VALIDATION OF AQUEOUS ANGIOGRAPHY IN NORMAL AND ADAMTS10-OPEN
ANGLE GLAUCOMA DOGS BEFORE AND AFTER DEVELOPMENT OF GLAUCOMA

By

Jessica Burn

A THESIS
Submitted to
Michigan State University
in partial fulfillment of the requirements
for the degree of
Comparative Medicine and Integrative Biology — Master of Science

2020



ABSTRACT

VALIDATION OF AQUEOUS ANGIOGRAPHY IN NORMAL AND ADAMTS10-OPEN
ANGLE GLAUCOMA DOGS BEFORE AND AFTER DEVELOPMENT OF GLAUCOMA

By
Jessica Burn

Glaucoma is a leading cause of blindness in numerous species; however, little is known
about the distal conventional aqueous humor outflow pathways in the canine eye. The aim of this
work was to develop a diagnostic technique to allow for tailored therapeutic treatment options
for canine glaucoma. The studies described herein validate the use of a clinically applicable in
vivo imaging technique using intracameral indocyanine green dye in normal and ADAMTS10-
open angle glaucoma (ADAMTS10-OAG) dogs. These findings were compared to intravenous
scleral angiography (SA) to verify outflow of fluorescent dye from the anterior chamber through
to the angular aqueous plexus. The initial technique was refined for in vivo aqueous angiography
(AA) and subsequently performed via a single intracameral injection technique in normal eyes of
sedated dogs. After a recovery period, SA of the same eyes was performed for comparative
purposes. SA followed by AA was repeated in ADAMTS10-OAG dogs with elevated intraocular
pressure. Identical scleral sectors were imaged in all groups using the Heidelberg Spectralis ®
Confocal Scanning Laser Ophthalmoscope. Intrascleral vessel depth and lumen diameters were
measured in all eyes using optical coherence tomography and computer software. Sectoral and
dynamic outflow patterns were observed. The use of AA provides the foundation for improved
visualization of post-trabecular conventional aqueous humor outflow pathways in normal and

ADAMTS10-OAG dogs, as compared to intravenous SA.
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CHAPTER 1

INTRODUCTION

1.1 Agueous humor dynamics

1.1.1 Production of aqueous humor

To investigate potential avenues to diagnose and treat glaucoma, it is important to
understand how aqueous humor is produced as well as its outflow pathways. Aqueous humor is
an important component of the globe and its outflow has been described in a variety of species,
with studies spanning over the last five decades.!™” This fluid is produced by the ciliary body and
flows from the posterior chamber, through the pupillary opening and into the anterior chamber. It
bathes the anterior aspect of the vitreous, the anterior surface of the lens, the trabecular
meshwork, the anterior and posterior iris, and the posterior aspect of the cornea, providing vital
nutrients such as electrolytes, amino acids, glutathione, glucose, and ascorbic acid to these
intraocular structures.®1° Aqueous humor has also been documented to transport ascorbate, an
antioxidant, into the anterior segment of the globe.!! As such, abnormalities in aqueous humor
due to uveitis or systemic endocrinopathies, including diabetes mellitus, can lead to insufficient
or altered nutrient or electrolyte supply to the intraocular structures, which may result in ocular
pathology including cataract formation.*? Other disease processes including corneal pathology,
glaucoma, and certain retinal diseases have also been shown to alter the nitric oxide content and
the oxidative stress index of the aqueous humor.***> Additionally, intraocular implants and
solutions, such as silicone oxide used for retinal reattachment surgery, have been shown to lead

to an increased concentration of sodium ions in the aqueous humor.® Identification of



immunoglobulin types G, A, M, and E in the aqueous humor have also been reported with

certain systemic disease processes, such as toxoplasmosis.*’

Aqueous humor is secreted by the epithelium of the ciliary body processes, which is
located in the posterior chamber of the globe. The epithelium of the ciliary body processes is
composed of two layers: a non-pigmented epithelium overlying a pigmented epithelium, both of
which are joined together by gap junctions.'® Several mechanisms of aqueous humor formation
have been described, however, more recently there is consensus regarding movement of water
and solute along a unidirectional osmotic gradient from the interstitium of the pigmented
epithelial cells of the ciliary body into the posterior chamber.'®!® This process occurs in 3 stages:
1. Movement of sodium chloride from the stromal interstitium into the pigmented epithelial cells
by electroneutral Na+/H+ and CI-/HCO3- antiport or Na+-K+-2Cl- symport, 2. Movement of
solute via gap junctions from the pigmented to the non-pigmented epithelial cells, 3. Release of
sodium and chloride ions into the agueous humor, drawing water with it along its osmotic

gradient.'®
1.1.2 Rate of aqueous humor production

An optimal balance between agueous humor production and drainage from the eye is
necessary to maintain IOP within a narrow range. Any disruption to homeostasis of aqueous
humor movement may result in either hypertension and glaucoma, or hypotony, both of which
could lead to intraocular damage, changes to globe shape, and a loss of vision. A pressure
gradient is responsible for driving aqueous humor out of the CAHO pathways, through the
scleral venous plexus, and into systemic circulation.?!® Thus, the CAHO pathway has been

identified as the location of outflow resistance, and subsequently, regulation of physiologic



IOP.2021 In contrast, the unconventional aqueous humor outflow route relies on the passive

movement of aqueous humor out of the eye in response to osmotic gradients.??

The rate of aqueous humor production varies between species. In dogs, the rate has been
documented as 2.5pL/min.?® A constant cycling of aqueous humor occurs where fluid is
produced at the same rate that it exits the eye via both the conventional and the unconventional
routes of aqueous humor outflow. The balance between these dynamics allows for maintenance
of an appropriate hydrostatic pressure, which retains the globe in a spherical shape with a normal
intraocular pressure (range 10-20 mmHg).24-28 This allows for maintenance of proper anatomical

positioning of the scleral walls as well as an appropriate refractive index for vision.
1.1.3 Aqueous humor outflow pathways

The anterior portion of the ciliary body that forms a recess is known as the cilioscleral
cleft. This cleft is proportional in size to the size of the patient.?° The cilioscleral cleft forms a
junction with the base of the iris and the corneoscleral tunic, creating the ICA or filtration angle.
Spanning across the cilioscleral cleft, from the corneoscleral junction to the iris root, are strands
of tissue known as pectinate ligaments. Within the cilioscleral cleft and caudal to the pectinate
ligaments is a matrix of loose, interwoven collagen and cells which forms the trabecular
meshwork. The ciliary body muscle also has anterior tendinous extensions which extend into the
trabecular meshwork. Once produced by the ciliary body epithelium, agueous humor moves from
the posterior chamber through the opening of the pupil and into the anterior chamber. Once in
the anterior chamber, aqueous humor is distributed over the intraocular structures of the anterior
globe before flowing to the periphery of the anterior chamber and into the ICA to drain through

one of two pathways.



Aqueous humor is filtered through the strands of pectinate ligaments and into the
trabecular meshwork, where it exits the eye via the conventional and/or the unconventional
routes of aqueous humor outflow. The CAHO pathway involves 85% of the total outflow of
aqueous humor in dogs, with fluid egressing through the corneoscleral trabecular meshwork and
into the venous plexus. In contrast, the unconventional aqueous humor outflow pathway
encompasses uveoscleral, uveovortex, and uveolymphatic absorption of aqueous humor via the
uvea, followed by subsequent passage into choroidal circulation.®**? Formation of intracellular
channels, consistent with the scleral plexus, have been identified as early as one week of age in

the beagle and do not appear to evolve a great deal with maturation of the dog.3
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Figure 1. Schematic depicting the conventional and unconventional outflow pathways of
the eye: 1. The conventional outflow pathway of aqueous humor through the trabecular
meshwork and into the aqueous venous plexus back to systemic circulation, and 2. The
unconventional outflow pathway of aqueous humor through the uveoscleral vessels and back into
systemic circulation.



1.1.4 Schlemm’s canal or angular aqueous plexus

Aqueous humor that moves out of the eye via the CAHO pathway returns to
hematogenous circulation via drainage vessels that are species specific. Both humans and dogs
have a juxtacanalicular resistance zone, which surrounds the trabecular meshwork and is
comprised of a network of aqueous collecting channels. However, in humans, the trabecular
meshwork is located immediately adjacent to a vessel known as Schlemm’s canal.®* Although
the trabecular meshwork structure is similar in dogs to that of humans, there is no Schlemm’s
canal in the dog and aqueous humor leaves the eye via the angular aqueous plexus instead.
From either Schlemm’s canal or the angular aqueous plexus, these channels coalesce and drain
into the intrascleral venous plexus to the vortex veins, followed by the episcleral veins, before
returning to the systemic bloodstream.®** Movement of aqueous humor from the trabecular
meshwork to either Schlemm’s canal or the angular aqueous plexus can occur via transcellular

pores or pinocytotic vesicles located in the inner endothelium, or can be paracellular.>3
1.1.5 Resistance to aqueous humor outflow

Species differences exist with regards to the tissue that is thought to provide the greatest
resistance to aqueous humor outflow. It is suspected that Schlemm’s canal in humans, and the
juxtacanalicular zone in dogs, likely accounts for the main site of resistance within the CAHO
pathways."3® Numerous studies evaluating human eyes have concluded that a substantial degree
of aqueous humor outflow resistance is produced by the endothelial lining of Schlemm’s canal
and the adjacent juxtacanalicular tissue.3*3°4° One study identified approximately 75% of total
resistance to outflow occurs in the region between the anterior chamber and Schlemm’s canal in
humans, while 25% of the total resistance was identified within the sclera.** A similar study in

non-human primate eyes yielded a significantly higher value for total outflow resistance (90%)

5



occurring between the anterior chamber and Schlemm’s canal, with at least 50% of this
resistance occurring near the inner wall of Schlemm’s canal. The remaining 10% was noted to
reside between Schlemm’s canal and the episcleral veins.*? In comparison, in dogs, the
extracellular matrix was identified as the main site of aqueous humor resistance in open angle
glaucoma. Changes in the extracellular matrix*3, including loss of hyaluronic acid and decreasing
chondroitin-4-sulfate have been linked to increased resistance at this site**. In open angle
glaucoma beagles with the ADAMTS10-OAG mutation, extracellular plagues of unknown origin
and fibrillin, a small non-sulfated, elastic microfibril protein, are thought to contribute to outflow

resistance of aqueous humor by depositing within the trabecular meshwork.*

To date, there is little published information outlining the association and/or importance
between the aqueous outflow vessels and episcleral vasculature within the veterinary
literature.®*4¢ In humans, the importance of this post-trabecular section of the CAHO pathways
and its contribution to outflow resistance is well-documented; however, the molecular pathway is
still poorly understood.*”* Although this mechanism of action is common across a multitude of
species, minor anatomic variations in the venous system exist, which appear to dictate outflow of
aqueous humor from the anterior chamber.234%-51 Several studies in humans, rabbits, and dogs
evaluated episcleral venous pressure via direct cannulation, using very fine glass pipettes, as well
as via indirect partial-to-complete compression schemes using a torsion-balance system or a
pressure chamber.>?-%* Using these techniques, the episcleral venous pressure measured was
determined to be between 7-14 mmHg*®47% while the resistance of the tissues involving
conventional aqueous humor outflow were measured to be approximately 3-4 mmHg/uL/min.%®
This backpressure from the episcleral tissues is thought to regulate IOP, resulting in

approximately 50-75% of the resistance that regulates I0P.3757%8



1.1.6 Regulation of intraocular pressure

Glycosaminoglycans have been postulated to play a functional role in the structural
organization of the extracellular matrix that form the outflow pathways***® and, subsequently, in
the regulation of 10P.%° Facility of aqueous humor outflow was documented to increase with the
addition of an enzyme to degrade glucosaminoglycans.! Several types of glucosaminoglycans
have been identified in the trabecular meshwork. An increased chondroitin sulfate content and
decreased hyaluronic acid level have been documented in glaucomatous human eyes.** Other
studies in mice documented increased mucopolysaccharide and protein deposition in the

trabecular meshwork of glaucomatous eyes®®, which may contribute to elevations in 10P.

Anatomical structures, including the iris and ciliary body muscle, have also been
speculated to increase resistance to the outflow of aqueous humor. In humans, the ciliary muscle
tendons attach to the outer aspect of the collagen and elastin fibers that comprise the
corneoscleral trabecular meshwork and extend deep into the anterior and posterior walls of
Schlemm’s canal, allowing for modulation of the width of the trabecular meshwork and aqueous
humor outflow.%28 Tendons near the juxtacanalicular tissue are more compact and are arranged
in parallel formation.5? The ciliary muscle has tendons that also attach to the sclera and the
scleral spur; when the ciliary muscle contracts, the scleral spur is pulled posteriorly leading to
inwards movement and subsequent widening of the trabecular meshwork.®* This action is
postulated to decrease outflow resistance, while relaxation of the ciliary muscle increases
outflow resistance as the trabecular meshwork decreases in width. In contrast, dogs do not have a
scleral spur. Instead, the tendons of the ciliary muscle insert onto the elastic fibers of the
trabecular meshwork, the juxtacanalicular tissue, as well as the inner scleral tissue.®® There is

limited scientific data on the role that the ciliary muscle and its tendons play, but it is thought



that they are involved in opening the angular aqueous plexus.®® Topical cholinergic drugs,
prolonged electrical stimulation of ocular sympathetic nerves, and age have all been shown to
inhibit movement of the ciliary muscle and decrease outflow resistance in the eye.%>% This
becomes important as we aim to evaluate eyes affected by conditions that raise IOP. A disruption
in the regulation or resistance of aqueous humor outflow via the conventional aqueous outflow
pathway leads to an elevation in IOP, known as ocular hypertension, and can progress to

glaucoma and progressive loss of vision.
1.1.7 Post-trabecular aqueous humor outflow

There is currently no known published data describing the aqueous outflow pathways
leading back to systemic circulation and the behavior of aqueous humor in these regions in the
canine eye. Recently, the distal component of aqueous outflow has been evaluated in pigs and
cows.®"! In pig eyes, aqueous humor outflow was shown to be greatest in the superonasal and
inferonasal sectors of the globe, which coincided with the location of the largest collector
channels.”™ In cow eyes, sectoral increases in aqueous humor outflow were observed distal to the
site of ab interno goniotomy, with no change in aqueous humor outflow noted in other segments
of the globe.” These studies support the presence of communicating regions between aqueous
humor outflow and the scleral vasculature, as well as sectoral aqueous humor outflow. However,
due to species differences, CAHO pathways in dogs may deviate from what is seen in the
previous species studied and direct translation should not be assumed to be the same for dogs.

Thus, this is an area of investigation of the project described herein.



1.2 Canine glaucoma
1.2.1 Definition of glaucoma

Glaucoma comprises a group of optic neuropathies which result in irreversible vision
loss. This devastating condition affects approximately 70 million humans worldwide and its
prevalence continues to grow, with the number of affected individuals anticipated to reach 111.8
million by 2040.7272 This disease also affects a large number of individuals within the canine
population.”™" Some risk factors for glaucoma include pectinate ligament dysplasia, uveitis,
anterior lens luxation, and neoplasia, among others. These all lead to an elevated IOP. In some

individuals, elevations in I0OP can reach painful levels.

