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Abstract

Purpose.—Angle closure glaucoma (PACG) is highly prevalent in dogs and is often refractory
to medical therapy. We hypothesized that pathology affecting the post-trabecular conventional
aqueous outflow pathway contributes to persistent intraocular pressure (IOP) elevation in dogs
with PACG. The goal of this study was to determine the potential for aqueous angiography (AA)
and optical coherence tomography (OCT) to identify abnormalities in post-trabecular aqueous
outflow pathways in canine PACG.

Methods.—AA and anterior segment OCT (Spectralis HRA+OCT) were performed ex vivo
in 19 enucleated canine eyes (10 normal eyes and 9 irreversibly blind eyes from canine

patients enucleated for management of refractory PACG). Eyes were cannulated and maintained
at physiologic 10P (10-20 mmHg) prior to intracameral infusion of fluorescent tracer. OCT
scleral line scans were acquired in regions of high and low peri-limbal AA signal. Eyes were
then perfusion fixed and cryo-sections prepared from 10/10 normal and 7/9 PACG eyes and
immunolabeled for a vascular endothelial marker.

Results.—Normal canine eyes showed segmental, circumferential limbal AA signal, whereas
PACG eyes showed minimal or no AA signal. AA signal correlated with scleral lumens on OCT
in normal dogs, but lumens were generally absent or flattened in PACG eyes. Collapsed vascular
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profiles were identified in tissue sections from PACG eyes, including those in which no lumens
were identified on AA and OCT.

Conclusions.—In canine eyes with PACG, distal aqueous outflow channels are not identifiable
by AA, despite normalization of their IOP, and intra-scleral vascular profiles are collapsed on OCT
and histopathology.
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Introduction

Primary angle closure glaucoma (PACG) is an important and prevalent cause of

blindness and pain in dogs. In this species, PACG is often associated with pre-existing
goniodysgenesis and dysplasia of the pectinate ligament which spans the iridocorneal angle
opening. This abnormality is believed to have an underlying genetic basis especially in
purebred dogs.1™ In humans, goniodysgenesis is an important cause of pediatric glaucoma.
In dogs, however, acute collapse of the irido-ciliary cleft and iridocorneal angle (ICA)
closure with an iris-like tissue commonly lead to acute, often extreme, IOP elevation in
adulthood. The precise relationship between goniodysgenesis and subsequent development
of glaucoma remains unclear, as only a relatively small proportion of dogs diagnosed with
goniodysgenesis go on to develop PACG. . Although disruption of the conventional aqueous
outflow pathways contributes to detrimental increases in 0P in both open angle and angle
closure glaucomas, full understanding of the complex pathophysiology of aqueous humor
outflow abnormalities in glaucoma remains elusive in both humans and dogs. In dogs, as

in humans, conventional outflow of aqueous humor is through the corneoscleral trabecular
meshwork (TM) and the angular aqueous plexus (analogous to the continuous canal of
Schlemm in humans, and with similar physiology), with outflow continuing distally via
collector channels and aqueous veins to a scleral venous plexus and to episcleral veins,
respectively.>8

Gonioscopy remains a primary diagnostic method in the evaluation of human and veterinary
patients with glaucoma.3: %-10 Although gonioscopy is very commonly performed, the
technique is used only to examine the anterior ICA and pectinate ligament that spans it

in dogs, but does not necessarily allow for examination of deeper structures critical to
aqueous humor outflow, such as trabecular meshwork within the ciliary cleft (CC),1! and
interpretation is relatively subjective and clinician dependent. Advanced imaging techniques
such as high-resolution ultrasonography (HRUS) and ultrasound biomicroscopy (UBM)
show promise in their ability to assess not only the ICA, but also more distal components

