughput sequencing of small RNA sequences of 18-30 base 
pairs (GENEWIZ, Azenta Life Sciences, South Plainfield, NJ) using 
their standard analysis package. Analysis workflow as described 
by the laboratory was as follows: Raw reads obtained from mi-
croRNA sequencing were processed by removing contamination 
and adapter sequences. Statistical analysis on lengths and counts 
of the filtered reads as well as data volume was performed as part 
of data quality control. The filtered reads were aligned to the miR-
base database composed of known miRNA sequences. This was fol-
lowed by miRNA annotation. Additionally, the reads were aligned 
to the Rfam database to study non-coding RNA distribution. For 
novel miRNA prediction, the sequences were aligned to the genome 
of the domestic dog and subjected to RNA folding and secondary 
structure analysis. 

Statistical analysis
A negative binomial general linear model fitted to the normal-

ized sequence counts was used to compare the expression of miR-
NA sequences from the study group to the control group. Then a 
quasi-likelihood F-test was performed for each sequence to deter-
mine its differential expression. Significance was set at P < 0.05. A 
correction for multiple testing was carried out using the Benjamini-

Hochberg method to control the false discovery rate. Analysis was 
performed using R and the Bioconductor package EdgeR (V3.4.6, 
www.bioconductor.org). 

Results
MicroRNA was successfully sequenced from all AH samples col-

lected from dogs in the study group (n=3 eyes, Dogs 1-3) and in the 
control group (n=3 eyes, Dogs 4-6). Figure 1 shows a goniopho-
tograph of a representative quadrant and a high-resolution ultra-
sound of the ciliary cleft from the same quadrant from each study 
group dog. Dog 1 was a 14-year-old, male neutered, Bassett hound 
with a nearly complete sheet of uveal tissue covering the iridocor-
neal angle (occlusion) and a nearly entirely collapsed ciliary cleft. 
Dog 1 died 6 months following sample collection due to unrelated, 
age associated disease. Dog 2 was a 3.5-year-old, female spayed, Si-
berian Husky that also had a nearly complete sheet of uveal tissue 
covering the iridocorneal angle (occlusion) and a nearly normal cil-
iary cleft. Dog 2 continues to be monitored every three months and 
has not developed IOP elevations in the sampled eye 41 months 
later. Dog 3 was a 7-year-old, female spayed, labradoodle that had a 
sheet of abnormal uveal tissue covering approximately the bottom 
40% of the iridocorneal angle (lamina) and a narrow ciliary cleft 
opening. Dog 3 developed IOP elevation, glaucoma, and vision loss 
in the sampled eye 3.8 months after sample collection. The control 
group (dogs 4-6) was made up of three 2-year-old purpose bred 
beagle dogs (two males and one female, all intact).

Differential expression of miRNA was noted for 19 miRNA se-
quences (P < 0.05, Table 1). There were 13 sequences that were up-
regulated and 6 sequences that were downregulated in the study 
group compared to the control group. However, the false discovery 
rate for all of these was greater than 89% (higher than the accept-
ed <5%) [7]. There were three miRNA sequences (cfa-miR-206, 
NovelmiRNA-222, NovelmiRNA-366) that were expressed in AH of 
all dogs in the study group (Dog 1-3) but not in any of the dogs from 
the control group (Dog 4-6).
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Figure 1: Representative goniophotographs of the iridocorneal angle (a panels) and high-resolution ultrasound (HRUS) images of the cili-
ary cleft (b panels) from the three eyes (Dog 1-3) predisposed to primary angle closure glaucoma (PACG) (study group) sampled in this 
study. There are marked pectinate ligament abnormalities visible in all 3 goniophotographs, with Dog 1 and 2 displaying a nearly solid 
sheet of tissue covering the opening of the ciliary cleft and a solid sheet covering approximately 40% of the opening in Dog 3. The ciliary 
cleft is nearly collapsed in Dog 1, nearly completely normal in Dog 2, and partially collapsed at the opening in Dog 3.  A hyperechoic linear 
structure, representing the pectinate ligament abnormality seen gonioscopically can be seen at the opening of the ciliary cleft in Dog 2 

and 3 in the HRUS images.

Discussion
The current study shows it is possible to sequence miRNA from 

AH of dogs and hints at the possibility of differential expression 
of these non-coding sequences in dogs with PACG (study group) 
compared to dogs unaffected with glaucoma (control group). Since 
these differences were detected in eyes predisposed to developing 
glaucoma prior to any IOP elevations and clinical signs of glaucoma 
they are much more likely to represent a causal mechanism for IOP 
elevation, as opposed to a downstream effect of IOP elevation.