In canines, glaucoma is categorized as primary open angle, primary angle closure, or
secondary depending on the underlying etiology. Primary angle closure glaucoma tends to be the
predominant type in dogs and certain breeds have been identified as high risk for developing this
condition due to their genetic inheritance. These breeds include, but are not limited to, Basset
Hounds, Bouviers des Flandres, and English Springer Spaniel dogs.”®"® Dogs affected by
primary angle closure glaucoma have a narrow to closed iridocorneal angle, which results in
mechanical obstruction of aqueous humor outflow from the eye.”® Although primary open angle
glaucoma accounts for the majority of human cases, a much smaller subset of the canine
population is affected. This form of glaucoma is observed in breeds such as the Beagle,
Norwegian Elkhound, Petit Basset Griffon Vendeen, Basset de Fauve, Chinese Shar-pei, Tibetan
Terrier, Wire-haired fox Terrier, and Parson Russell Terrier.8%-8* This form of glaucoma arises
from resistance to aqueous humor outflow in the trabecular meshwork, despite a normal
appearing iridocorneal angle.®® Further investigation into the genetics involved in canine primary
open angle glaucoma led to the identification of a mutation in the ADAMTS10 gene in Beagle
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dogs.®* This has been an important development for research revolving around the diagnosis,
development, and treatment of primary open angle glaucoma. Lastly, secondary causes of
glaucoma may also arise from conditions that lead to obstruction of aqueous humor outflow and
a subsequent rise in intraocular pressure (IOP). Obstruction of aqueous humor outflow may arise
from, but is not limited to uveitis, trauma, posterior synechia, lens instability and vitreal

prolapse.?
1.2.2 Canine primary open angle glaucoma

Primary open angle glaucoma has been linked to both the ADAMTS10 and ADAMTS17
genes in dogs.®28 Beagle dogs with a mutation in the ADAMTS10 gene exhibiting ADAMTS10-
open angle glaucoma (ADAMTS10-OAG) have been studied over the past 50 years. Affected
beagle dogs have demonstrated a predictable, slow, progressive rise in IOP to a level of 30-40
mmHg over a 2 to 3 year time period.88” Dogs with elevated 10P tended to respond more
readily to topical therapies, including pilocarpine and carbonic anhydrase inhibitors, compared to
dogs affected by primary angle closure glaucoma.®%-8 These properties make for an ideal canine
population to study the characteristics of aqueous humor outflow at various stages of progression
in a glaucomatous eye. Dogs affected with primary open angle glaucoma exhibit a naturally
occurring and well-documented disease process with similar ocular biomechanics as humans
with normotensive glaucoma. As such, this breed currently serves as a model for normotensive

glaucoma in humans.2®
1.2.3 Screening tests for canine glaucoma

At this time, current techniques used to assess the conventional aqueous humor outflow

(CAHO) pathways are limited in providing prognostic information for this disease process.
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Screening tools do not allow for direct visualization of all the components of the iridocorneal
angle (ICA), thus limiting the ability of observers to truly predict those patients who are at risk
and their potential response to glaucoma treatments. These tools include gonioscopy,
administration of topical ophthalmic mydriatic agents, and imaging using ultrasound
biomicroscopy. More advanced imaging of the posterior segment is possible using optical
coherence tomography, but is currently limited to research purposes due to the cost of the

equipment required and the need for a refined technique that is clinically applicable.®®

Direct observation of the ICA is possible using gonioscopy, however, this tool limits
visualization to the superficial layer of tissue comprising the ICA. Even though clinical grading
schemes to assess the status of the canine ICA have been established®, this does not provide
information regarding aqueous humor outflow or if the abnormalities visualized, such as
pectinate ligament dysplasia or synechiae, impair outflow. (Figure 1) These grading schemes rely
on subjective assessment of the width of the iridocorneal angle and the presence of individual
pectinate ligaments versus sheets of tissue. Due to poor visibility into the ICA, the deeper layers
of the trabecular meshwork cannot be assessed using gonioscopy. The lack of ability to assess
the deeper structures of the ICA means that the grading schemes employed do not always

correlate well with clinical observation of a reduction in outflow facility.%

A second screening tool that has been used as a crude assessment of pectinate ligament
dysplasia is the use of direct and indirect acting muscarinic cholinergic antagonists. In eyes
affected by pectinate ligament dysplasia, these agents can induce abrupt elevations in 1OP within
one hour after administration. Several muscarinic receptor subtypes have been identified in the
ciliary muscle in dogs, including Mz and Ms in brown eyes and Ms muscarinic receptors only in

blue eyes.®% Administration of topical 1% tropicamide and 1% atropine were documented to
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result in significant increases in 10P up to 35% and 50%, respectively, in a colony of Basset
Hounds affected by inherited primary angle-closure glaucoma.®* By applying stress to the ICA,
cholinergic antagonists can be used to assess the potential for elevated IOP in primary angle-

closure glaucoma dogs in the field.

In contrast, latanoprost 0.005% ophthalmic solution has an opposing effect on the ciliary
muscle as compared to cholinergic antagonists, which is likely a result of centripetal traction of
the iris root.*® Topical prostaglandin F20’s have also been shown to result in contraction of the
iris sphincter muscle, resulting in a narrowed iridocorneal angle.®®*" In contrast, other miotic
agents, such as topical 2% pilocarpine have also been shown to result in ciliary muscle
contraction in dogs with closed-angle glaucoma, however, these medications increase the width
of the cilioscleral cleft, thereby increasing outflow of agueous humor. Other miotic ophthalmic

drugs have also demonstrated similar responses in cilioscleral cleft expansion.

Ultrasound biomicroscopy has also been used as a screening tool to assess the ICA and
its potential to drain aqueous humor.®! This imaging modality allows for a detailed cross-
sectional view of the ICA. This allows the user to evaluate the ICA for any abnormalities in
width, number or size of pectinate ligaments (i.e. strands or sheets), or other structural
abnormalities and/or their severity. The information provided by this may help to identify
patients that are predisposed to developing elevated 10OP, however, findings from ultrasound
biomicroscopy do not correlate to reductions in aqueous humor outflow and subsequent

elevations in IOP.%
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1.2.4 Current treatment modalities for canine glaucoma

The challenge of identifying at-risk breeds and predicting the progression of disease is
not the only obstacle to glaucoma. Treatment interventions include medical therapy and surgery,
both of which have poor or undetermined long-term success rates.*®-1% Topical medical therapy
most often includes the use of carbonic anhydrase inhibitors, beta blockers, and/or prostaglandin
analogues.'11%2 Carbonic anhydrase inhibitors, such as dorzolamide, decrease aqueous humor
production by inhibiting carbonic anhydrase in the ciliary processes of the eye; this slows the
formation of bicarbonate ions and reduces sodium and fluid transport.'® Beta blockers, such as
timolol, reduce intraocular pressure by binding to beta-adrenergic receptors located on the non-
pigmented ciliary epithelium and inhibiting the action of sympathetic nerves.'% Latanoprost is a
prostaglandin analogue which decreases intraocular pressure by increasing outflow of aqueous
humor through the ciliary muscle region to the suprachoroidal space and episcleral veins, via the
unconventional outflow pathway.'®* Newer medications are slowly being developed, including
the more recent latanoprostene bunod (Vyzulta™; Bausch & Lomb Incorporated) and netarsudil
(Rhopressa™; Aerie Pharmaceuticals). Latanoprostene bunod is a prostaglandin F2o agonist that
donates nitric oxide; this drug has been shown to be more efficacious in lower 10P in
ADAMTS10-OAG beagle dogs'®1% as compared to the well-known prostaglandin analogue,
latanoprost.'%’ Frequent administration of this medication may initially help to lower and control
IOP for an indeterminate period of time. However, netarsudil 0.02% ophthalmic solution, a rho
kinase inhibitor, did not have a clinically significant effect on IOP reduction in normal or open
angle glaucoma-affected dogs.'®® Most dogs experiencing glaucoma in clinical situations will

ultimately become refractory to topical therapy over time resulting in an uncontrolled rise in
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IOP, resulting in damage to the retinal ganglion cells and to the optic nerve. Thus, the search for

more effective long-term medications continues.

Several vision-sparing surgical interventions to treat glaucoma in dogs have been
employed, including the use of laser and gonioimplants.1?0199110 These treatments are most
effective in early stages of glaucoma when eyes are still visual and have only mildly elevated
IOP. Laser therapy includes transscleral cyclophotocoagulation (TSCP) or endolaser
cyclophotocoagulation. TSCP involves the use of an external diode laser that is placed on the
sclera of the affected eye with the laser beam aimed at the ciliary body processes within the
globe. Laser energy of 1000-1500 mW is administered to the ciliary body processes for a
duration of 1500-4000 ms at 35-40 different sites, with the goal of destroying the ciliary body
epithelium in an effort to slow or stop the production of aqueous humor within the eye.!!!
Variable results in the management of canine glaucoma have been documented for TSCP. One
study showed that IOP was reduced to less than 25 mmHg in 92% of eyes treated with TSCP
with only 50% of these eyes remaining visual over a period of one year.**? Another study
demonstrated an 81.5% success rate with TSCP maintaining 0P below 20 mmHg and
maintenance of vision throughout the 6 month postoperative period in 42.6% of eyes.'® A newer
form of TSCP has been described using MicroPulse™ technology. This modality delivers laser
energy at a power of 2000-2800 mW in a pulsatile manner for a duration of 90-180 seconds per
hemisphere.''® In a preliminary study, at 315 days post-operative, Micro-Pulse™ TSCP has been

shown to keep IOP below 25 mmHg in 42% of eyes and to retain vision in 50% of dogs.'*3

Endolaser cyclophotocoagulation works along a similar concept, with the added
advantage of direct visualization of the ciliary body processes. Endolaser cyclophotocoagulation

often requires removal of the lens, typically via phacoemulsification surgery, to access the
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posterior chamber of the globe. The endolaser probe is then inserted intraocularly through the
pupillary opening and into the posterior chamber to directly visualize the ciliary body processes.
The ciliary body processes are then “painted” with laser energy set at 250 mW on a continuous
mode or at 250 mW at a duration of 9000 ms to cover 270-320° of the ciliary bodies until they
become white and shrink down slightly.*'! The success rate of endolaser cyclophotocoagulation
was documented to be between 85.0% after 1 year and 71.8% after 3 years for control of 10P

and 71.8% after 1 year and 53.3% after 3 years for retention of vision following surgery.*'4

Gonioimplant devices in dogs lags behind that of humans with regards to available
options and their long-term success rates. These devices are designed to be implanted with
minimal trauma and to provide a means for aqueous humor to passively leave the eye once a
threshold intraocular pressure is reached. While microinvasive glaucoma surgery (MIGS) is not
yet commonly available in the canine population, preliminary studies have been performed to
investigate the use MIGS implants, including the Ex-Press and SalvVO/Brown Glaucoma Implant
(MicroOptx) in glaucomatous dogs.!*>1t” The aim of these studies was to find a smaller, more
cost-effective implant that provides a higher level of efficacy in maintaining a normal 10P than
the current gonioimplants being utilized. Although initial results have been promising, studies
with greater long term follow-up have demonstrated a high incidences of device failure by

extrusion, endophthalmitis, and/or uveitis within 4 months of implantation.*®

Currently, the most common glaucoma shunts available for use in dogs are much larger
than the MIGS implants. Glaucoma shunts include the Ahmed valve and the Baerveldt implant
devices.190110118 \/ariable success rates have been documented using these glaucoma implants.
The Ahmed valve shunts were shown to be successful in maintaining 1OP below 20 mmHg for a

group of 9 dogs over a median time interval of 326 days with 88.9% vision retention over a 1
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year post-operative period.'® Evaluation of Baerveldt shunts demonstrated maintenance of IOP
below 20 mmHg in 71.4% of eyes and retention of vision in 69.9% of eyes over a period of 3
months post-shunt implantation.'® Combinations of laser treatment coupled with Ahmed valve
glaucoma implants have also been investigated. One report yielded a 76% success rate in
controlling 10P below 25 mmHg with vision retained in 41% of eyes over a period of 12 months

post-operative.®

The most common long-term complication associated with gonioimplant procedures was
cataract formation (up to 28.6% of eyes).1%%!18 Short-term complications included persistence of
intraocular hypotony or hypertension, development of post-operative fibrosis surrounding the
implant valve, conjunctival dehiscence or necrosis, and fibrinous anterior uveitis.*'%!8 To
prevent capsular fibrosis and to decrease the thickness of the overlying conjunctival tissue,
topical chemotherapy agents such as 5-fluoruracil and mitomycin-C have been successfully
administered to the pocket prior to implantation of the glaucoma drainage device.''%!20
Mitomycin-C is a hundred times more potent than 5-fluorouracil*??, and has a greater potential to
lead to conjunctival necrosis and dehiscence.''® These complications typically require a second
surgery to repair the area and/or to place a new valve in a different location. Fibrinous anterior
uveitis and subsequent obstruction of the shunt tubing system has led to complications of
aqueous humor drainage and failure of the apparatus. In some studies, tPA injection, in an effort
to breakdown fibrin formation and permit outflow via the shunt, has been reported in over half of
operated eyes within one month of surgery.1%%10 If aqueous humor is unable to properly drain,
then there is a recorded rise in IOP and recurrence of glaucoma symptoms. In addition to this, the
use of gonioimplants in dogs typically requires an intensive level of post-operative care, with

frequent rechecks. Given a substantial initial cost of gonioimplant surgery, the need for frequent
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post-operative rechecks, this form of surgical intervention can be a financially prohibitive

investment for many dog owners.
1.3 Imaging techniques
1.3.1 Corrosion cast studies

Investigation of the post-trabecular distal aqueous humor outflow tract as a source of
increased resistance has been described within the physician based literature.®®2? Although little
has been published on this topic in dogs, several studies have identified the vascular and
microvascular structures associated with the CAHO pathways of dogs via corrosion casting
techniques.™® Casting dyes injected via an intracameral (1C) route readily moved from the
anterior chamber into the intrascleral venous plexus of Hovius.! The CAHO pathways have been
shown to be comprised of complex networks, with intraspecies variations. Buskirk et al. (1979)
noted redundancy of CAHO pathways with anastomosis among the aqueous collector channels
and the intrascleral venous plexus of Hovius in some dogs, while in others very little branching
or deviation was observed.! Multiple redundancies have also been noted between vessel
pathways, resulting in communication between aqueous humor outflow pathways and uveal
vessels, consistent with previous corrosion cast studies.® Histopathologic analysis of the angular
aqueous plexus confirmed that development of the complex anastomoses were developed by 4
weeks of age in dogs, with vessel lumen diameters measuring up to 1.5 um.3 Overall, these
casting techniques, while highlighting the complexity of the CAHO pathways, fail to provide

insight into their true role and functionality at regulating IOP in-vivo.
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1.3.2 Angiographic imaging techniques

As a result of the challenges incurred with diagnosing and treating glaucomatous eyes in
dogs, methods to evaluate and identify eyes at-risk and to treat them in the most effective manner
are required to help preserve vision and comfort long-term. A number of different angiographic
imaging techniques have been described in humans and in animals that allow for direct
visualization of aqueous humor outflow and/or the vasculature of the eye.1?31%6 The majority of
these imaging modalities have been described using IV fluorescent dyes, however, several have
documented IC delivery of dye to allow for imaging of specific regions of the aqueous outflow
pathways.’123124127-132 Djfferent fluorescent dyes have been used, each with a unique set of
spectral characteristics, to highlight different vascular components within the globe. 123131132

Common dyes described include sodium fluorescein (SF) and indocyanine green (ICG).

SF is a smaller molecule (375 Da), which allows it leak readily from vessels into the
interstitial space.!®® This dye penetrates poorly into tissue and does not completely bind to blood
proteins. It fluoresces at a wavelength within the visible spectrum of light (525nm).%3* In
contrast, ICG is a much larger molecule (751 Da), exhibiting high protein binding, which
reduces its ability to leak from vessels as readily.'® The spectral properties of ICG allow for
fluorescence at a wavelength of light in the near infrared spectrum (835nm). These spectral
characteristics allow for greater detection/visualization of structures deeper within tissues.!®
Overall, SF lends itself well to viewing superficial structures present within the eye (retinal
vasculature), however, due to its rapid extravasation, it is likely a less effective dye for studying
aqueous humor outflow pathways. On the other hand, ICG would be considered an ideal dye for
viewing aqueous humor outflow pathways, as it does not tend to extravasate as readily into the

interstitial space.!®® Despite their different spectral properties, IV and IC delivery of SF and ICG
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dyes each allow for evaluation of different vascular components within the eye when used either

together or independently.**

1.3.3 Scleral angiography (SA)

Anterior segment angiography has been reported in vivo in humans over the past three
decades. *"%8 This technique has been used to evaluate inflammatory conditions of the sclera,
which revealed increased leakage of fluorescent dye from the vasculature with increasing

severity of scleritis.**’

SF was the most common fluorescent dye used, at a concentration of 2.5%.%" The second
most common fluorescent dye used was indocyanine green, which was injected at a dose of 25
mg IV.2¥" In cases where both dyes were used under the same imaging session, a single bolus of
ICG was administered first.”*3” Once the ICG diffused out of the vasculature, a single bolus of
SF was then injected as quickly as possible V. In both instances, recording of the scleral
segment started up to 5 seconds after injection.'®” The use of both of these fluorescent tracers
was valuable to demonstrate outflow pathways, however, ICG was a superior dye to SF to

observe vessel patterns as this dye stayed intraluminal longer than SF.**’

The time to first appearance of sodium fluorescein within scleral vessels occurred
rapidly, in as little as 4 seconds post injection, while indocyanine green dye took longer to
visualize and was first observed 29.7 seconds post blous.*®” Features such as delayed perfusion
of vessels, leakage of fluorescent dye from vessels, and new vessel were identified and recorded
as potential pathologic features in human eyes with scleritis; SF was observed to leak readily
from scleral vasculature, while ICG was only noted to leak in intermediate and late phases

around hypoperfused areas.™*” Indocyanine green proved to be a superior dye to visualize new
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vessel formation as ICG bound rapidly to vessel walls allowing for improved visibility of the

vascularization even through leakage of overlying SF.*¥’

Based on the observations of SA in humans described above, this technique may help to
validate the structures observed during AA imaging are indeed congruent with the angular
aqueous plexus and the conventional outflow pathways in dogs. SA allows for observation of
both superficial conjunctival vessels as well as the location and depth of episcleral veins within
the scleral tissue via both SF and ICG angiography.?® Laminar flow patterns have also been
visualized with SA and this feature has been used to help identify return of aqueous humor into

hematogenous circulation.*®
1.3.4 Aqueous angiography (AA)

In contrast to the more commonly performed SA, injection of dye IC is a newer technique
known as AA. This imaging modality permits direct evaluation of fluorescent dye movement
through the major outflow pathways present within the eye, the CAHO pathways. AA relies on
administration of a fluorescent dye directly into the anterior chamber, as opposed to IV
administration Although this technique has been successfully applied in live humans and non-
human primates”?’, and ex vivo in felines and canines*?®4°, the movement of dye through these
structures and the fluid dynamics observed have yet to be characterized in an in vivo canine

experimental model.