of the conventional aqueous outflow pathway.12-17 Optical coherence tomography (OCT) is
another advanced cross-sectional imaging technique that can aid in the characterization of
anterior segment morphology in patients with glaucoma and glaucoma suspects.18-21 still,
these cross-sectional techniques are generally only practical for evaluation of very small
sectors of the extensive, circumferential (360 degree) aqueous humor outflow pathways and
they have relatively low sensitivity in detecting abnormalities of the trabecular portion of
outflow pathways.18-21 Further complicating the use of existing imaging techniques and
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gonioscopy, aqueous humor outflow has been described as segmental in several models

and species,22-30 establishing that resistance to aqueous humor flow is likely not uniform
circumferentially around the globe. Lastly, histopathology of enucleated globes can provide
information regarding the cause of glaucoma,3! but the ability to fully evaluate aqueous
outflow pathways on histopathology is confounded by artifacts associated with prior surgical
intervention, including enucleation surgery, fixation, embedding, and sectioning. We have
observed, subjectively, that there appear to be fewer visible lumens in the sclera of

canine eyes enucleated for PACG. However, without rigorous evaluation of multiple serial
sections encompassing distal aqueous outflow pathways, histopathology is subject to the
same limitations as other cross-sectional modalities as well as subjective, inter-observer
variability.32-34

Previously published reports of advanced imaging techniques such as canalography and
tracing of fluorescent microspheres have provided a solid framework for imaging outflow
pathways ex vivo in the human3® and porcine eye.36. 37 Specifically, reports of aqueous
angiography (AA), which allows circumferential and dynamic assessment of aqueous
outflow, indicate that it can be effectively applied in feline, porcine, bovine, non-human
primate, and human eyes ex vive?42% 38 and in human patients /77 vivo.2%39 This imaging
technique enables the acquisition of real-time, qualitative and semi-quantitative information
on circumferential and distal components of the conventional aqueous outflow system under
physiologic IOP conditions.

Existing diagnostic techniques including gonioscopy and ocular ultrasonography have
significant limitations and do not appear to be highly predictive of either glaucoma
development or response to treatment, making early detection and diagnosis of this
condition difficult in a veterinary clinical setting. There is a critical need for improved
clinical methods to evaluate conventional aqueous humor outflow pathways to help guide
treatment strategies and improve prognosis for PACG in canine and human patients alike.
Our aims for this study were to develop and validate a non-invasive, clinically applicable
tool for characterization of aqueous outflow in normal canine eyes and eyes of dogs with
PACG, and to determine effects of PACG on the post-trabecular aqueous humor outflow
pathways in dogs. Enhanced visualization and understanding of distal aqueous humor
outflow pathways in at-risk patients may enable improved treatment planning, tailored to the
individual patient. A recent study, published after the present study was completed, presents
the use of intracameral injection of fluorescent tracer in normal canine eyes /7 vivo.3° Here,
we present findings of AA and OCT performed within a controlled range of IOP in normal
and PACG-affected canine eyes, ex vivo, with histologic validation.

Test subjects:

Verbal and written informed consent were obtained from owners of eight dogs with PACG,
allowing use of eyes from their dogs in this study immediately following enucleation for
clinical reasons (Table 1). Normal canine eyes were obtained immediately postmortem from
10 female Beagle dogs that were euthanized for reasons not related to this study. These dogs
ranged in age from 6 months to 2 years old. Blind eyes were enucleated for the management
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of discomfort associated with glaucoma refractory to medical therapy in 7/9 eyes. In 2/9
glaucoma eyes, the owners elected enucleation of blind eyes for intermittent episodes of
discomfort although the IOP was controlled medically at the time of enucleation in these
animals. The animals in the PACG group ranged in sex, age, and breed (Table 1). All dogs
included in the PACG group had at least one complete ophthalmic examination including
gonioscopy performed by a board-certified veterinary ophthalmologist and were presumed
to have PACG based on clinical signs and presentation, gonioscopic findings, and response
or lack of response to treatment. There were 9 eyes total in the PACG group. One dog had
both eyes enucleated due to PACG at different times during the 2-year course of the study,
and both eyes were included in the study.