This study is novel in that it is the first to show differences in 
miRNA expression in AH from dogs that are predisposed to glau-
coma prior to any elevations in IOP. There are several studies evalu-
ating AH cytokines in PACG [8-10]. However, these studies have all 
evaluated the AH cytokines after the onset of overt clinical signs 
of glaucoma, and in most cases during the end-stage disease when 
the eye is blind, painful, and requires enucleation. The changes 

seen in these end-stage eyes most likely do not represent the incit-
ing mechanisms that lead to IOP elevation, but instead the down-
stream effects of the ischemia and inflammation associated with 
the dramatic and sustained IOP rises seen in canine PACG [11,12]. 
Although these findings are important and point to the pathology 
caused by IOP rises, they are unlikely to help determine the mecha-
nisms that lead to the rises in IOP. To determine the mechanisms 
that lead to the IOP rises, the differences in AH composition prior 
to those IOP rises occurring must be evaluated. Cytokine profiles of 
beagles with ADAMTS10-associated POAG have not been shown to 
be different to non-mutant beagles and do not appear to be impact-
ed by IOP [13]. The present study shows detectable differences in 
miRNA in AH of dogs predisposed to PACG prior to IOP elevations. 
This discovery represents an extremely important data point and 
may represent a causal association for the development of elevated 
IOP.
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Most of the sequences found to have differential expression were 
novel sequences. As such their impact on gene expression has not 
been determined and their downstream effects on molecular mech-
anisms cannot yet be elucidated. There were three known miRNA 
sequences identified among sequences that were upregulated in 
dogs with PACG: cfa-miR-142, cfa-miR-143, and cfa-miR-206. cfa-
miR-142 corresponds to a sequence found on chromosome 9 and 
has previously been shown to be downregulated in dogs with con-
gestive heart failure secondary to myxomatous mitral valve degen-
eration [14]. cfa-miR-143 has previously been shown to stimulate 
activation of p53 and caspase3 to induce apoptosis in canine cells 
infected with canine influenza virus [15]. cfa-miR-206 corresponds 
to a sequence found on chromosome 12 that has previously been 
shown to affect cardiac autonomic nerve remodeling [16] and up-
regulated in peripheral blood mononuclear cells of dogs infected 
with Leishmania infantum [17]. The cfa-miR-206 sequence was one 
of the sequences that was expressed only in dogs with PACG. What 
influence these sequences have on gene expression and molecular 
processes in the trabecular meshwork is yet to be determined and 
represents the next step necessary for the discovery of the molecu-
lar mechanisms responsible for IOP elevation in PACG. 

The limitations of this study are the small sample size and im-
perfect control group. As analysis of genomic data requires the 
comparison of expression levels of potentially hundreds or thou-
sands of sequences, correcting for multiple comparisons is impera-
tive. In the present study, the raw P values (P < 0.05) identified 19 
sequences with differential expression. However, when corrected 
for multiple comparisons, none of these reached the generally ac-
cepted false discovery rate of < 5% threshold [7]. As this was an 
exploratory pilot study with a small sample size, it was not unex-
cepted. It is reasonable to assume that if our results were extended 
to additional eyes, the statistical significance of our data would in-
crease and many of these differences would surpass the threshold. 

All the dogs in the control group were male and female intact, 
while all the dogs in the study group were neutered or spayed. 
Moreover, all the dogs in the control group were young beagle dogs, 

while the dogs in the study group were generally much older and 
of three different breeds. It is possible the differences detected 
represent differences in expression due to hormonal, age, or breed 
differences. However, studies of human aqueous humor have failed 
to identify differences in cytokine expression attributable to age 
[18], race [19], or sex [20]. Divergence in expression of circulating 
miRNA sequences have been detected in humans according to age, 
ethnic groups, or hormonal levels [21]. Thus it is possible for the 
differences between the age and neuter status of the study group 
versus the control group to have an impact on the expression of AH 
molecules in dogs.

Conclusion 
The data from this study documents the feasibility of sequenc-

ing miRNA from canine AH. The study also suggests there likely 
are differences in the AH miRNA profiles of dogs with PACG prior 
to the onset of IOP elevations when compared to AH from normal 
healthy dogs. Further confirmation and characterization of these 
differences with larger studies holds great potential to reveal the 
molecular mechanisms that lead to IOP elevations in PACG and 
should be pursued. Defining the molecular mechanisms that lead 
to pressure elevations could lead to novel diagnostic and treatment 
methods for canine PACG.

Data Availability
The entire data set supporting this report is available upon re-

quest from the corresponding author.
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