Similar to SA, AA can also be performed with SF or ICG dyes.*?"132137 |CG has been
used in recent years to improve visualization of dye within scleral vasculature, and has been
shown to be a useful dye to evaluate aqueous humor outflow pathways due to its higher

molecular weight and tendency to remain intraluminal compared to SF.**? In studies across
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multiple species, a standard concentration of 0.4% indocyanine green was injected as a gravity-
fed system to replace aqueous humor volume while maintaining an IOP of up to 18.7
mmHg.*?612” Currently, no single bolus injection techniques for delivery of IC dye have been

described in any species.

At the present time, there is little published data regarding AA in live dogs. Most prior
works have focused on utilizing ex vivo models.**2141:142 However, recent publications conducted
on human patients demonstrated the in vivo diagnostic potential of this imaging technique.2-12°
A similar approach was performed ex vivo with dogs and cats.!?543, and in vivo in cats'®,
rabbits!**, and non-human primates to provide baseline descriptions in normal animals’;
however, the diagnostic utility of this technique has yet to be established in animal models with
ocular conditions resulting in abnormal aqueous humor outflow. AA is believed to have a strong
clinical application in the future management of diseases causing mechanical obstructions of
aqueous humor outflow, such as glaucoma. Preliminary studies have been identified changes in
sectoral outflow of aqueous humor in humans treated with minimally invasive glaucoma surgery,
and we hope to be able to develop this technique in veterinary species.* Thus, this study aims to
outline a clinical approach for conducting in vivo AA in dogs, which will directly assess the

CAHO pathways and determine its clinical application.
1.3.5 Scanning laser ophthalmoscopy and optical coherence tomography (OCT)

Imaging of both SA and AA has most commonly been performed using a Heidelberg®
Spectralis OCT machine (Heidelberg Engineering Inc.; Heidelberg, Germany)'%, although
modified retinal cameras with filter systems specifically for anterior segment angiography have
also been successfully used.™*” As these camera systems are rather costly, they are not readily

available in most clinical settings. Therefore, this currently limits this angiographic technique to
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a research setting. As the technique is further refined and its utility in diagnosing obstructive
aqueous humor outflow pathways becomes more widespread, it is hoped that this imaging
modality will eventually be commonplace in everyday clinical practice. With constant
advancements in imaging technologies, it is possible that camera adaptors may become more
routinely available for use with less expensive alternatives than the Heidelberg Spectralis. The
downside to using a camera adaptor would be losing the capabilities of measuring vessel lumen
depth and diameters within the scleral tissue. However, when used as a screening tool, this may

not be a necessary function.
1.3.6 Three-dimensional micro-computed tomography

There are currently only a handful of reports using three-dimensional micro-computed
tomography in human cadaver eyes.#¢47 This is another imaging tool that allows for detailed
non-invasive imaging of the anatomic structures of the human eye, including examination of the
trabecular meshwork, Schlemm’s canal, aqueous humor collecting ducts, and the intrascleral
venous plexus.*® Although this modality has been used to evaluate anatomical structures of the
eye with and without contrast stains, it has not yet been utilized to evaluate aqueous humor
outflow in veterinary species.'*® As such, future works could be conducted to evaluate and to
establish baseline measurements of the CAHO pathways and their intrascleral location. This
could also be a useful tool to identify effective treatment modalities based on increased post-

treatment diameter of aqueous outflow channels in veterinary species.'*’
1.3.7 Dynamic movement of agueous humor

Aqueous humor movement through trabecular meshwork and into the scleral venous

plexus can be described as having one of three distinct characteristics: laminar flow, bi-
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directional turbulence, or pulsatility. It is possible to see one or more of these characteristics,
concurrently, within the same eye. It is also possible that none of these characteristics may be
observed. Laminar flow has been described as discrete movement of aqueous humor along the
vessel wall as it moves from the trabecular meshwork and into venous circulation.*® The
appearance is likened to that of the agueous hugging the vessel wall to create a multipartite
pattern within the vessel lumen. This is highlighted with the use of angiographic imaging
techniques. Laminar flow appears to be a characteristic of blood displacement by aqueous

humor, but may have little to do with the properties of different fluids themselves. 4

Bi-directional turbulence arises as aqueous humor mixes with blood upon initial entry
into the venous scleral plexus. The disorder caused by this mixing action appears as swirls of
movement, which is highlighted using fluorescent dyes and angiographic imaging modalities.
The majority of aqueous humor containing fluorescent dye is continually pushed into venous
circulation via a pressure gradient from the CAHO pathway, while a smaller percentage of
aqueous humor leaves the anterior chamber via an osmotic gradient through the unconventional
aqueous humor outflow pathway; as blood is pumped through the venous scleral plexus slight
backflow is seen upon relaxation of the vessel wall, leading to bi-directional movement of
aqueous humor and blood. This turbulent movement of blood has been similarly visualized using

retinal angiography.'%

Pulsatile movement of aqueous humor is intermittent visualization of aqueous humor
after the fluorescent marker in the aqueous humor mixes with venous blood. The rhythmic
pulsation has been shown to be congruent with the rate of the patient’s cardiac cycle.!*® A
suggested mechanism for this characteristic movement of fluid is that the choroid pumps blood,

acting as a piston, to move fluid out of the anterior chamber and into the scleral venous plexus.**°
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That, coupled with movement of blood from the cardiac cycle leads to a forward and backward
motion of fluid. It has also been observed that decreases in or cessation of pulsatile flow into the

aqueous veins occur at the same time or immediately after changes in diurnal rises in 10P. !
1.3.8 Use of scleral angiography (SA) and aqueous angiography (AA)

The use of SA and AA are complementary to each other. As mentioned above, SA
highlights scleral vasculature, while AA allows for visualization of aqueous humor outflow
pathways and dynamic movement of aqueous humor as it leaves the eye. The use of both these
techniques together allows for validation of anatomic structures, such as the venous circle of
Hovius and the intrascleral venous plexus that is seen in the latter stages of AA when aqueous
humor rejoins the systemic hematogenous circulation. This is important as numerous lymphatic
and arterial blood vessels reside within the sclera. These imaging modalities in combination
could identify vessels transporting aqueous humor as opposed to those carrying and returning

blood to the systemic circulation.

Although these imaging modalities can and have been used independently of each other
in the past, it would be beneficial in the preliminary stages of identifying these outflow pathways
in dogs to show the consistency in location and size of these vessel lumens using both

techniques.
1.4 Study hypotheses and specific aims

As primary glaucoma is a bilateral disease that can affect one eye at a time, the findings
of the following studies may help to identify changes in CAHO dynamics and predominant
locations of outflow, if any, and help to guide early medical and/or surgical treatment for

affected animals with the goal of preserving vision and comfort long-term. It is anticipated that
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AA may aid in the prediction of clinically normal canine patients of predisposed breeds in
developing glaucoma by demonstrating variations in the CAHO pathways, such as alterations in
laminar flow, turbulence, or pulsatility of aqueous humor. We hypothesize that AA will
demonstrate delayed filling of CAHO pathways and/or altered outflow patterns (reduced number
and caliber of vessels) in ADAMTS10-OAG dog eyes, as compared to observations noted in
normal dog eyes. Although aqueous humor outflow dynamics in dogs is not yet completely
understood, we hope to provide the foundation for this technique with the eventual goal of being

able to identify dogs of “at-risk” breeds prior to the onset of glaucoma.

A secondary objective of this study is to explore the potential utility of SA in live dogs.
Firstly, it would be used to verify CAHO pathways and the overlap of regions where aqueous
humor returns to hematogenous circulation. SA would also be evaluated for any observation of
dynamic flow of fluid within the venous circle of Hovius and the adjacent intrascleral venous
plexus. This may help to elucidate if AA is an adequate tool to visualize aqueous humor
dynamics and distal outflow at the point where aqueous humor mixes with blood to return to

systemic circulation.
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CHAPTER 2

MATERIALS AND METHODS FOR PERFORMING AQUEOUS AND SCLERAL

ANGIOGRAPHY

2.1 General experimental outline

2.1.1 Normal canine eyes

Following validation of aqueous angiography in cadaver eyes (see section 2.2.1), AA was
subsequently conducted ex vivo and in vivo on normal canine eyes (Table 1). One day prior to
conducting angiography in live dogs, all animals received a complete physical and ophthalmic
examination, which included a Schirmer tear test I (Merck Animal Health: Madison, NJ, USA),
topical fluorescein staining (Ful-Glo: Akorn, Decatur, IL), slit lamp biomicroscopy (Kowa SL-
17; Kowa Company, Tokyo, Japan), rebound tonometry (Tonovet, icare USA, Raleigh, NC), and
indirect ophthalmoscopy (Keeler All Pupil Il: Keeler Instruments, Broomall, PA, USA). Imaging
of either the left or right eye was selected based on their normality, with efforts made to achieve
an equal distribution between left and right. In cases where the same dog was imaged more than
once, the same eye was imaged for comparative purposes with a recovery period of at least 7
days. Data collected included history, breed, gender, age, and relevant ophthalmic diagnostics
(i.e. 10OP, tear test values). Following examination of the 10 dogs, two experiments were
performed. One eye from each dog was evaluated following IC administration and subsequent 1V
administration of ICG after a recovery period of at least 10 days. The same eye was imaged for
each experiment to allow for comparison. Complete ophthalmic examinations were performed
immediately following the completion of angiography and daily thereafter for up to 1 week to

monitor for any potential post-procedure changes/complications. All studies were carried out in
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compliance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision
Research and were approved by Michigan State University Institutional Animal Care and Use

Committee.

Table 1. Experimental group summary. Experiments 1, 2, 3, 4, 5 and 6 are listed outlining the
route of administration, dose and concentration of ICG employed, in addition to, those
performed ex vivo or in vivo

Experiment | Route of ICG Dose | ICG In vivo or ex vivo
administration Concentration

1,2 Gravity-fed trocar | Constant Exact Ex vivo (1) and in vivo
system gravity-fed | concentration | (2), imaged within 1 hour

flow unknown of euthanasia

3 Single IC injection | 0.1 mL 0.25% In vivo normal

4 Single 1V injection | 1 mg/kg 0.25% In vivo normal

5 Single 1V injection | 1 mg/kg 0.25% In vivo ADAMTS10-OAG

6 Single IC injection | 0.1 mL 0.25% In vivo ADAMTS10-OAG

*Abbreviations: IC, intracameral; 1V, intravenous

2.1.2. ADAMTS10-open angle glaucoma (ADAMTS10-OAG) canine eyes

Two experiments (experiments 5 and 6) were performed on a group of 10 purpose-bred
ADAMTS10-OAG beagle dogs. Dogs were categorized as glaucomatous based on average
diurnal IOP readings (>20 mmHg) and observation of optic nerve head changes by indirect

ophthalmoscopy and OCT over the previous 6 months, prior to conducting angiography.

One eye from each dog was evaluated following the IV administration and subsequent IC
administration of ICG after a recovery period of at least 24 hours. The half-life of ICG is 3-4
minutes, permitting repeated dye administration within the same dog following a short time

period.*®21% The same eye was imaged in each experiment for comparative purposes.
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2.2 Validation study for performing Agueous Angiography in canine eyes
2.2.1 Experiment 1: Ex vivo aqueous angiography (AA) in canine cadaver eyes

The experimental set up for conducting AA in 10 canine cadaver eyes was designed
based on recent published works performed in human subjects and is depicted in Figure
2.1126121(Telle MR, et al. Vet Ophthalmol 2019:22: ACVO E-Abstract E32) Eyes were from
dogs euthanized for reasons unrelated to this study. Owner consent was obtained for all dogs.
The experimental set up was modified to include direct manometry to ensure IOP was
consistently maintained at 20 mmHg.1?(McLellan GJ, et al. IOVS 2019:60: ARVO E-Abstract
3184) The setup was comprised of two separate systems; a gravity-fed fluid delivery trocar

system and a pressure monitoring trocar system.

| BSS bottle | ‘i
1 ml syringe
3 way 1 [ for collapsing v
stopcoc anterior chamber —
o =
10 ml syringe -
stz Wc:Vck I for SF or ICG -
P delivery #
| =
-bp
Globe | . Digital E
manometer
A B G Tem
2mm 2mm

Figure 2. Schematic representation of the gravity-fed fluid delivery and pressure
monitoring systems (A). Balanced salt solution and adjustment of the bottle height were
employed to maintain 10P as determined via a digital manometer. The 1 mL syringe was utilized
to collapse the anterior chamber and the 10-mL syringe contained 2% sodium fluorescein (SF) or
0.25% indocyanine green (ICG), permitting entry into the anterior chamber. Photographs of the
trocar delivery system, insertion cannula and trocar (B); close up of valved trocar employed for
conducting aqueous angiography (AA) in the ex-vivo (cadaver) experimental set-up (C).
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The 10 cadaver globes utilized for AA were placed in an anatomically correct orientation,
ensuring that the optic nerve was directed inferonasally to match that of a dog in sternal
recumbency. A 23-G trocar system (Disposable One Step Cannula System, Dorc: Exeter, NH),
attached to a BSS fluid reservoir, was inserted through the superior limbus into the anterior
chamber to maintain a normal physiologic I0P value (20 mmHg).*>* The eye was perfused with
balanced salt solution (BSS) for a total of 1 hour.!3214:14215 (Figure 2) A second 23-G trocar
system connected to a digital manometer (Traceable® Manometer, Webster, TX) was inserted
through the inferior limbus of the globe, permitting direct IOP measurements. The manometer
was calibrated by the manufacturer and consistency was shown between this device and rebound
tonometry (Tonovet). The Tonovet was calibrated by the manufacturer within less than 1 year

before and after the study.

The height of the BSS reservoir was adjusted until the IOP was stabilized at 20 mmHg
prior to introduction of the angiographic dye into the anterior chamber. As the delivery system
was gravity-fed, no quantification of dye volume or concentration entering the anterior chamber
was performed. For conducting SF AA, 2% sodium fluorescein (Akorn, AK-Fluor 10%: Decatur,
IL) was used. For ICG AA, 0.25% ICG (Diagnostic Green, Farmington Hills, MI) was
administered. Imaging of all limbal scleral sectors was performed using an en face view, to
include the superior, inferior, nasal, and temporal aspects, and all possible scleral regions in
between.(Figure 3) These sectors were observed for visualization of fluorescent dye using the
Heidelberg Spectralis® Confocal Scanning Ophthalmoscope as described below. Different

sectors were imaged based on where fluorescence was observed.
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Figure 3. Diagram depicting eight sectors of the globe for consistent documentation of
location. S=superior, T=temporal, I=inferior, N=nasal, ST = superotemporal, IT=inferotemporal,
IN=inferonasal, SN= superonasal

2.3 In vivo aqueous angiography (AA) and scleral angiography (SA)
2.3.1 General study protocol and pre-medication

All live dogs received a single subcutaneous injection of a non-steroidal anti-
inflammatory medication, carprofen, at 4.4 mg/kg (Rimadyl, Zoetis: Parsippany, NJ) 1 hour prior
to performing angiography. All dogs received maropitant citrate (1.0mg/kg subcutaneous (SQ);
Cerenia, Zoetis: Parsippany, NJ) and diphenhydramine hydrochloride (2.0mg/kg SQ;
BionichePharma; Lake Forest, IL) 20 minutes prior to injection of dye; these medications were
used as a prophylactic measure to counteract potential emesis and anaphylaxis, respectively,
associated with dye administration.®® All live dogs had a sterile 20-gauge IV catheter (BD
Insyte™, Franklin Lakes, NJ, USA) placed in the right or left cephalic vein for Experiments 3, 4, 5
and 6. Blood pressure was not recorded for Experiments 3, 4, 5 and 6 due to the use of heavy
sedation. A pulse oximeter was used to monitor vital statistics (heart rate, oxygen saturation

level) in sedated dogs.
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All 4 dogs in Experiment 2 were pre-medicated with butorphanol tartrate (0.2 mg/kg IM;
Torbugesic; Zoetis: Parsippany, NJ, USA). All dogs were subsequently anesthetized with propofol (4
mg/kg 1V; Propoflo 29, Zoetis: Parsippany, NJ, USA). Once anesthetized, all dogs were intubated and
maintained with supplemental oxygen and isoflurane gas (0.5-2.5%; Isothesia, Henry Schein, Melville,
NY, USA). The percentage of isoflurane was adjusted throughout the procedure to achieve a safe and
constant plane of anesthesia. The dogs were continuously monitored during the procedure, and parameters
including heart rate, respiratory rate, temperature, pulse oximetry and blood pressure were recorded using
a portable multiparameter veterinary monitor (model PM-9000Vet; Shenzhen Mindray; Bio-Medical

Electronics, Co., Ltd., Nanshan, Shenzhen, PR, China).