Aqueous angiography (AA):

Eyes were obtained following trans-palpebral enucleation with adnexa intact, immediately
post-mortem in normal dogs and immediately post-enucleation in PACG dogs. As previously
described for ex vivo human, porcine, feline, and bovine eyes,24-26. 38 aqueous angiography
was performed in eyes ex vivo within 24 hours of enucleation. Post-enucleation, eyes were
wrapped in a phosphate-buffered saline (PBS) soaked gauze and kept in a sealed specimen
cup at 4°C. Each globe was pinned to modeling clay after proper orientation was confirmed
by the position of the nictating membrane and long posterior ciliary arteries and direction of
the attached optic nerve. A 22g needle was used to make a perilimbal corneal paracentesis
at either the 2 o’clock or 10 o’clock position for each eye, through which a 20g Lewicky
anterior chamber maintainer was placed. Each eye was pre-perfused with balanced salt
solution (BSS) (Alcon, Fort Worth, Texas) which was connected to a reservoir bag and
maintained within normal physiologic range of IOP for dogs. The IOP was measured using
rebound tonometry (Icare® TONOVET, Icare Oy, Finland) and was maintained at 10-20
mmHg for 30 minutes by adjusting the height of the BSS reservoir, as necessary. Typically,
the reservoir height was approximately 25-30cm above the globe. BSS drops were applied
topically to the cornea every 2—-3 minutes to prevent corneal desiccation.

BSS was then exchanged for fluorescent tracer, either 2.5% fluorescein (Akorn, Illinois)

or 0.4% indocyanine green (ICG) (Diagnostic Green, LLC, Farmington Hills, MI) in

BSS that was infused into the anterior chamber at physiologic IOP. ICG was used first
followed by fluorescein in 10/10 of the normal dog eyes, and in 4/9 of the PACG dog eyes.
Because indocyanine green has a longer intraluminal presence and there were no appreciable
differences between the tracers, the remaining 4 PACG eyes were imaged with ICG only.

Using an anterior segment module lens, aqueous angiography (AA) was performed using the
Spectralis HRA+OCT (Heidelberg Engineering Inc., Carlsbad, CA). To provide background
images and ensure adequate focus of the images, confocal scanning laser infrared images
were taken prior to tracer introduction in the anterior chamber. Immediately upon exchange
of BSS for tracer, AA images were acquired at 3-5 minute intervals around the limbus for
each quadrant for up to 45 minutes post-infusion of tracer. Baseline sensitivity was set at

50. Quadrants with little to no apparent angiographic signal were termed “low signal”, and
quadrants with any signal present were termed “high signal”. In all cases where signal was
observed, the signal was seen in under 10 minutes. Exact times are not available given that
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images were captured in 3-5 minute intervals for each quadrant. In those areas with no
signal, the sensitivity was increased to confirm absence of signal.

One PACG eye (G8) had dense corneal and conjunctival pigment from chronic ocular
surface disease that precluded evaluation of AA, and was thus excluded at this point in the
experiment

Spectral domain optical coherence tomography (SD-OCT):

To determine whether angiographically positive regions correlated with lumens, scleral line
scans were obtained in 10/10 normal eyes and 8/9 PACG eyes with the anterior segment
module on sclera mode in both high and low flow areas simultaneously during AA using
Spectralis HRA+OCT. Although the 15-degree scleral line scans were typically oriented
perpendicular to the limbus, scan orientation was also modified in specific areas where
perpendicular orientation proved challenging.

Immunofluorescent labeling:

Following angiography, each eye was perfusion fixed at physiologic IOP (10-20 mmHg)
for 10 minutes with 4% paraformaldehyde in 0.1M PBS (PFA). The globes were then
transferred to 0.1M PBS after immersion fixation overnight in 4% PFA at 4°Celsius. Based
on AA signal, high signal and low signal sectors were identified for 10/10 normal and

7/9 PACG eyes. The pigmented globe (G8) was excluded, and one globe (G1.1) was lost
after submission for histopathology and thus could not be further evaluated in the study.

A thin sagittal section of the globe containing the pupil and the optic nerve was obtained
and set aside for paraffin embedding and light microscopy. The remaining two calottes

of the globe were hemisected at the equator and the portions of the anterior segment
thereby dissected into quadrants circumferentially. A sector was dissected for each high-
and low-flow quadrant (approximately 2mm wide extending 2 mm posterior to limbus) and
was sucrose protected with 15% then 30% sucrose in 0.01M PBS at 4°C. Tissues were then
cryo-embedded and longitudinally cryo-sectioned at 10um by the Translational Research
Initiatives in Pathology laboratory at UW-Madison. Cryosections were first incubated for

1 hour at room temperature in a permeabilization and a blocking step (10% normal

donkey serum + 1% Bovine serum albumin + 0.1% Triton-X100 in 0.01M PBS). Sections
were then incubated overnight at 4°C, with primary antibody for the vascular endothelial
marker, von Willebrand Factor (vWF; Novus Biologicals, at 1:2000 dilution in 0.01M
PBS). Alexa®Fluor 568 conjugated secondary antibody was used to detect bound primary
antibody (1:400 dilution in 0.01M PBS) for 40 mins at RT, protected from light, and
sections then washed with 0.01M PBS for 15 mins. Nuclei were counter-stained with DAPI
(1:1,000 dilution in 0.01M PBS), and each slide was washed then mounted with an anti-fade
aqueous mounting medium (ProLong® Gold, Invitrogen). Canine small intestine and kidney
tissue cryosections from normal dogs were used as positive controls. For each IHC run
omission of primary antibody from one section per target served as negative controls.
Fluorescence photomicrographs were obtained at 5x-20x magnification (Axio Imager with
Zen Pro software; Zeiss, Germany).
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Histopathology:

Results

For all normal and PACG eyes, the previously obtained thin sagittal section of the globes
were routinely processed for light microscopy by paraffin embedding, and 5um-thick
microtome sections obtained were stained with Hematoxylin and Eosin (H&E). All sections
were reviewed by a board-certified veterinary pathologist (LBCT), for histopathological
confirmation of the diagnosis of PACG or to confirm absence of lesions (normal eyes).

Aqueous angiography:

SD-OCT:

In all normal eyes, high quality aqueous angiography images were obtained
circumferentially (Figure 1A). In 10/10 normal eyes, segmental regions of angiographic
signal were noted (Figure 1B), with strong angiographic signal in some areas and weaker
signal in others. The segmental outflow pattern was unique in each eye, and no single
quadrant with apparent higher outflow was consistently identified. Overall, the outflow
pattern was similar across all normal eyes with no subjective major differences in
architecture of outflow channels. No objective quantitative measures were performed in
this proof-of-concept study. The anterior chamber maintainer was placed in two different
locations to investigate whether the location of the maintainer influenced the location of
high- or low-flow AA signal, and no difference was noted, subjectively.

In 6/8 PACG eyes (Figures 2—4), no angiographic signal was appreciated despite some of
these globes having small, collapsed intra-scleral lumens observed with OCT (see below).
Two PACG eyes (G1.2 and G4) exhibited a small region of low-intensity fluorescence but
this was not typical of the normal, branching distal outflow signal, and in each eye was
confined to one quadrant. One PACG eye (G8) had dense corneal and conjunctival pigment
from chronic ocular surface disease that precluded visualization of any AA fluorescent
signal.

Scleral line scans obtained simultaneously during AA identified hypo-reflective lumens
corresponding to angiographic signal in normal canine eyes (Figure 5). There were also
lumens identified in areas of low angiographic signal in normal dogs with segmental
outflow. Although the lumens appeared, subjectively, fewer in number in these regions,
this observation was not objectively quantified. For the majority of quadrants scanned in
PACG eyes, there were no lumens visible on SD-OCT. However, even in the absence

of an angiographic signal lumens could occasionally be seen in some regions on SD-
OCT in PACG dogs, with the exception of dog PACG eye G8, in which ocular surface
hyperpigmentation precluded OCT imaging. However, these intra-scleral lumens appeared
relatively sparse compared to normal eyes and were subjectively collapsed and abnormal in
profile (Figure 6).