All normal dogs in Experiments 3 and 4 and all ADAMTS10-OAG dogs in Experiments 5
and 6 underwent a standard sedation protocol for both angiographic techniques. Butorphanol
tartrate 0.3 mg/kg IM (Torbugesic; Zoetis: Parsippany, NJ) and dexmedetomidine 6mcg/kg 1V
(Dexdomitor, Zoetis: Parsippany, NJ) were administered. Upon completion of angiographic
imaging, a dose of 5mg/mL atipamezole (Antisedan, Zoetis: Parsippany, NJ) equivalent in

volume to the dose of dexmedetomidine administered was injected intramuscularly in each dog.

All dogs were positioned in sternal recumbency with a towel under their chin, elevating
their head. Topical proparacaine hydrochloride 0.5% ophthalmic solution, USP (Akorn, Decatur,
IL) was applied to the eye to be imaged and the periocular skin and ocular surface were
aseptically treated with dilute 2% povidone-iodine solution. In Experiment 2, a wire eyelid
speculum was used to provide exposure to the globe. In Experiments 3, 4, 5, and 6 two stay
sutures (4-0 silk; Ethicon, Somerville, NJ) were placed in the superior and inferior bulbar
conjunctiva to allow for adequate globe positioning during imaging. The eyelids were then
manually retracted in these latter experiments, with careful attention to avoid compression of the
globe or placement of excess tension on the eyelids, to allow for adequate exposure of the sclera
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while imaging. Once the dogs were positioned, IOP was measured prior to and post-
administration of ICG using rebound tonometry. Post-procedural rebound tonometry was
performed within a timeframe of approximately 15 minutes post-injection of dye, allowing
angiographic imaging to be completed without disruption. Neomycin-polymyxin-B-
dexamethasone ophthalmic ointment (Sandoz; Princeton, NJ) was applied to the eye that was
imaged on recovery, and every 12 hours until resolution of any observed intraocular

inflammation and/or fibrin post-imaging.

2.3.2 Experiment 2: In vivo aqueous angiography (AA) using a gravity-fed trocar system in

normal canine eyes

A pilot study was performed on 4 purpose-bred dogs to evaluate the feasibility of
conducting AA in vivo, using the gravity fed trocar system. All dogs underwent general
anesthesia, as described above, and were continuously monitored during the procedure. Pre-

procedure and post-procedure 10Ps were measured using rebound tonometry.

2.3.3 Experiment 3: In vivo aqueous angiography (AA) via single intracameral (I1C)

injection in normal canine eyes

Twelve normal, purpose-bred dogs were heavily sedated and AA was performed through
IC dye administration. Four of these dogs underwent AA utilizing trocars, 2 weeks prior. A
sterile 20-G 1V catheter was placed in either the right or left cephalic vein. All dogs received a
standard sedation protocol consisting of butorphanol 0.3 mg/kg 1V and dexmedetomidine 6

po/kg IV (Dexdomitor, Zoetis: Parsippany, NJ).

The right eye was selected for the first 6 dogs and the left for the remaining 6 dogs;

however, in the case of the 4 dogs which recently underwent AA, the same eye was imaged for
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comparative purposes. AA was subsequently performed via IC injection of 0.1 mL of 0.25% ICG
under steady pressure using a 25-G needle and 1 mL syringe. The needle was placed within the
superonasal limbal sector and tunneled to achieve a tight seal and help minimize extrusion of
ICG and subconjunctival bleb formation. Imaging of all visible scleral sectors was performed as

described below.

2.3.4. Experiment 4: In vivo scleral angiography (SA) in normal canine eyes

The same eye of each of the 12 dogs that underwent in vivo AA by a single IC injection
were subsequently imaged using 0.25% ICG 1V using the same sedation protocol as Experiment
3. Imaging was performed following a recovery period of 10.7+3.3 days. Rebound tonometry
was performed pre- and post-administration of ICG dye. For conducting SA a total of 1 mg/kg
ICG was injected IV under steady pressure via the catheterized cephalic vein. Standard color
images were taken of the superior, superotemporal, temporal, inferotemporal, and inferior scleral
sectors of each eye being imaged immediately prior to angiography (Canon EOS 5D Mark 1V
with Canon EF 100mm f/2.8L Macro IS USM Lens, Canon, Tokyo, Japan). SA imaging was

performed as described below.

2.3.5 Experiment 5: In vivo scleral angiography (SA) in ADAMTS10-open angle glaucoma

(ADAMTS10-OAG) canine eyes

As the technique for AA was further refined, it was possible for 10 eyes from
ADAMTS10-OAG beagle dogs to undergo SA prior to AA under the same anesthetic event.
Performing SA prior to AA permitted a shorter recovery period as SA is less invasive and ICG
has a short half-life. SA was used to verify structures identified on AA as the intrascleral venous

plexus. Standard color images were taken of the superior, superotemporal, temporal,
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inferotemporal, and inferior scleral sectors of each eye being imaged immediately prior to
angiography (Canon EOS 5D Mark IV with Canon EF 100mm f/2.8L Macro IS USM Lens,
Canon, Tokyo, Japan). Once the dogs were adequately sedated and positioned, 1 mg/kg ICG was
administered IV through the catheter to facilitate SA. Angiography images were obtained

immediately following dye administration, as described below.

2.3.6 Experiment 6: In vivo aqueous angiography (AA) via single intracameral (IC)
injection in ADAMTS10-open angle glaucoma (ADAMTS10-OAG) canine eyes

The same eye in each of the 10 dogs that previously underwent SA was imaged, for
comparative purposes. A recovery period of at least 24 hours was allowed between SA and AA.
Once the dogs were adequately sedated and positioned, a 27-gauge needle and 1 mL syringe
were used to inject 0.1 mL of 0.25% ICG into the anterior chamber through the superonasal
limbus. The needle was tunneled through the superonasal bulbar conjunctiva and sclera to
minimize leakage of ICG post-injection and subsequent subconjunctival bleb formation. Imaging
of identical scleral sectors, as performed during SA, was performed immediately following dye

injection.

2.4 Confocal scanning laser ophthalmoscopy aqueous angiography (AA) and scleral

angiography (SA) imaging and optical coherence tomography (OCT)

All angiographic imaging was performed using a Heidelberg Spectralis® Confocal
Scanning Ophthalmoscope fitted with a 55° lens. Automatic Real-time Tracking was employed
to maximize still image quality. In Experiments 3 and 4, AA was performed prior to SA. With
further refinement of the technique for AA it was possible to perform SA immediately followed

by AA under the same sedation for Experiments 5 and 6.
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The imaging sequence for AA was initiated upon entrance of angiographic dye into the
anterior chamber, using the appropriate settings (i.e. 488 nm excitation laser and 500 nm barrier
filter for SF, and 790 nm excitation laser and 830 nm barrier filter for ICG). A video sequence of
the temporal region of the sclera was recorded for an initial 40 seconds immediately following
injection of ICG (IV or IC). Time stamps were started post-dye injection. Imaging was
performed every 5 seconds for a total duration of 20 minutes; this timeline allowed at least 5
minutes of imaging without any further changes seen in dye movement. Video recordings with a
frame rate of 30 frames per second were obtained and were time stamped to permit accurate
temporal documentation. En face views allowed for the entire sclera to be imaged in the cadaver
eyes. Because of the nictitating membrane covering the superonasal, nasal, and inferonasal
aspects of the globe, only the superior, superotemporal, temporal, and inferotemporal sectors of

the sclera were consistently imaged in vivo.

Once dogs were adequately sedated and positioned, and immediately prior to SA,
standard color images (Canon EOS 5D Mark IV with Canon EF 100mm f/2.8L Macro IS USM
Lens, Canon, Tokyo, Japan) were obtained of each visible scleral sector by rotating from the
superior sclera through the superotemporal, temporal, and inferotemporal scleral sectors, for
comparative purposes. For IV SA, the imaging sequence was initiated immediately following the
rapid bolus of dye administration and the superior, superotemporal, temporal, and inferotemporal
scleral sectors were imaged for each eye. Video footage was recorded for 40 seconds post bolus,
followed by a combination of still images and video sequences thereafter for a total time period
of 10 minutes post dye administration; this approach allowed at least 5 minutes of imaging

without any further observable changes in dye movement.
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OCT using a Heidelberg Spectralis® and an anterior segment lens provided cross-
sectional information of the sclera and observation of luminal vessels in sectors where

fluorescence was observed.

2.5 Measurements and data analysis

Angiograms were reviewed by 2 separate individuals independently (JB/CP) upon completion of
each study. A subjective qualitative analysis was provided for each angiogram. Descriptive
statistics were employed for each study group (means, standard deviations) for evaluating time at
which angiographic dye was injected IC or IV (time zero) to time of visualization of dye within
the CAHO pathways. Values recorded by each observer were averaged, however, no statistical
analysis (i.e. interclass correlation) comparing graders was performed due to the small sample
size. Absolute differences and individual standard deviations between individuals imaged were
calculated based on each grader’s recorded values. The ability to clearly visualize CAHO
pathways was subjectively analyzed for both AA and SA. Characteristics of outflow pathways
were recorded, including the location of outflow pathways, the presence or absence of
circumferential vessels and their approximate distance from the limbus, the number and caliber
of outflow pathways, and the presence of any anastomoses or complex branching pathways.
Angiographic techniques (IC vs. 1VV) were compared through subjective characterization of each
route’s capacity to provide clear visibility of the CAHO pathways. Absolute differences,
individual standard deviations, and relative absolute differences were also calculated for pre- and
post-procedure IOPs between Experiments 3, 4, 5 and 6 (Tables 2, 3, 7 and 8). Statistical
analysis was performed using a paired t-test to compare baseline- and post-procedure 10P
results. In eyes where visualization of the CAHO pathways was detected after IC and IV

administration of ICG dye, cross-sectional scans using OCT were obtained to verify the presence
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of scleral vessels. Intrascleral vessel lumen diameters were also measured along their vertical
axis using OCT images and the ruler function in Adobe Photoshop computer software (Table 5).
A custom measurement scale was created using the scale bar generated by the Heidelberg
Spectralis ® device. Additionally, digital overlays of identical scleral sectors comparing
angiographic techniques (AA and SA) were generated using Adobe Photoshop (Adobe, San Jose,
CA) via the color render command. All eyes pre- and post-experimentation were evaluated using

the Standardization of Uveitis Nomenclature (SUN) scale.*’

As in previous studies, aqueous humor movements were qualified as pulsatile, turbulent,
or demonstrating laminar flow.*® Pulsatile aqueous humor was observed to move in a cyclic
pattern in unison with the dog’s heartbeat. Turbulent flow was visualized as irregular flow of
fluorescent dye as it mixed with blood upon entering the vascular channels. Laminar flow was
used to describe a higher signal strength of fluorescent dye hugging the vessel wall upon entry

into the blood stream.
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Table 2. Summary of normal dogs utilized and intraocular pressure measured before and after

conducting in vivo aqueous angiography (AA)

ID | Sex* | Age Eye | Pre IOP | Post IOP | Absolute | Individual SD | Change

(years) |t (A) (B) difference | V[(A-B)2)/2] | [B-AJ/A
(mmHg) | (mmHg) | [A-B]

1 |F 3.87 oD | 16 8 8 5.66 -0.50

2 |F 3.89 oD |11 18 7 4.95 0.64

3 |M 5.87 oD |11 4 7 4.95 -0.64

4 |F 3.90 oD |11 9 2 1.41 -0.18

5 |[M 2.17 OD |12 5 7 4.95 -0.58

6 |F 2.38 OS |22 5 17 12.02 -0.78

7 |F 1.55 oS |14 19 5 3.54 0.36

8 |F 1.57 OS |10 20 10 7.07 1.00

9 | M 2.61 OS |14 20 6 4.24 0.43

10 |F 2.61 0oS |9 22 13 9.19 1.44

11 | M 1.60 OS |12 25 13 9.19 1.08

12 | F 1.60 oD |21 9 12 8.48 -0.57

Mean 2.80 13.58 13.67 8.92 6.31 0.14

SD 1.33 4.17 7.66 4.19 0.78

*Gender defined as male (M) or female (F)

tEye imaged was either right (OD) or left (OS)
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Table 3. Summary of normal dogs utilized and intraocular pressure measured before and after
conducting in vivo scleral angiography (SA)

ID Eye* Pre IOP Post IOP Absolute | Individual SD | Relative
(A)(mmHg) | (B)(mmHg) | difference | V[(A-B)2)/2] | Change
[A-B] [B-AJ/A
1 oD 14 18 4 2.83 0.29
2 OD 9 7 2 1.41 -0.22
3 OD 13 8 5 3.54 -0.38
4 OD 10 7 3 2.12 -0.30
5 OS 15 11 4 2.83 -0.27
6 OS 16 9 7 4.95 -0.44
7 oD 19 12 7 4.95 -0.37
8 OS 23 20 3 2.12 -0.13
9 OS 7 4 3 2.12 -0.43
10 OS 16 13 3 2.12 -0.19
11 OS 14 12 2 1.41 -0.14
12 OD 17 11 6 4.24 -0.35
Mean 14.42 11.00 4.08 2.89 -0.24
SD 4.40 4.57 1.78 0.20

* Eye imaged was either right (OD) or left (OS)
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CHAPTER 3

AQUEOUS ANGIOGRAPHY IN NORMAL CANINE EYES

3.1 Results

3.1.1 Experiment 1: Ex vivo aqueous angiography (AA) in canine cadaver eyes

The 10 eyes used in this experiment were obtained from 8 mixed breed dogs, 1

Chihuahua, and 1 Havanese (Table 4).