Immunofluorescence labeling:

Labeling for a vascular endothelial marker (vWF) confirmed that the intra-scleral
hyporeflective lumens seen on SD-OCT in normal canine eyes were indeed vessels (Figure
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7). Contrary to OCT findings, collapsed lumens were identifiable in “no flow” areas of
PACG eyes, that were not visualized on AA or SD-OCT (Figure 8).

Histopathology:

All eyes in the PACG group were confirmed to have goniodysgenesis and posterior segment
features consistent with end stage glaucoma. The diagnosis of goniodysgenesis was based
on the presence of a poorly formed iridocorneal angle characterized by the replacement of
the normal pectinate ligaments and ciliary cleft opening by an iris-like tissue that directly
attaches to the arborizing end of Descemet’s membrane along with a complete to partial
absence of an identifiable the ciliary cleft and trabecular meshwork tissue and paucity of
the angular aqueous plexus structures (Figure 9). The glaucomatous changes in the retina
and optic nerve included inner-to-full thickness retinal atrophy and varying degrees of optic
nerve head gliosis, cupping and atrophy. Additionally, histopathology identified a preiridal
fibrovascular membrane in 4/7 eyes and pigment dispersion in the trabecular meshwork in
5/7 eyes of the PACG group. These additional lesions were interpreted to be secondary
with a minor contribution to the impairment of the aqueous outflow, and goniodysgenesis
was identified as the primary cause of glaucoma in all eyes in the PACG group. Histologic
sections of PACG eyes were also examined for the presence of intra-scleral vascular lumens.
Intra-scleral lumens were very sparse in 2/7 or were not visualized in 5/7 H&E-stained
sections of the eyes, even though immunofluorescent labeling confirmed their presence in
similarly oriented cryosections.

Discussion

This is the first report of aqueous angiography in canine eyes with PACG exvivo. This
technique produced high quality circumferential AA images in normal canine eyes, and
helped characterize outflow patterns, or lack thereof, in dogs with PACG.

In normal canine eyes, the dynamic AA signal suggested segmental outflow with no
consistent pattern observed to indicate that the distribution of segmental high and low
outflow signal differed by limbal region. These findings are similar to previous reports of
segmental outflow using the same technique in enucleated canine,3° porcine,24 bovine,26
feline,38 and human eyes,24 as well as live non-human primate?’ and human?28: 29. 39 eyes,
In contrast, no robust AA signal was evident in any of the PACG eyes in this study. Scleral
SD-OCT scans revealed hypo-reflective lumens corresponding to the angiographic signal in
normal canine eyes. It is noteworthy that SD-OCT also revealed occasional visible lumens in
some of the PACG eyes that had no visible angiographic signal on AA. To further evaluate
the presence or absence of scleral lumens, immunofluorescent labeling was performed in
both normal and PACG eyes. This technique allowed visualization of collapsed intrascleral
vascular profiles in both groups, even in areas with no AA signal that had no visible lumens
on SD-OCT. Subjectively, the lumens in PACG eyes were small and mostly collapsed,
whereas the lumens in normal eyes were more robust in size and number. These findings
indicate that even severely affected PACG eyes do have scleral lumens but might suggest
that some combination of vascular lumen abnormalities in distal outflow pathways (e.g.
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structure, function, perfusion, lumen size, collapsibility) could be contributing to reduction
in aqueous outflow in PACG-affected eyes.

There are visible differences in the architecture of scleral lumens in normal dogs versus
PACG dogs, and it is possible that animals with PACG are born with normal scleral

lumens, but collapse of these channels subsequently occurs, as visualized on SD-OCT

and immunofluorescent labeling. Whether a cause or effect of IOP elevation, this collapse

of distal outflow channels may further compound aqueous humor outflow obstruction.
However, because all of the eyes in the PACG group were from adult dogs with established
glaucoma, assumptions cannot be made about the morphology of these eyes earlier in life.
Abnormal scleral lumens may conceivably have been a congenital feature which predisposed
these eyes to PACG. Alternatively, and more likely, collapse of distal aqueous outflow
vessels could also have been an acquired feature, whether primary or secondary. Further
investigations will be necessary to elucidate the nature of the relationship between distal
outflow vessels, resistance to aqueous outflow, IOP and glaucoma. It is noteworthy that

two eyes in the study had I0OP that had normalized following medical therapy before
enucleation and these eyes exhibited a very limited angiographic signal on AA and had some
abnormal and collapsed scleral lumens with immunofluorescent labeling. This could indicate
a dynamic process beginning with high 10P causing collapse of vessels, and after the IOP

is normalized with topical glaucoma medications, distal outflow pathways are re-established,
at least in some eyes, allowing for partial reappearance of AA signal. It must also be
considered, however, that lack of perfusion via more proximal outflow structures, e.g. via
complete obstruction of the opening of the ciliary cleft and the trabecular meshwork, may be
a contributor to outflow impediment. Notably, iris-like tissue spanning the iridocorneal angle
was a common histopathologic feature in eyes with PACG and likely the major contributor
to outflow obstruction. These structures were not directly evaluated in vivo prior to IOP
elevation or during 10P elevation, nor were they directly evaluated during ex vivo imaging
in these patients. One exception to this was the second eye of dog G1, which exhibited
pectinate ligament dysplasia in eye G1.2 at the time of initial presentation for glaucoma in
eye G1.1. These proximal outflow structures were, however, evaluated using histopathology
in this study, albeit in a very limited section of these circumferential structures.

A number of important limitations of this study must be considered. Most importantly, this
study was performed ex vivo, and therefore the results presented here may not be replicated
in vivo. Notably, a recent report of AA in normal canine eyes in vivo, published after the
current study was completed, presented inconsistent results /77 vivo using the cannulation
method we used in the current study, but was able to acquire similar delineation of the
distal outflow pathway by direct intracameral injection of fluorescent tracer in normal
living canine eyes.30 In contrast to that prior report,3° in which IOP was not maintained

in a consistent range during imaging which limited ability to draw comparisons between
eyes and sessions, care was taken in the current study to maintain consistent IOP during
imaging by perfusion of BSS or tracer using gravity assisted perfusion from a reservoir.
However, this cannot be considered maintenance of true physiological 1OP conditions, as
there is no venous pressure component in this ex vivo model, and this likely impacts both
proximal and distal structures involved in aqueous outflow, including scleral lumens. Other
limitations of this proof-of-concept pilot study include small sample size with lack of sex-
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and age-matched controls, as normal dogs were all female and were younger than dogs in
the glaucoma group.

Importantly, we demonstrated that observation of lack of intrascleral lumens on SD-OCT
images and in conventional histopathology sections must be interpreted very carefully.
Standard SD- OCT is not able to detect characteristic hypo-reflective signals from the
lumens of vessels that are collapsed. No attempt was made to quantify angiographic

signal or measure lumen dimensions in this study. For quantitative studies it will be
important to obtain scleral line scans with perfect orientation perpendicular to the limbus,
or perpendicular to specific vessels, in order to obtain the most consistent information, and
this orientation was not achieved in many of the enucleated globes in this study, in part due
to the learning curve for scan acquisition. Nevertheless, our observation that scleral vessels
are collapsed, corresponding to complete lack of angiographic signal in dogs with PACG
refractory to medical therapy despite normalization of 10OP, could suggest a potential novel
prognostic indicator in dogs with PACG, if it were shown in vivo that absence of visible
scleral lumens following acute IOP lowering correlated with poorer long-term response to
medical or surgical therapies that rely solely on reduction of aqueous production or on
enhancement of conventional outflow.