Table 4. Summary of dog breeds with normal eyes utilized for conducting ex vivo aqueous
angiography (AA)

ID Gender* Age (months) | Breed Eyet
1 F 2 Mixed oD
2 F 2 Mixed oS
3 F 5 Mixed oD
4 F 5 Mixed (ON]
5 F 96 Chihuahua | OD
6 F 96 Chihuahua | OS
7 M 2 Mixed oD
8 M 144 Havanese oD
9 M 144 Havanese (O
10 M 2 Mixed oS

*Gender defined as male (M) or female (F)

TEye imaged was either right (OD) or left (OS)

The gravity-fed trocar system employed was found to be relatively easy to use and
permitted adequate control/regulation of IOP to maintain a pressure of 20 mmHg. Use of the

valved trocar system allowed easy entry within the anterior chamber, and no detectable leakage
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surrounding the trocars was noted. Dye fluorescence within the CAHO pathways was visualized
in a total of 8 of 10 (80%) of the dog eyes imaged. Time to fluorescence within the CAHO
pathways, regardless of the dye employed was 24 + 3.6 seconds following entry into the anterior
chamber. Noted outflow patterns were highly variable in their presentation ranging from solitary
vessels within a single quadrant, exhibiting minimal branching patterns, to extensive and
complex vascular networks (Figure 4). Sectoral variation was also noted amongst the eyes
imaged (Figure 5). No notable difference in the observed intensity of fluorescence was observed
between locations. Diffusion of SF was observed over time, hindering visualization. No cross-

sectional OCT scans were obtained.
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Figure 4. Representative aqueous angiography (AA) images obtained from 5 dog cadaver
eyes using a gravity-fed trocar system and sodium fluorescein (SF). Images depict
intraspecies and regional differences associated with the conventional aqueous humor outflow
(CAHO) pathways observed. A - The right globe from a 5-month-old spayed female mixed breed
dog depicts large circumferential vessels with minimal bifurcation within the superior, temporal,
and inferior scleral sectors 10 minutes after dye entry into the anterior chamber. Note marked
extravasation of SF (arrows). B - Fluorescence and visualization of a solitary CAHO pathway
within the superior scleral sector (10 minutes) within the right globe from a 5-month-old spayed
female mixed breed dog. C - Extensive circumferential vessels, demonstrating numerous
complex and intricate collateral channels are noted (10 minutes) within the temporal scleral
sector in the left eye from an 8-year-old mixed breed dog. Images (D, E and F) depict regional
differences associated with the CAHO pathways at 3 minutes following dye entry into the
anterior chamber within the superior (D), temporal (E), and inferior (F) scleral sectors of the
same eye from a 6-month old mixed breed. Images (G; right eye and H; left eye) depict
variations associated with the CAHO pathways between eyes noted at 5 minutes from the same
8-year old mixed breed dog. S=superior, T=temporal, 1= inferior
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SEGMENTAL VARIATION OF AA IN CADAVER
EYES
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Figure 5. Schematic demonstrating the sectoral variation in visualization of fluorescent dye
administered intracamerally (IC) in 10 ex vivo canine eyes. Fluorescence and visualization of
the CAHO pathways was only seen in 8/10 of eyes.

3.1.2 Experiment 2: In vivo aqueous angiography (AA) using a gravity-fed trocar system

Four eyes from 3 intact female beagles and 1 intact male mixed breed dog underwent in
vivo AA using the gravity-fed trocar system (data not shown). Visualization of ICG fluorescence
was absent in all visible scleral quadrants and the sectors in between those quadrants in the 4
eyes imaged. No cross-sectional OCT imaging was performed due to lack of visibility of ICG
fluorescence (data not shown). This approach was found to be impractical and cumbersome, with
the disadvantage of not producing any visible dye movement into the CAHO pathways and

vascular channels. This experiment was performed to validate the ex vivo method for in vivo use.
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To improve accessibility of the procedure, the gravity-fed trocar system was replaced with a

single bolus injection protocol (Experiment 3).

3.1.3 Experiment 3: In vivo aqueous angiography (AA) via single intracameral (I1C)
injection

A total of 12 dogs were utilized for conducting AA following a single IC injection of dye
(Table 5). Heavy sedation in conjunction with topical anesthesia provided adequate restraint and
immobilization necessary for stay suture placement and conducting IC administration of ICG.
Four dogs underwent Experiment 2 as well as Experiment 3; no differences in imaging quality
were noted as compared to the 8 dogs that only underwent Experiment 3. Intraocular pressure
was measured immediately prior to IC injection of ICG and within 15 minutes post-injection of
dye. Individual pre and post IOP results, absolute differences, individual standard deviations, and
relative change in IOP are listed in Table 2. An average of 25 still images were obtained for each

eye using the Heidelberg Spectralis®.
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Table 5. Summary of time to fluorescence, vessel location, vessel pattern, and vessel lumen
diameters visualized after in vivo aqueous angiography (AA) in normal dog eyes

ID | Sex* | Age Body Eye | Onset of Vessel Location | Vessel Complexity Vessel Vessel
(years) | Weight | fluorescence and Pulsation Lumen Lumen
(kg) (sec post- Diameter Depth (mm)
injection) (mm)
1 F 3.87 10 oD 30 Superotemporal Complex, bifurcations | 364.71 262.75
2 F 3.89 10 oD 45 Superotemporal Complex, bifurcations | 288.89 266.67
3 M 5.87 20.6 oD 35 Superotemporal- | Single vessel 352.94 304.58
temporal
4 F 3.90 9 oD 35 Superotemporal Complex, bifurcations, | 166.01 142.48
bidirectional pulsation
5 M 2.17 11 oD 35 Not visualized None -
6 F 2.38 115 oS 35 Superotemporal Complex, bifurcations, | 244.44 325.49
and temporal pulsation
7 F 1.55 9 oS 30 Superotemporal Complex, bifurcations | 207.84 295.42
8 F 1.57 9 oS 35 Superotemporal Complex, bifurcations | 169.93 233.99
9 M 261 12.9 oS 30 Superotemporal , | Complex, bifurcations, | 269.28 287.58
temporal, bidirectional pulsation
inferotemporal
10 F 261 115 oS 35 Faint Complex, bifurcations | 263.01 279.98
superotemporal
and temporal
vessels
11 | M 1.60 15.2 (6 40 Superotemporal, | Complex, bifurcations, | 253.12 249.75
temporal, pulsation
inferotemporal
12 F 1.60 12 oD 35 Not visualized None -
Mean 2.80 11.81 35.00 258.0 264.9
SD 1.33 3.32 4.26 9.1 16.2

*Gender defined as male (M) or female (F)

TEye imaged was either right (OD) or left (OS)

Following IC injection of ICG, diffuse fluorescence throughout the anterior chamber was

readily observed. Shortly thereafter, dye fluorescence was observed emanating into various

scleral sectors in 10 out of the 12 eyes imaged. Two eyes failed to demonstrate fluorescence

within any scleral sectors evaluated. Upon exiting the anterior chamber, initial dye fluorescence

was noted to occur within intra-scleral channels, occurring on average 35.0 £ 4.3 seconds post-

IC injection of ICG. While no statistical analysis was performed, the means provided by the two

graders were consistent. The mean absolute difference between the two graders was 0.4 seconds,

while the mean individual standard deviation was 0.27 seconds. Progressive and rapid filling of
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larger, complex radially oriented luminal networks was noted shortly thereafter (Figure 6). The
most common scleral sector to exhibit dye fluorescence associated with the CAHO pathways
was the superotemporal sclera. Results demonstrating regional fluorescence among the eyes
imaged are summarized in Figure 7. Numerous bifurcations and intricate collateral pathways
were present in 9 eyes with 1 eye exhibiting a single lateral vessel. In 6 out of 10 eyes which
demonstrated intra-scleral fluorescence, dye movement was noted to exhibit progressive and
complete delineation of the vessel walls once observed. (Figure 8) Thereafter, observed
fluorescence intensity remained uniform and static. In 4 out of the 12 eyes (33.3%), pulsatile and
turbulent movement of dye was observed, demonstrating a unidirectional movement in 2 (16.7%)
eyes, while the other 2 (16.7%) eyes exhibited bidirectional movement. Noted pulsations were
intermittent throughout the angiograms, when present, but appeared to coincide with the heart

rate of the dog.

2 4 ViRTA
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Figure 6. Representative in-vivo aqueous angiography (AA) image following intracameral
(1C) injection of indocyanine green (ICG) into the right eye of a 3-year old intact female
beagle dog. Fluorescence with deep intra-scleral vessels (arrow) and a large circumferential
vessel (arrow head) is readily visualized within the temporal (A; 9 minutes post injection) and
superior (B; 15 minutes post injection) scleral quadrants. AC = anterior chamber, S = superior, T
= temporal.
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EXPERIMENT 3 SEGMENTAL VARIATION
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Figure 7. Schematic demonstrating the sectoral variation in fluorescent dye outflow after
aqueous angiography (AA) in 12 live dogs. The most frequent scleral sector to exhibit dye
fluorescence associated with the conventional aqueous humor outflow (CAHO) pathways was
the superotemporal scleral aspect (10 out of 12 eyes; 83.3%). This location was the first to show
fluorescence and exhibited the most intense dye fluorescence. Five eyes (41.7%) also
demonstrated fluorescence of indocyanine green (ICG) within the temporal scleral quadrant,
while 2 (16.7%) additional eyes also displayed fluorescence within the inferotemporal scleral
sector.
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Figure 8. Representative in-vivo aqueous angiography (AA) image following intracameral
(I1C) injection of indocyanine green (ICG) into the left eye of a 1-year old intact female
beagle dog. Initial fluorescence at 1 minute (A) and progressive filling at 4 minutes (B) post
injection is depicted within deep intra-scleral vessels (arrow) and larger circumferential vessels
(arrowhead). AC=anterior chamber.

All outflow channels which exhibited fluorescence following IC administration of ICG

were readily identifiable on cross sectional OCT as vessels.
3.1.4 Experiment 4: In vivo intravenous (1V) scleral angiography (SA)

Following a 7-day recovery period, the same eyes of all 12 dogs that underwent AA via a
single IC injection were evaluated using conventional IV administration of ICG and scleral

imaging (Table 6). All eyes prior to imaging were considered clinically normal and did not
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exhibit any evidence of intraocular inflammation or dye fluorescence (i.e. following prior ICG
administration from Experiment 3). Intraocular pressure was measured immediately prior to IV

injection of ICG and within 15 minutes post-injection of dye.

Table 6. Summary of normal dogs utilized and intraocular pressure measured before and after
conducting conducting in vivo scleral angiography (SA)

ID Eye* Onset of fluorescence | Pre IOP (A) | Post IOP Relative Change
(sec post-injection) (mmHg) (B)(mmHg) | [B-AJ/A
1 oD 30 14 18 0.29
2 oD 45 9 7 -0.22
3 oD 35 13 8 -0.38
4 oD 35 10 7 -0.30
5 0S 30 15 11 -0.27
6 0S 35 16 9 -0.44
7 oD 35 19 12 -0.37
8 0S 35 23 20 -0.13
9 0S 30 7 4 -0.43
10 0OS 35 16 13 -0.19
11 0S 40 14 12 -0.14
12 oD 30 17 11 -0.35
Mean 34.58 14.42 11.00 -0.24
SD 4.50 4.40 4.57 0.20

* Eye imaged was either right (OD) or left (OS)

Filling patterns amongst the 12 eyes imaged were noted to be highly variable. Common
trends were observed and characterized by the rapid and progressive filling of large
circumferential intra-scleral vessels, consistent with the venous circle of Hovius, 3-5 mm from

the limbus (Figure 9). Numerous anastomoses were observed between these large caliber vessels.
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Shortly thereafter, filling of smaller, deeper intra-scleral vessels was observed. These vessels
were thought to represent components of the intra-scleral venous plexus. Simultaneously during
this later filling period, fluorescence within both superficial and deep conjunctival arteries
followed by their venular counter parts occurred. In all but 1 eye imaged, visualization of
fluorescence within the vasculature was progressive and uniform. In this 1 eye, visible pulsation
and turbulent flow was observed within the deeper intra-scleral vessels. Dye movement during
this early filling period also demonstrated bi-directional movement. All dogs recovered

uneventfully following imaging.

Figure 9. Representative scleral angiography (SA) following intravenous (V) administration of
indocyanine green (ICG) of the left eye from a 1-year old intact female beagle dog (A, B) and 2-
year-old male beagle dog (C, D). A, C- Filling within deep circumferential ciliary arteries, the
intra-scleral venous plexus, and venous circle of Hovius within the lateral scleral quadrant are
visualized 30 seconds post injection (arrow). B, D- Filling of terminal ciliary arterioles, capillary
beds, and venular counterparts are visualized 1-minute post injection (arrow heads).
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3.2 Comparison of intracameral (IC) and intravenous (V) routes of injection

When qualitatively comparing noted intrascleral vessels, IC ICG injection corresponded
with 1V routes of ICG administration in 10 of 12 (83.3%) eyes imaged (Figures 10 and 11). Two
dogs could not be assessed due to a lack of visualization of dye fluorescence following IC
administration. When visible, the IC route of administration allowed for visualization of the
intra-scleral venous plexus, in addition to regional components of the venous circle of Hovius.
Additionally, using this modality, pulsatile motion of dye was readily observed. One of the dogs
exhibited pulsatile movement of dye following IC administration and transient movement
following 1V administration. In contrast, IV administration of ICG accommodated rapid
visualization of both the intra-scleral venous plexus and venous circle of Hovius, in addition to,
the conjunctival and episcleral vasculature. However, no significant movement of dye,
suggestive of aqueous humor outflow was readily visible beyond the initial luminal filling of the
vessels with this technique. In all eyes where fluorescence of ICG was noted following IC
administration, similar vascular components were identifiable on side by side comparison
following an IV route of administration. Cross sectional OCT scans qualitatively verified
congruency of luminal pathways seen in both the IC and 1V routes of dye administration (Figure
12). Using the OCT scans and computer software, the mean = SD luminal diameter of
intrascleral vessels were measured to be 258.0+9.1 um, occurring at mean depth of 264.9+£16.2
pum. Direct overlay, comparing routes of administration and color rendering, using a
commercially available software, demonstrated slight variation between fluorescent patterns
observed (Figure 10). Luminal fluorescence following IV administration demonstrated complete

filling of the vascular channels observed. Partial and/or incomplete fluorescence, specifically
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along the luminal walls of the larger vascular channels associated with the venous circle of

Hovius was noted following IC administration.

Figure 10. Representative standard color (A, E, 1), in-vivo intracameral (IC) aqueous
angiography (AA) (B, F, J), and intravenous (1V) scleral angiography (SA) (C, G, K) using
indocyanine green (ICG) dye from the left eye of a 1-year old intact female beagle dog (A,
B, C), the right eye (E, F, G) of a 3-year-old intact female beagle, and the left eye of a 1-
year old intact female beagle dog (I, J, K), respectively. Venular components of the
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Figure 10 (cont’d)

conventional aqueous humor outflow (CAHO) pathways are readily visualized following both
angiographic techniques and depicted by the arrows. Visualization of terminal ciliary arterioles
and conjunctival vasculature (arrow heads) is noted following IV angiography alone. For
comparative purposes, representative digital overlay and color rendering of angiographic images
were generated following IC AA and IV SA utilizing ICG (D, H, L). Digital overlay and color
rendering of images were performed utilizing an imaging editing software. Color rendering was
performed using the color range tool (entire image), isolating observed fluorescence patterns.
Red depicts fluorescence observed following IC AA and blue following IV SA. Note partial
luminal filling of the larger vascular channels following IC AA (black arrows), suggestive of
laminar flow. Image acquisition time following ICG injection includes the following; B (5
minutes), C (5 minutes), F (8 minutes), G (1 minute), J (1 minute), and K (2 minutes).

Figure 11. Representative standard color (A), IC aqueous angiography (AA) (B), and IV
scleral angiography (SA) (C) from the right eye of a 4-year old male Mixed breed dog. This
eye demonstrated minimal visualization of the CAHO pathways following IC administration of
ICG. Outflow occurred via a component of the intra-scleral plexus (arrow head) and an epi-
scleral vein (arrow). These components are similarly visible using standard color and 1V ICG
angiography.
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Figure 12. Cross sectional OCT scans from the right eye of a normal 3-year old intact
female beagle dog following intracameral (IC) (A) and intravenous (IV) (B) indocyanine
green (ICG) angiography. The orientation of the scan (green arrow) depicts luminal vessels
which demonstrated fluorescence following both angiographic modalities (arrow heads) in
similar locations within the tissue. AA, aqueous angiography; SA, scleral angiography.

3.3 Safety

No aqueous flare (0 on the SUN scale) was observed in any eye prior to IC injections. All
12 dogs recovered from sedation and administration of ICG without significant complications.
One day following the procedure all eyes were noted to exhibit 1+ aqueous flare, which resolved
with medical therapy 2 days post procedure. Two dogs were observed to have developed a small
amount of fibrin and mild generalized flare (4+ grading on the SUN scale) that subsequently
resolved over a course of 10 days. Following IV SA, no adverse systemic or ocular signs were

observed.
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3.4 Discussion

To the authors’ knowledge, this is the first study documenting distal aqueous humor
outflow in live dogs with no known ocular abnormalities. The results of this study demonstrated
that AA, using similar delivery techniques as in humans?132142 \was easy to perform in cadaver
eyes of dogs and permitted visualization of the CAHO pathways. This is consistent with recent
studies in ex vivo canine and feline models.?(Telle MR, et al. Vet Ophthalmol 2019:22: ACVO
E-Abstract E32; McLellan GJ, et al. IOVS 2019:60: ARVO E-Abstract 3184) Unfortunately,
utilizing the same approach and delivery system, the authors were unable to attain comparable
results in live dogs. Modification of the IC delivery to a more clinically applicable single bolus

injection technique permitted visualization of the angiographic dye within the CAHO pathways.

Similarities were observed in the location, size, pattern, and redundancy of vascular
components associated with CAHO pathways between IC and 1V dye administration, consistent
with those of previous corrosion casting techniques.®'°® Cross-sectional OCT images supported
the notion that vessels observed were the deep intra-scleral plexus and venous circle of Hovius.?
While the use of SF and ICG permitted clear visualization of the CAHO pathways ex vivo, rapid
diffusion of SF, presumably due to its small molecular size and binding

properties!33156.159.1600ccyrred. As such, ICG was employed for subsequent in vivo AA.

Use of the gravity-fed trocar system was shown to be effective for administering ICG into
the anterior chamber of the living dog eye; however, no subsequent flow of dye within the
CAHO pathways or its vascular components could be visualized. This finding may have simply
reflected the dynamic nature of aqueous humor outflow and the variation in CAHO pathways. As
demonstrated in humans, visualization of the CAHO pathway is often intermittent, not
continuous’. It is possible sectors exhibiting outflow did not coincide with the area being
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observed. Interindividual differences in vascular patterns, and scleral or conjunctival pigmentation as
well as species differences in sectoral outflow of aqueous humor may also have hindered visualization of
the angiographic signal’®’* While the above are all possible explanations, the authors believe the
lack of observation of dye fluorescence most likely reflected the experimental set up itself and its
inability to be directly transferred for use in dogs due to anatomical differences. Placement of the
trocars was limited to the temporal half of the globe due to the natural degree of scleral exposure,
while permitting safe insertion into the globe, the collar of the trocars often interfered with the
eyelid speculum and/or with the eyelids themselves. As a result, compressive effects on the
sclera may have occurred by the trocar collars alone or in conjunction with the eyelid and/or
eyelid speculum, leading to a lack of detectable fluorescence within the CAHO pathways.
Modification to an in vivo single bolus IC injection resulted in clear visualization of dye
within CAHO pathways. The volume of ICG dye administered was comparable between dogs of
similar body weights and the rate of dye administration was approximately the same when
introduced under steady pressure as a bolus injection. This bolus approach was significantly less
time-consuming, relied on a simplified experimental set up, and resulted in subjectively lower
scores of post-procedure intraocular inflammation as compared to the gravity-fed delivery
system. While human eyes are more tolerant and generate less of an inflammatory response to
such procedures'?’, dog eyes are known to exhibit a significantly greater inflammatory response,
even following minimally invasive intraocular procedures.'®* As such, the IC approach may be
more advantageous in clinical veterinary practice, permitting AA to be more readily performed
with less intraocular irritation or trauma. Additionally, use of heavy sedation in lieu of general
anesthesia was effective for patient positioning, rotation of the globe, and conducting AA.
Sedation facilitated a faster recovery of the dogs and reduced associated costs, thereby enhancing

the feasibility of AA as a potential clinical diagnostic tool.
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In contrast to human studies,*?’ the presence of a nictitating membrane nasally, a deeper
orbit, and a larger corneal diameter, scleral exposure of the dog eyes was limited and prohibited
visualization of the inferior, nasal, and superonasal scleral sectors.(Telle MR, et al. Vet
Ophthalmol, 2019;22:E32; McLellan GJ, et al. IOVS 2019:60: ARVO E-Abstract 3184) Based
on eyelid conformation, the temporal scleral sector was the easiest to image in dogs, followed by
the superotemporal and inferotemporal sectors. The superior and inferior scleral sectors were the
most challenging to clearly visualize. In lieu of an eyelid speculum, 2 conjunctival stay sutures
were utilized to help manipulate the globe, while relying on manual retraction of the eyelids with
careful attention not to apply pressure to the globe or to the eyelids.” Although there are
limitations to this method of scleral exposure, including possible distortion or compression of
aqueous humor outflow pathways, the authors had little other option to open the eyelids in
sedated and/or anesthetized dogs.

As the superonasal sector was injected, we anticipated strong dye fluorescence in the
inferotemporal sector due to its location directly opposite the injection site; however, this was
not the case. Sectoral variation in dye fluorescence was noted, with the most common site of dye
visualization in the superotemporal sector of the sclera. Two dogs, 1.6 and 2.2 years old,
demonstrated no fluorescence of dye after IC administration of ICG. At this time, we can only
speculate on reasons for the lack of dye visibility in 2 of the 12 eyes (16.7%), such as low levels
of aqueous outflow, sectoral outflow, or dilution of dye within the anterior chamber. Fluctuations
in IOP could cause sudden collapse of the outflow pathways and/or possible dye leakage
following IC injection, resulting in varied concentrations of dye within the anterior chamber.
Approximately 98% of ICG dye in plasma appears protein-bound*®? and is consistent with our

observation of steady fluorescence within the scleral vasculature after an initial flux in the

57



intensity of ICG dye and minor leakage into the surrounding tissues. Despite there being no
apparent differences in permeability of ICG dye associated with age, it is possible that the age of
the dogs could also have played a role. Although 2 cadaver eyes originated from a 2-month old
puppy, all the live dogs evaluated in this study were adults under the age of 5.9 years. It is
unknown at this time if older dogs have an observable difference in sectoral outflow of ICG dye
compared to juvenile dogs. Given this information, the authors are working towards a
quantitative method to measure intensity signals of fluorescent dye to allow for objective

evaluation and comparison of dye outflow.

While not a primary focus, 2 interesting observations noted during the current study
included pulsatile dye movement within the CAHO pathways during AA and varied fluorescent
patterns following direct comparisons between IC and IV routes of dye administration. Of the 10
eyes that demonstrated progressive fluorescence post IC administration of ICG, 4 eyes exhibited
visible pulsation and turbulent movement of ICG, while 2 eyes demonstrated visible bi-
directional flow of dye. These observations were similarly described in human subjects, 2”32
highlighting the dynamic nature of these outflow pathways. The pulsatile dye movement, given
its rhythmic nature with the heart rate of the dog, was believed to reflect transient and minute
IOP fluctuations generated by alterations in blood pressure during systole.%® In humans, this
pulsatile movement has been demonstrated in vivo and was suspected to be linked to a cyclic
flow pattern of aqueous initially induced by elevations in IOP from blinking and eye
movement*® followed by a piston-like action of the choroid as a result of cardiac pulsation.'*
The result of this cyclic flow was a surge of agueous humor into systemic circulation during the

peak radial pulse.®® While this study evaluated normal dogs, we speculate the degree and

58



frequency of this pulsatile dye movement may be reduced and/or eliminated during elevations in

IOP.

In the current study only a small volume of dye was administered IC. Although IOP was
unable to be measured immediately post-injection due to limitations in the time frame to obtain
angiogram images, IOP was measured 15 minutes following completion of angiography.
Intraocular pressure only exceeded the upper limits of the normal reference range (22 mmHg) in
1 eye (25 mmHg),*** which returned to normal (below 22 mmHg) within 1 hour. While
alterations in dye concentration within the aqueous humor may have occurred using a single
bolus approach, variations were considered minimal and were not believed to have affected the
study results. Scleral imaging following IV administration of ICG readily identified the venous
components associated with the CAHO pathways, similar to IC administration, including the
intrascleral plexus and the venous circle of Hovius. Results herein were consistent with corrosion
casts, which identified ciliary vessels running circumferentially through the sclera, immediately
anterior to the scleral venous plexus; these vessels branched into anterior ciliary arteries, then

split into various arteriolar branches before forming a capillary bed at the limbus.®

Direct comparison between IC and IV dye administration demonstrated stratification of
dye, specifically following IC administration as dye entered into the systemic circulation at the
level of the circle of Hovius. In contrast, IV administration resulted in progressive and uniform
luminal filling of the observed vasculature. This suggested laminar aqueous humor outflow was
occurring with 1C administration of dye, findings similarly noted in human and porcine
eyes.149.164166.167 This was thought to reflect the movement and bipartite separation of aqueous
humor from the sanguineous components of blood (blood corpuscles), as it entered into

hematogenous circulation.'®® This observation was inconsistent and its absence may have simply
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reflected anatomical variations between subjects resulting from 2 distinct but intimately
associated intervening small vessels, separated by a minute physical distance. Alternatively, the
absence of laminar flow may have occurred due to the formation of a smooth and continuous
solitary column of aqueous humor within a single larger vessel, resulting in a tripartite

stratification pattern and the appearance of two vascular channels.!#

An additional challenge of AA is the standardization of numerous parameters. Identical
scleral sectors between subjects need to be imaged, utilizing identical dye volume, dye
concentration, rate of infusion, illumination and filter settings. Additionally, IOP is an important
variable which needs to be considered when evaluating aqueous humor outflow. Normal
morphology, structural composition, and the array of dynamic physiologic changes that can arise
in different ages and/or breeds of dogs should also be considered.'%® The heterogenous results
recorded herein pre and post AA and SA imaging indicated poor control of IOP between eyes
and is a limitation of this study. Alterations in IOP may be an effect of the drugs employed for
conducting angiography or the technique itself. Numerous sedative and anesthetic drug protocols
have demonstrated alterations in 10P and aqueous outflow.%?® IC administration may have
induced a rise in IOP accounting for transient elevations following bolus dye administration.
Alternatively, minute leakage via the needle tract and/or induction of mild anterior uveitis
following IC injection may have accounted for lower I0OPs noted in some cases. It has been
speculated that rapid influx of fluid into the anterior chamber results in incomplete mechanical
disruption of the aqueous outflow barriers, including the blood aqueous barrier*>®, however the
significance of these IOP alterations and their true impact on aqueous humor outflow facility is
unknown. Controversy exists within the literature, regarding canine 10Ps and their correlation

with aqueous humor outflow. Tonography and fluorophotometery studies have demonstrated
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elevations in IOP yield and decreased rates of aqueous humor outflow.52 Conversely, using a
perfusion model, outflow facility has been reported to be relatively stable and independent of

IOP alterations.®®

The washout effect may contribute to changes in aqueous humor outflow. This
phenomenon has been well described in many species'® to take effect as early as 30 minutes
after perfusing the globe!’®1%:In canines, washout is suspected to be primarily due to disruption
and/or removal of the hyaluronidase-sensitive component of the barriers to aqueous outflow and
not a direct 10P effect.21°® As such, it is possible that perfusion for 1 hour prior to angiography
may have impacted aqueous outflow in ex vivo eyes. To limit the impact on eyes evaluated in
this study, all eyes were treated similarly. It is also reasonable to conclude that transient IOP
alterations likely impact aqueous outflow facility to some degree in the eyes of live dogs.'*® This,
coupled with highly variable 0P values in this study could be potential confounders of aqueous
outflow which could have altered the angiographic signal visualized and the timing observed.
Future studies are required to address these limitations, wherein 10P is less varied in order to

determine if IOP and/or washout have a true impact on aqueous humor outflow.
3.6 Conclusion

Descriptive findings of CAHO pathways ex vivo and in vivo in normal dogs were
provided. SA with ICG appears to be an effective means for identifying the vascular components
associated with the distal CAHO pathways, while AA permits visualization and qualitative
assessment of aqueous humor outflow. This study demonstrated the capacity to visualize distal
CAHO pathways following AA in dogs using the proposed IC experimental set up and imaging
device. The information provided herein offers new insights into the fluid characteristics
associated with the CAHO pathways of dogs, which could serve as the foundation for subsequent
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studies. This imaging modality could have an immediate benefit in dogs by identifying a

clinically applicable tool to evaluate the CAHO pathways in vivo. This could shed new insights
into the characteristics associated with CAHO pathways and how they may become altered in a
variety of sight threatening conditions. Ultimately, it may allow for patient specific therapeutic

approaches aimed at controlling IOP and preserving vision.
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CHAPTER 4

AQUEOUS ANGIOGRAPHY IN ADAMTS10-OPEN ANGLE GLAUCOMA BEAGLE

DOG EYES BEFORE AND AFTER DEVELOPMENT OF GLAUCOMA

4.1 Results

4.1.1 Intravenous (1V) scleral angiography (SA)

SA was performed on one eye each in 10 ADAMTS10-OAG beagles. Six eyes were
classified as glaucomatous and exhibited a baseline IOP >20 mmHg (mean 27.5 mmHg; range
20.0-39.3 mmHg) and optic nerve head changes, while 4 pre-glaucomatous eyes were measured
to have a baseline IOP <20 mmHg (mean 18.3 mmHg; range 16.3-19.7 mmHg) and no optic
nerve head changes. These same eyes had mean immediate pre- and post-procedure IOP values
of 23.2+10.4 mmHg and 17.1+8.6 mmHg, respectively. These values varied slightly from the
baseline measurements with 5 eyes exhibiting IOP >20 mmHg (range 20.0-43.0mmHg) and 5
eyes demonstrating IOP <20 mmHg (range 7.0-19.0 mmHg). (Table 7) There was no statistically
significant difference between the pre- and post-SA 10P values when compared using a paired t-
test (alpha = 0.05, p-value = 0.17). Individual pre- and post-SA 10OP results including their
absolute differences, individual standard deviations, and relative absolute differences are listed in

Table 7.
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Table 7. Summary of ADAMTS10-open angle glaucoma (ADAMTS10-OAG) dogs utilized for conducting scleral angiography (SA)

ID | Sex | Age Body Eye | Vessel Vessel Turbulence and Baseline A (mm B (mm Change Absolute Individual Relative %
(years) | Weight Lumen Lumen | Bi-Directional 10P Hg) Hg) in IOP difference SD (A vs B) difference
(kg) Diameter | Depth Flow within Circle | (mmHg) (AvsB) (AvsB)
(um) in of Hovius
Sclera
()
1 M 4.00 14.00 oS None 20.0 23 15 l 8 5.66 32.10()
2 M 4.00 13.00 oS 146.80 349.87 | None 313 31 32 i 1 0.71 3.17(1)
3 F 4.00 11.50 oS 137.63 352.32 None 27.3 34 25 | 9 6.36 30.51())
4 M 3.00 15.00 oS 91.75 289.93 | None 39.3 43 26 l 17 12.02 49.27(])
5 F 3.00 9.65 oS 113.77 333.97 | None 26.0 20 15 ! 5 354 28.57())
6 F 1.00 9.55 oD 154.14 275.25 Bi-directional flow 19.7 16 9 | 7 4.95 56.00(])
7 M 1.00 10.60 oD Laminar flow 19.0 19 12 | 7 5.95 45.16(])
8 M 1.00 14.30 oD 150.47 326.63 Bi-directional and 18.1 23 20 | 3 2.12 13.95())
laminar flow
9 M 1.00 15.00 ob | 157.81 300.94 | None 16.3 7 4 1 3 2.12 54.55(])
10 | F 3.00 9.70 0os 155.98 306.45 | Laminar flow 213 16 13 l 3 212 20.69())
Mean 25 12.2 138.54 316.92 23.8 23.2 17.1 6.3 4.45 34.40
SD 1.4 23 5.63 7.59 7.2 10.4 8.6 4.57 3.23 17.95

*Gender defined as male (M) or female (F)

tEye imaged was either right (OD) or left (OS)

iBaseline IOP values over 6 months prior to the start of the study were calculated as a mean

§ Absolute difference =|A—Bj|
|| Individual SD = V[(A-B)2)/2]

9 Relative absolute difference (given a % change) = |A—B|/[(A+B)/2]; A=pre IOP, B=post IOP
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The sedation protocol, in addition to topical anesthesia, employed permitted adequate
placement of stay sutures and performance of SA. Imaging of the left eye was randomly selected
for the first 5 dogs, and the right eye was assigned to 4 dogs. The remaining eye was assigned to
the left eye due to the right eye being used in a separate study. No eye imaged was receiving any

topical therapy at the time of performing angiography.

For each eye, an average of 6.7 still images and 4.3 video clips were obtained following
the initial 40 second video sequence. Progressive filling of intrascleral, episcleral, and
conjunctival vessels were clearly visualized in all 10 eyes, with an average initial onset of filling
time occurring at 35.8+10.6 seconds. The mean absolute difference between the two graders was

0.80 seconds, while the mean individual standard deviation was 0.92 seconds.

Complex, branching patterns with multiple anastomoses involving the scleral, episcleral,
and conjunctival vasculature were observed post-injection. Clear visualization of deep
intrascleral vessels, consistent with the circle of Hovius, was observed within the temporal
(10/10), superotemporal (6/10), superior (1/10), and inferotemporal (1/10) scleral sectors.(Figure
13) Six eyes exhibited an elevated baseline I0OP; these eyes demonstrated stagnancy in
movement of dye once filling was complete (2/6), and visualization of laminar flow (4/6). One of
the 2 eyes that had stagnant dye movement also demonstrated markedly delayed filling. The
remaining 4 eyes had baseline IOPs within the normal range; of these, notable findings included
bi-directional dye movement during the filling phase (2/4), laminar flow (1/4), and stagnancy of
dye movement (1/4). Bi-directional flow was visible as turbulence of dye movement upon
mixture with blood in vessel lumens. Upon complete filling of all luminal vessels, no variation of

the fluorescent signal intensity was observed during the remainder of the imaging time period.
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The mean £ SD luminal diameter of intrascleral vessels, was noted to be 138.54+5.63 um,

occurring at mean depth of 316.92+7.59 pum.