In conclusion, this is the first report of AA in canine eyes with PACG. Most PACG eyes
showed little evidence of distal outflow on AA despite normalization of their IOP, and
vascular profiles were absent to collapsed on OCT and histopathology. This study shows that
AA is a valid technique to image distal aqueous humor outflow pathways in the canine eye
ex vivo, especially when assessing 360 degrees around the globe. Thus, our findings may
have direct, practical, translational relevance in the assessment of canine glaucoma patients
and suspects in a clinic setting. However, further, longitudinal studies are needed /n vivo,
together with studies to determine the effect of IOP elevation on AA signal and scleral
lumen profiles, in both normal dogs and dogs with PACG, in order to more definitively
establish the relevance of these findings to the pathophysiology of PACG in dogs.
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Figure 1.
Aqgueous Angiography (AA) images of representative normal canine eyes obtained with

indocyanine green (ICG). A) Representative high signal area in the temporal quadrant of the
right eye. There is strong angiographic signal in the circumferential scleral vessels, depicted
in white. The angiographic signal increased over time, with increase in intensity, density and
complex branching of the smaller peri-limbal vessels perpendicular to the limbus as depicted
in an image acquired 8.5 min post-tracer infusion (right panel) relative to the same region 2
minutes prior (left panel). B) Nasal quadrant of left eye (OS), illustrating segmental nature
of AA signal. In this quadrant imaged 7 min after tracer infusion, there is an absence of
angiographic signal, with the exception of only one relatively small region (indicated by red
bracket) of low intensity, late onset, fluorescent signal.
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5.5 mins post injection 7.5 mins post injection

Figure 2.
Aqueous Angiography (AA) images of nasal quadrant of right eye (OD) (obtained with

fluorescein for glaucomatous canine eye G1.1). There are no areas of well-defined AA
signal. The “white” perilimbal areas appearing in the image on the right after more
prolonged tracer infusion and increase in sensitivity setting, represent diffusion within
scleral tissue and are not considered a true, intra-luminal, angiographic signal.
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Figure 3.
Aqueous Angiography (AA) images of the temporal quadrant of the left eye (OS) acquired

with indocyanine green (ICG) for glaucomatous eye G2. There are no areas of well-defined
angiographic signal several minutes post-infusion of ICG. The white area of sclera appeared
to represent fluorescence of dye in aqueous humor that was visible through thin sclera in
this region, small perilimbal vessels that do not contain fluorescent tracer are visualized in
these images as dark, branching structures against a fluorescent background (*), even when
sensitivity settings were increased.
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Background Image

Figure 4.
Agueous Angiography (AA) images obtained glaucomatous eye G4 following infusion of

fluorescein. The background image shows the orientation of the right eye with the anterior
chamber maintainer in the dorsonasal quadrant. A-D show images of different quadrants
acquired around the 10-minute time point following tracer infusion (A=temporal, B=nasal,
C=nasal, D=ventral). There are no areas of well-defined AA signal in any quadrant. The
“white”, hyperfluorescent area in D reflects scleral diffusion of fluorescein but is not
considered representative of an AA signal.

Vet Ophthalmol. Author manuscript; available in PMC 2023 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Telle et al.

Page 16

OCT image

Figure5.
Aqueous angiography (AA) and corresponding spectral domain optical coherence

tomography (SD-OCT) images: representative normal dog eye, high signal area in the nasal
quadrant of a left eye. The OCT image in B) corresponds with the line scan depicted

by the red horizontal arrow on the AA image in A). The OCT r line scan on the right
resembles a histologic section through this region. The AA signal in A) corresponds to the
dark, hyporeflective lumens seen on OCT (white arrow heads) B). Note that there is no AA
fluorescent signal visible in the lumens (white arrow heads) on the OCT scan on the right
because the laser wavelength used to acquire the angiographic signal is not imaged in this
part of the scan.
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Figure®6.

A(?]ueous angiography (AA) with indocyanine green (A,C) and Spectral-domain optical
coherence tomography (SD-OCT) images (B,D) from dogs with glaucoma. (A) Nasal
quadrant of right eye of glaucomatous dog G4, “no flow” area with indocyanine green
(ICG). There is minimal AA signal in this region. The corresponding OCT image (B)
demonstrates very small, nearly collapsed scleral lumens (white arrow heads). (C) Temporal
quadrant of left eye of glaucomatous dog G2, illustrates a “no flow” area with only diffuse
fluorescence but no apparent intraluminal AA signal. (D) the corresponding OCT image
demonstrates very small, nearly collapsed scleral lumens (white arrows) when compared to
the normal dog.
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Figure 7.
Fluorescence photomicrographs of perilimbal sclera from a representative normal canine

eye. The red immunofluorescent labeling by von Willebrand factor of vascular endothelium
on the inner surface of each lumen (outlined by white arrow heads) confirms the vascular
nature of these lumens (positive control). Right image, merged with blue fluorescent DAPI-
stained nuclei (lumen highlighted with white arrow heads). Top image is an OCT image
showing the scleral lumens being identified with positive controls. (Images intentionally
overexposed to facilitate visualization of tissue morphology). (Bar Markers 200pum, 5X
magnification)
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Figure 8.
Immunolabeling for endothelial marker confirms presence of collapsed scleral vessels in

glaucomatous dog G2 which had no angiographic signal. Endothelial cells are highlighted
in red (outlined in white arrow heads), lining the collapsed lumens with DAPI (blue nuclear
counterstain). (Bar marker 200um)
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Figure.
A. Representative photomicrograph of a section of the iridocorneal angle from patient

G5, a Leonberger, illustrating features consistent with primary glaucoma. Note an iris-like
tissue (open arrow) crossing over the iridocorneal angle opening contacting the arborizing
(fibrillating) end of Descemet’s membrane (black arrow) replacing the normal pectinate
ligaments and ciliary cleft opening. Also, in the region between the red asterixis, note the
absence of an identifiable ciliary cleft and trabecular meshwork tissue and paucity of angular
aqueous plexus structures. H&E, 4X objective. B. Representative photomicrograph of

a section of the iridocorneal angle from a control dog illustrating the normal anatomical
features. H&E, 4X objective. AC= anterior chamber; DCM Ts= Descemet’s membrane; PL=
pectinate ligaments; CSTM= corneo-scleral trabecular meshwork; CC= ciliary cleft; CB=
ciliary body; PC= posterior chamber; | SVP= intra-scleral venous plexus

Vet Ophthalmol. Author manuscript; available in PMC 2023 May 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Telle et al.

Table 1.

Page 21

Details of canine patients with primary angle closure glaucoma, including age, sex, breed, eye(s), duration of
glaucoma, and status of 10OP at time of enucleation. Whether aqueous angiography (AA), Optical Coherence
Tomography imaging (SD-OCT), or immunofluorescent labeling of tissue sections was possible is also listed.

Dog | Age Breed Eye(s) | Duration of 0P status at AA SD-OCT Immunofluor escent
& Sex owner-observed | time of labeling
clinical signs enucleation
consistent with
glaucoma upon
initial
presentation
G1.1 | 13yo MC | Beagle Mix oD <48 hrs Uncontrolled Yes Yes No
G1.2 | 13yo MC | Beagle Mix (O] <48 hrs Uncontrolled Yes Yes Yes
G2 8yoFS American 0os <48 hrs Uncontrolled Yes Yes Yes
Cocker
Spaniel
G3 10yo FS Siberian oD Unknown Uncontrolled Yes Yes Yes
Husky
G4 12 yo MC | Lhasa Apso oD Unknown Uncontrolled Yes Yes Yes
Mix
G5 6 yo MC Leonberger oD ~1 week Controlled Yes Yes Yes
G6 9yoFS Shih Tzu (6] Unknown Controlled Yes Yes Yes
G7 10 yo MC | Labrador 0S ~1 week Uncontrolled Yes Yes Yes
Retriever
G8 11yoFS Cockapoo oD Unknown Uncontrolled Not No No
possible (pigment)
(pigment)

MC = male, castrated; FS = female, spayed; OD = right eye; OS = left eye; controlled IOP = < 25 mmHg; uncontrolled IOP = > 25 mmHg
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