SCLERAL ANGIOGRAPHY SEGMENTAL VARIATION

Inferotemporal (1/10) J{ Superior (1/10)

Superotemporal (6/10)

Temporal (10/10)

Figure 13. Schematic demonstrating the segmental variation in fluorescent dye outflow
observed after scleral angiography (SA). Clear visualization of deep intrascleral vessels,
consistent with the circle of Hovius, was observed within the temporal (10/10), superotemporal
(6/10), superior (1/10), and inferotemporal (1/10) scleral sectors.

4.1.2 Intracameral (IC) aqueous angiography (AA)

AA was performed on the same eye of the same 10 ADAMTS10-OAG beagles as above
after a recovery period of at least 24 hours (mean time of 5.8+1.6 days). (Table 8) All dogs were

deemed to be systemically healthy prior to performing AA. No eyes demonstrated evidence of
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residual ICG fluorescence from recent SA. The mean IOP measured pre- and post-1CG
administration of all 10 eyes imaged were 22.7+5.6 mm Hg and 10.5+8.5 mm Hg, respectively.
Immediate pre-procedure IOP was measured to be >20 mmHg in 5 eyes (range 21.0-35.0
mmHg), and <20 mmHg in 5 eyes (range 18.0-19.0 mmHg). Pre- and post-10P results were
compared using a paired t-test and a clinically significant difference was observed (alpha = 0.05,
p-value = 0.001). Individual pre- and post-procedure IOP results, including their absolute

differences, individual standard deviations, and relative absolute differences are listed in Table 8.
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Table 8. Summary of ADAMTS10-open angle glaucoma (ADAMTS10-OAG) dogs utilized for conducting aqueous angiography (AA)

ID | Eye Vessel Vessel Vessel Vessel Complexity Baseline | A(mm Hg) | B(mm Hg) | Change | Absolute Individual SD Relative %
Location Lumen Lumen | and Pulsation 10P in IOP Difference | (A vsB) difference
Diameter | Depth (mmHg) (AvsB) (AvsB)
(um) in
Sclera
(um)
1 0sS Superotemporal | 173.71 349.87 | Complex, bifurcations, | 20.0 18 7 l 11 7.78 88.00(])
mild pulsation
2 oS Superotemporal | 148.64 348.65 | Complex, bifurcations, | 31.3 28 9 l 19 13.44 102.70(})
moderate pulsation,
laminar flow
3 (6 Superotemporal | 135.79 313.79 | Complex, bifurcations, | 27.3 19 5 l 14 9.90 116.67(1)
mild pulsation
4 oS Superotemporal | 91.75 289.93 | Complex, bifurcations, | 39.3 35 33 l 2 141 5.88(])
no pulsation
5 oS Superotemporal | 102.76 350.49 | Complex, bifurcations, | 26.0 21 3 l 18 12.72 150.00(})
slow filling with no
pulsation
6 oD Superotemporal | 165.15 385.35 | Complex, bifurcations, | 19.7 18 13 l 5 3.54 32.26()
mild pulsation
7 oD Superotemporal | 156.59 330.30 | Complex, bifurcations, | 19.0 27 10 l 17 12.02 91.89(})
moderate pulsation,
laminar flow
8 oD Superotemporal | 168.82 269.13 | Single vessel, weak 18.1 19 5 l 14 9.90 116.67(])
progression, mild
pulsation
9 oD Superior 154.14 313.79 | Three vessels with 16.3 19 10 l 9 6.36 62.07(})
little branching, no
pulsation
10 oS Superotemporal | 150.47 300.94 | Complex bifurcations, | 21.3 23 10 l 13 9.19 78.79(0)
weak progressive
filling, mild pulsation
Mean 144.78 325.22 23.8 22.7 10.5 12.2 8.27 84.49
sD 5.70 6.43 7.2 5.6 85 5.55 3.93 42.43

* Eye imaged was either right (OD) or left (OS)
1 Baseline IOP values over 6 months prior to the start of the study were calculated as a mean
1 Absolute difference =|A—Bj|

§ Individual SD = V[(A-B)2)/2]
|| Relative absolute difference (given a % change) = |A—B|/[(A+B)/2]; A=pre IOP, B=post IOP
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An average of 5.4 still images and 11.2 video clips after the initial 40 second video
sequence were captured for each eye. Diffuse and uniform fluorescence of ICG within the
anterior chamber was visualized, immediately following IC injection, in all eyes. The average
time to observe initial dye fluorescence within the intra-scleral channels was 34.3+11.0 seconds
post injection. The mean absolute difference between the two graders was 0.9 seconds, while the
mean individual standard deviation as 1.29 seconds. All 10 eyes imaged demonstrated dye
fluorescence within various scleral sectors.(Figure 14) Fluorescence was visualized within the
superotemporal sclera most commonly, displaying complex intra-scleral branching patterns in
9/10 eyes (90%). Initial fluorescence observed typically occurred within a large deep intrascleral
vessel and rapidly progressed into numerous complex branching intrascleral luminal vessels. The
intensity of fluorescence within these intrascleral vessels was progressive over time, particularly
as dye flowed into neighboring draining pathways, both intrascleral and conjunctival. One eye
imaged (10%), demonstrated fluorescence within 3 solitary conjunctival vessels located in the
superior scleral sector, and one eye (10%) demonstrated fluorescence in the temporal scleral
sector.(Figure 15) Pulsatility of dye was visualized in a total of 7/10 eyes imaged. When
visualized, pulsation was noted to occur within larger intrascleral vessels, the frequency of which
appeared to align with the dog’s heart rate. Five of the seven eyes demonstrating pulsation were
subjectively graded as exhibiting mild pulsatile action and had normal to moderately elevated
pre-procedure 10P values (baseline 10P range: 18.1-31.3mm Hg and pre-procedure IOP range
18-28 mmHg). Of these 7 eyes, 4 were glaucomatous and 3 were pre-glaucomatous. Two eyes
with elevated baseline and immediate pre-procedure 10P values (19.0 mmHg and 27.0 mmHg,
and 31.3 mmHg and 28.0 mm Hg, respectively) exhibited moderate pulsatile action, in addition

to, laminar flow. Five eyes with baseline and immediate pre-procedure 10P values (20.0 mmHg
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and 18.0 mmHg, 27.3 mmHg and 19.0 mmHg, 19.7 mmHg and 18.0 mmHg, 18.1 mmHg and
19.0 mmHg, 21.3 mmHg and 23.0 mmHg, respectively) were observed to have both mild
pulsatile movement of dye as well as laminar flow. The 3/10 eyes that did not demonstrate
pulsatility were from eyes with baseline 10P values of 16.3 mmHg, 26.0 mmHg, and 39.3
mmHg, and immediate pre-procedure 10Ps of 19.0 mmHg, 21.0 mmHg, and 35.0 mmHg,
respectively. Vessel luminal diameters, as measured on cross sectional OCT (Figure 16), were
recorded at a meanSD value of 144.78+5.70 um and occurred at a depth of 325.22+6.43 um

within the scleral tissue.

AQUEOUS ANGIOGRAPHY SEGMENTAL VARIATION

Temporal (1/10) §| Superior (1/10)
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Figure 14. Schematic demonstrating the segmental variation in fluorescent dye outflow
observed after performing aqueous angiography (AA). Complex, intra-scleral branching
patterns with multiple anastomoses were visualized most frequently within the superotemporal
sclera (9/10 eyes; 90%). One eye (10%) also demonstrated fluorescence of indocyanine green
dye within 3 solitary conjunctival vessels located in the superior scleral segment, and one eye
(10%) exhibited a fluorescent signal within the temporal sclera.
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Figure 15. Standard color image of the temporal sclera of the left eye (A), aqueous angiography
(AA) of the same area showing the appearance of 0.25% indocyanine green dye fluorescence 1
minute after intracameral (IC) injection (B), and the same location 20 minutes after initial dye
injection (C), demonstrating progression of dye fluorescence and the presence of laminar flow
within the scleral vessel over time in a 4-year-old female beagle dog.

Figure 16. OCT imaging was performed in conjunction with intracameral aqueous
angiography (A, C) and intravenous scleral angiography (B, D) in the left eye of a 1-year-
old pre-glaucomatous female beagle dog. Cross-sectional scans (A, B) and longitudinal scans
of the scleral tissue (C, D) were performed. The orientation of each scan is indicated by the
direction of the green arrows. The presence of scleral vessels in the mid-to-deep stromal tissue
were seen in cross section (arrow) (A, B) and in longitudinal section (arrowhead) (C, D).
Measurements of the vessels were taken through the vertical axis of each vessel lumen, using
computer software.
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4.2 Comparison of intracameral (IC) and intravenous (IV) routes of injection

Representative color, AA and SA images (Figure 17), depicting identical scleral sectors,
illustrate consistencies between the two angiographic techniques. Both angiographic modalities
permitted visualization of luminal vessels within the sclera in most dogs, consistent with the
intra-scleral venous plexus and the venous circle of Hovius. AA highlighted movement of dye
from within the anterior chamber into the vascular components affiliated with the CAHO
(intrascleral plexus and circle of Hovius). While SA routinely permitted visualization of similar
vasculature components of the CAHO, this modality also highlighted the more superficial
episcleral and conjunctival vasculature. Stagnancy in visibility of dye movement beyond the
initial filling of vessels was noted in 7/10 eyes with SA (70%). One dog also had delayed filling

of scleral vasculature with SA as compared to AA (Dog 4).
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Figure 17. Standard color image of the temporal sclera in a 1-year-old male beagle dog showing
branching of conjunctival vessels (arrow) (A). Imaging of the same location after intracameral
(1C) injection of 0.25% indocyanine green dye yields fluorescence of a deep scleral vessel (B).
Scleral angiography (SA), using 1 mg/kg indocyanine green, of the same region confirms the
presence of the same deep scleral vessel (arrowhead), along with numerous thinner, branching
conjunctival vessels (arrow) (C).
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Intrascleral vessels were variable both in their luminal diameter and location within the
sclera. Variability in vessel lumen size from 91.75 um to 157.81 pum (mean 138.54 um) in
diameter was noted in dogs imaged with SA, and 91.75 pum and 173.71 pum (mean 144.78 um) in
diameter was noted in dogs imaged with AA. Larger diameter vessels were located an
approximate distance of 5 mm from the limbus. The depth of vessels was relatively constant,
with visualization in the mid-to-deep stromal tissue ranging from 275.25 pum to 352.32 um
(mean 316.92 um) in dogs imaged with SA, and 269.13 um to 385.35 um (mean 325.22 um) in
dogs imaged with AA. No statistically significant difference was seen in mean vessel lumen
diameters (a=0.05, p=0.62) between IC and IV routes of ICG dye administration. Similarly, no
statistically significant difference was observed in mean vessel depth (a=0.05, p=0.52) within the

sclera between IC and IV routes of ICG dye administration.

A series of chi-square tests were performed to evaluate the presence or absence of bi-
directional flow, the complexity of branching of vessels, and the presence or absence of
pulsatility of dye between pre-glaucomatous and glaucomatous ADAMTS10-OAG eyes. No
statistically significant difference was seen in any of these parameters between groups. No
statistically significant difference was noted in mean vessel lumen diameter using AA or SA
between pre-glaucomatous and glaucomatous ADAMTS10-OAG eyes (a=0.05, p=0.62). No
statistically significant difference was noted in mean vessel depth using AA or SA between pre-

glaucomatous and glaucomatous ADAMTS10-OAG eyes (a=0.05, p=0.52).

In eyes demonstrating laminar flow, the digital overlay supported visualization of dye
movement out of the CAHO pathways along the periphery of the vessels, creating a multipartite
stratification pattern using 2 different colors.(Figure 18) A digital color overlay of all eyes was

performed, which yielded evidence of laminar flow in only 5 eyes; four eyes exhibited an
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elevated IOP and 1 eye had a measured baseline and immediate pre-procedure IOP under 20.0

mmHg.
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Figure 18. Standard color images of the temporal sclera of the left eye in 3 different
ADAMTS10-open angle glaucoma (ADAMTS10-OAG) beagle dogs with IOP greater than
20 mmHg: a 4-year-old male (A), a 4-year-old male (E), and a 4-year-old female (I) with
fluorescence of indocyanine green dye in the deep scleral vessels after agueous angiography
(AA) (B, F, J, respectively) and after scleral angiography (SA) (C, G, K, respectively). SA
demonstrates the presence of a complex branching pattern of deep scleral vessels, with thinner,
superficial conjunctival vessels in the overlying tissue. Color maps were made to show
simultaneous SA and AA results for each dog (D, H, L); AA highlights vessels in red, while SA
shows vessels highlighted in blue.

4.3 Safety

No complications were observed with the sedation protocol employed to conduct these
angiographic techniques in any of the dogs. However, complications associated with SA and AA
were observed. All dogs demonstrated mild aqueous flare the day following the procedure (1+
flare using the SUN scale)'’2. Clinically detectable signs of intraocular inflammation were noted
to resolve following SA and AA 24 hours and 48 hours, respectively. A small fibrin tag was
visualized in 2 eyes, following AA, which resolved with ongoing topical treatment for 10 days.
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The fibrin resolved in both dogs with topical neomycin-polymyxin-B-dexamethasone ophthalmic

ointment administered for a duration of 7 days.
4.4 Discussion

The techniques used to deliver ICG dye and to image the CAHO pathways were identical
to those used in a recent in vivo study to evaluate 12 normal dogs.®° Similar limitations were
noted, including difficulty imaging the nasal sclera due to the presence of the nictitating
membrane. The location and complex branching patterns seen with AA and observing
fluorescent patterns of ICG in the pre- and post-glaucomatous ADAMTS10-OAG dogs were in
alignment with results obtained from our recent work (Burn JB et al., Vet Ophtho 2020:22:6:
ACVO E-Abstract E46), in addition to, ex vivo studies evaluating a subset of glaucomatous dogs
and cats.?2614314% Dye fluorescence was consistently observed in the superotemporal sclera in
ADAMTS10-OAG dogs, in contrast to normal dogs, which demonstrated greater variation in
location of dye fluorescence. (Burn JB et al., Vet Ophtho 2020:22:6: ACVO E-Abstract E46)
The reduction in location of dye visualization in ADAMTS10-OAG dogs could have resulted
from a change driven by elevated 10P levels or morphologic changes to the outflow pathways as
a result of the disease process itself. Two of the three eyes in which no visualization of dye was
observed were glaucomatous (26.0 and 39.3 mmHg), while the one remaining eye was pre-
glaucomatous with a baseline 10P of 16.3 mmHg. Although the underlying reason for these
differences in visualization of dye and the effect IOP may have remains unknown at this time, it
is speculated that the variation observed between eyes in this study may be attributed to a subtle
decrease in the amount of aqueous humor that exited the anterior chamber in eyes that exhibited
elevated IOP. It was also plausible that intermittent spikes in 10P could have been occurring

between IOP measurements, such that they were not detected at the time of measurement.
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This study identified 3 characteristics of aqueous humor outflow: pulsation, laminar flow,
and turbulent bi-directional flow. Pulsatile movement of fluorescent dye has been observed as a
rhythmic movement of dye within the vessel lumens, consistent with the cardiac rhythm of the
dog being imaged, while laminar flow has been described as a continuous and smooth column of
dye filling a single larger vessel in a bipartite stratification pattern.*® Turbulent flow has been
defined as irregular flow of fluorescent dye as it mixes with blood upon entering the vascular

channels.'*?

In this study, pulsatile movement of ICG dye was a frequent observation in eyes (7/10;
70% eyes) imaged with AA, as compared to a previous study of normal dogs (4/12; 33%).(Burn
JB et al., Vet Ophtho 2020:22:6: ACVO E-Abstract E46) This difference could be due to an
elevation in 10P, which creates a surge that drives the choroid piston effect'*® thereby allowing
for more prominent visualization of fluid pulsation within the outflow vessels. Upon imaging
with AA, 2 eyes with baseline IOP <20 mmHg (18.1 and 19.7 mmHg) and 3 eyes with baseline
IOP >20 mmHg (20.0, 21.3, and 27.3 mmHg) demonstrated mild pulsatile movement of dye,
while moderate pulsatility of dye was seen in one pre-glaucomatous eye (19.0 mmHg) and one
glaucomatous eye (31.3 mmHg). As the eye with the highest documented IOP in this study did
not demonstrate any pulsatility of dye, it is possible that an upper threshold of IOP exists in
observing this phenomenon. Thus, a lack of pulsatility may play a potential role as a useful
marker to identify early stages of impaired outflow of aqueous humor in dogs with open angle
glaucoma. This finding might also reflect structural alterations to the CAHO pathways already in
place, given the animal model being used. Another explanation of this dynamic movement of dye
could be related to increased ocular perfusion pressure, as seen in humans with open angle

glaucoma.'”® Although systemic blood pressure was not measured in this study and it is therefore
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unable to be verified, it is plausible that ocular perfusion could be reduced with systemic
hypertension and this could occur even before elevations in IOP are recorded.

Four glaucomatous and one pre-glaucomatous eye each demonstrating pulsatility of dye
also demonstrated laminar flow characteristics. The left eye of a 4-year-old glaucomatous male
beagle dog with a baseline IOP of 20.0 mmHg and a pre-procedural IOP of 18.0 mmHg, the left
eye of a 4-year old glaucomatous male beagle dog with a baseline IOP of 31.3 mmHg and a pre-
procedural IOP of 28.0 mmHg, the left eye of a 4-year-old female beagle dog with a baseline
IOP of 27.3 mmHg and a pre-procedural IOP of 19.0 mmHg, the left eye of a 3-year-old
glaucomatous female beagle dog with a baseline IOP of 21.3 mmHg and a pre-procedural IOP of
23.0 mmHg, and the right eye of a pre-glaucomatous 1-year-old male beagle dog with a baseline
IOP of 19.0 mmHg and a pre-procedural IOP of 27.0 mmHg exhibited laminar flow of dye when
imaged with AA. Laminar flow was further highlighted in the same eyes using a digital overlay
that demonstrated ICG streaming into the vessel in a thin column immediately adjacent to the
vessel wall (Figure 17). Although it did not help with measuring signal intensity, the use of
digital color overlays may be useful in delineating laminar flow in future studies. Compared to
normal eyes, glaucomatous eyes demonstrated a subjectively less pronounced but obvious
difference in the degree of lamination observed within vessel lumens.®® This could be explained
by a decreased volume of aqueous humor outflow or a possible decrease in luminal size in
glaucomatous eyes. In this study, vessel lumen diameters from AA imaging measured a mean of
144.8um + 5.7um, while the same measurements from normal eyes performed in a separate
study measured a mean of 258.0 £ 9.1um. A statistically significant difference was found

between the caliber of vessel size measured from AA imaging in eyes of ADAMTS10-OAG dogs
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as compared to eyes from unaffected normal dogs (a=0.05, p=0.00034). (Burn JB et al., Vet

Ophtho 2020:22:6: ACVO E-Abstract E46)

Bi-directional or turbulent flow of aqueous humor was observed to mix with blood in the
scleral vessels of the right eye of a pre-glaucomatous 1-year-old female beagle dog and the right
eye of a pre-glaucomatous 1-year-old male beagle dog with baseline and pre-SA 0P values of
19.7 mmHg and 16 mmHg, and 18.1 mmHg and 23 mmHg, respectively. This movement of fluid
was not useful in measuring signal intensity, but allowed for direct visualization of the location

of dye entering into the blood stream.

The highest IOP value documented in this study was in the eye of a glaucomatous 3-year-
old male beagle dog that did not exhibit any pulsatile movement of ICG, turbulence, or laminar
flow: baseline IOP was measured to be 39.3 mmHg (pre-SA and pre-AA I0OP were 43.0 and 35.0
mmHg, respectively). A second eye from a glaucomatous 4-year-old male beagle dog had an
elevated baseline 10P of 31.3 mmHg (pre-SA and pre-AA 0P of 31 mmHg and 28 mmHg,
respectively) and displayed moderate pulsation of dye and laminar flow in AA. These values
were consistent with a slow rise in IOP associated with progression of open angle glaucoma. In
concurrence with a slow rise in 10P, aqueous humor has been documented to move out of the
eye at a decreased rate in dogs with open angle glaucoma®’#1'; this is in alignment with the
diminished fluorescent signal seen with both AA and SA in the eye from the beagle with a

markedly elevated baseline IOP of 39.3 mmHg.

The lowest baseline IOP in the AA group was measured in the eye of a pre-glaucomatous
1-year-old male beagle dog (16.3 mmHg; pre-SA IOP 7 mmHg; pre-AA 10P 19.0 mmHg) in
which three vessels with little branching and no movement of dye were observed. Although this
eye was classified as being in a pre-glaucomatous stage, it is possible that intermittent IOP
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elevations may have occurred and could have led to the decreased visualization of agqueous

humor outflow activity. Alternately, this observation may have been due to individual variation.

Although the techniques applied were effective in clearly demonstrating dye fluorescence
and the time to visualization of fluorescence was similar between AA and SA, the onset of
fluorescence observed was subjectively delayed and there was a weaker fluorescent signal in
eyes of dogs with elevated baseline IOPs compared to those eyes imaged in normal dogs. IOP
measured pre-and post-administration of dye was not statistically significant in the SA group,
however, there was a substantial decrease in IOP after AA was performed and this was
statistically significant. This introduces the possibility of leakage of dye from the anterior
chamber via the paracentesis site. Early leakage of dye would have diluted the concentration of
ICG administered into the anterior chamber, potentially weakening the fluorescent signal and
reducing ICG visibility in the scleral vessels. Although this may have been a concern for
quantifying the fluorescent signal, this was not a clinically relevant issue as fluorescence of dye
was clearly visible in all eyes imaged. Pre- and post-procedure 10P variations may have also
reflected disruptions in the blood aqueous barrier occurring as a sequelae to IC dye injection.
Unfortunately, there was no way to quantify the fluorescent signal based on the variation in
signal intensity between eyes and imaging modalities.

There is currently limited data regarding the caliber of scleral vessels observed in vivo,
and the onset of dye filling and/or the time to complete dye filling within CAHO pathways of
normal dog eyes.(Burn JB et al., Vet Ophtho 2020:22:6: ACVO E-Abstract E46) Overall, more
eyes in this study with an elevated IOP had visible turbulent and/or pulsatile flow of aqueous
humor when AA was performed as compared to normal dogs.(Burn JB et al., Vet Ophtho

2020:22:6: ACVO E-Abstract E46) Despite this finding, there was no association between vessel
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lumen diameter and 1OP values. As there was no notable difference in vessel size when
compared to changes in IOP, it is speculated that there may be variations in the regional outflow

of fluorescent dye, similar to the differences in regional outflow observed in human eyes.*?®

The weak evidence to support our initial hypothesis may have been a product of
evaluating dogs with mild IOP elevation as opposed to dogs with markedly elevated 1OP values.
The theoretical threshold of IOP elevation to view changes in CAHO caliber and vessel number
from the eye may not have been met in this experiment. It is also possible that changes in
pressure or obstruction of aqueous outflow as a result of manual eyelid retraction or the use of
conjunctival stay sutures may also have played a role. Alternatively, these results may simply
have been due to the absence of conventional outflow abnormalities occurring in the open angle
glaucoma model being used in this study. It is also possible that this experiment may have
required additional eyes to identify common patterns of CAHO pathways and if there are
changes in conventional outflow linked to age and/or breed of dogs. Differences, should they
exist, may have been mild and difficult to detect using this imaging modality. Additionally, it
was speculated that delayed rates of filling and/or sectoral changes in filling were present in
ADAMTS10-OAG dogs; however, with a limited number of dogs with an elevated IOP, it was
difficult to make any associations. Therefore, it is possible that the CAHO pathways could
behave differently in ADAMTS10-OAG eyes as compared to those affected by angle closure

glaucoma and more investigation is currently needed to support this claim.

Overall, this imaging technique may have application in the future in dogs to identify the
threshold of I0P at which physiologic changes are seen with regards to aqueous humor outflow.
This may help to tailor therapeutic treatments to preserve vision in both open and angle closure

glaucomatous dogs. Thus, AA could be used to detect early functional abnormalities and to
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implement patient-specific treatment approaches as it allows for the identification and functional

characterization of the CAHO pathways in vivo.

4.5 Conclusion

This study demonstrates the use of AA and provides baseline data regarding the CAHO
pathways in ADAMTS10-OAG dogs. All eyes imaged in this study demonstrated visible aqueous
humor outflow primarily within the superotemporal scleral sector. Pulsatility of fluorescent dye
was visualized in 7/10 eyes undergoing AA, while SA yielded laminar flow visualization in 1/10
eyes and bidirectional movement of aqueous humor in 2/10 eyes. Three glaucomatous and 2 pre-
glaucomatous eyes demonstrated mild pulsatility of dye, while moderate pulsatility was noted in
one glaucomatous and one pre-glaucomatous eye with baseline IOP values of 31.3 mmHg and
19.0 mmHg, respectively. Three eyes showed no pulsatile activity; two eyes with an elevated
baseline IOP (39.3 mmHg and 26.0 mmHg), and one eye with a normal baseline IOP (16.3
mmHQ). These differences may be due to a threshold in IOP that must be reached before the
amount of aqueous humor leaving the eye in ADAMTS10-OAG dogs is noted to make a clinical

difference.
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CHAPTER 5
CONCLUSION

Although AA is already in clinical use in human medicine!?, there is currently no
imaging modality in veterinary medicine that allows for evaluation of CAHO outside of a
research setting.'?® This manuscript provides a detailed account of a streamlined technique for
AA and the descriptive findings of CAHO pathways in vivo in both normal and in ADAMTS10-
OAG canine eyes. The research described herein has paved the foundation to move towards a
clinically applicable technique that successfully evaluates CAHO pathways in vivo in both
normal canine eyes and in ADAMTS10-OAG canine eyes pre- and post-development of
glaucoma. The technique developed was minimally invasive and could be performed under

sedation, which increased the feasibility of this protocol for use in a clinical setting.

A pilot study was developed to test the functionality of a gravity-fed trocar system to
deliver fluorescent dye directly into the anterior chamber. The gravity-fed trocar system had a
cumbersome set-up and required the use of specialized equipment (trocars). The set-up time for
this protocol and the time required to deliver fluorescent dye into the anterior chamber using the
gravity-fed system resulted in the need for this technique to be performed under general
anesthesia. Upon imaging, this protocol did not allow for any visualization of dye outflow from
the anterior chamber in the four eyes that were assessed in vivo. This was suspected to be due to
a number of different factors, including tension applied to the sclera by the conjunctival stay
sutures that were placed, compression of the eyelids from manual retraction, and/or compression
of the scleral vasculature as a result of compression from the trocar collar or the eyelid speculum

against the globe. For this system to truly be clinically applicable, the technique used must be
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efficient and easy to set up, require minimal to no specialized equipment, be cost effective, and

allow for visualization of fluorescence in the CAHO pathways.

To address these shortcomings and to improve the technique used, the gravity fed-trocar
system was replaced with a single IC injection of fluorescent dye via paracentesis. This single IC
injection technique was more effective and clinically practical compared to the gravity-fed trocar
set-up. Upon refining the technique, a positive shift in visualization of the dye was also observed.
The adjustments also allowed for the procedure to be performed using routine clinical equipment
and with dogs under sedation, in lieu of general anesthesia. Sedation was not only useful in
decreasing the risks associated with longer general anesthesia times, but this change made the
procedure more cost-friendly, efficient, and less time-consuming, bringing SA and AA

procedures another step closer to use in clinical practice.

Once the technique for IC delivery of fluorescent dye was streamlined, two separate
imaging modalities, AA and SA, were compared. Although fluorescent dye was administered in
a different location for AA compared to SA, both imaging modalities were complementary to
each other and allowed for confirmation of dye movement out of the CAHO pathways and into
venous circulation in a short period of time. Use of the IC experimental set up and the
Heidelberg Spectralis imaging machine allowed for visualization of the distal CAHO pathways
following AA in dogs, in addition to allowing for observation of characteristics of aqueous

humor movement as it flowed back into venous circulation.

Upon performing AA, segmental outflow was visible in all 6 glaucomatous and 4 pre-
glaucomatous ADAMTS10-OAG dog eyes and in 10 of 12 normal dog eyes. Fluorescence was
noted most commonly in the superotemporal scleral sector in all normal eyes in which CAHO
pathways were visualized, while pre-and post-glaucomatous eyes exhibited fluorescence of dye
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most commonly in the temporal (10/10 eyes) followed by the superotemporal scleral sectors
(6/10 eyes). Given that there appeared to be prominent segmental outflow of aqueous humor in
the superotemporal sector across all eyes, suggesting that the superotemporal sector may be an
ideal location for placement of glaucoma shunts and/or performance of minimally invasive

glaucoma surgery. However, further investigation is needed to confirm this.

ICG was observed after a mean time of 35.0+4.3 seconds in normal eyes and 35.8+10.6
seconds following IC administration in pre-and post-glaucomatous eyes, supporting that this
modality can be used to rapidly identify fluorescence of dye within the CAHO pathways, its
location, and characteristics associated with movement of the dye in a short period of time.
Additionally, the use of different dyes may offer more information than with use of a single dye
alone. Although SF diffused from the vasculature quickly, it was useful to evaluate the outline of
the vascular structures, prior to diffusion into the surrounding tissue. ICG remained within the
vessel lumens for a longer period of time, and therefore, was more useful to evaluate the CAHO

pathways and the dynamics of aqueous humor as the fluid traveled back into venous circulation.

The most common dynamic characteristics of aqueous humor movement in normal eyes
were pulsatility and turbulence (33.3%). Pulsation of dye was observed more frequently in pre-
and post- glaucomatous eyes (70%). Mild pulsatility was observed in 2 pre-glaucomatous and 3
glaucomatous eyes, while moderate pulsatility was visualized in one pre-glaucomatous and one
glaucomatous eye. Pulsatility was observed intermittently throughout the angiograms and
appeared to coincide with cardiac cycle of the dog being imaged. It is unclear why pulsatility
occurs more often in eyes with an elevated intraocular pressure. It is speculated that intermittent
alterations in IOP or subtle reductions in aqueous humor exiting the eye via the CAHO pathways

may have resulted in the noted changes and dynamic movement of dye. In comparison to
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pulsatility, turbulence of dye was visualized as irregular or erratic movement of dye upon
mixture with blood**® within the venous Circle of Hovius. This finding was seen in 2 normal and
2 pre-glaucomatous eyes. Gentle compression of the eyelids was also noted to result in
alterations in fluid outflow rates, pulsatility, turbulence, and visibility of dye. These findings
suggest that alterations in IOP and or episcleral venous pressure, through internal or external

compressive forces, may lead to changes in dye movement out of CAHO pathways.

Laminar flow has been used in previous studies to demonstrate flow characteristics of
blood in scleral vessels.!4%163 AA performed in 2 normal eyes yielded stratification of dye, with a
higher signal intensity closest to the vessel walls, as aqueous humor flowed back into systemic
circulation; this was consistent with laminar flow. In contrast, 3 ADAMTS10-OAG eyes with low
IOP and mild pulsatility and 2 ADAMTS10-OAG eyes with elevated IOP and moderate
pulsatility also demonstrated laminar flow. After SA, lamination of dye within the scleral vessels
was observed in only one ADAMTS10-OAG dog with low IOP and 4 ADAMTS10-OAG dogs
with elevated 10P. The variances noted in agueous humor dynamics may be due to the need to
reach a minimum threshold in IOP before the amount of aqueous humor leaving the eye in
ADAMTS10-OAG dogs would create a noticeably different angiographic pattern. The appearance
of this phenomenon was emphasized using digital overlays in both normal and glaucomatous
eyes. The digital overlays highlighted the movement of fluorescent dye into systemic circulation
and shows the dye hugging the vessel walls. Interestingly, this movement was noted more

frequently in eyes that demonstrated an elevated 10P.

IV delivery of dye into systemic circulation (SA) was used to verify the location of the
distal outflow pathways of the globe. This modality was easy to perform, carried relatively low

risk to the patient, and had a very short recovery period. When used in these studies, SA via ICG
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appeared to be an effective means for identifying the vascular components associated with the
distal CAHO pathways, while AA permitted visualization and qualitative assessment of aqueous

humor outflow.

Rapid and progressive filling of vessels was observed in normal and glaucomatous eyes
with an average initial onset of filling time occurring at 34.6+4.5 and 35.8+10.6 seconds,
respectively. All eyes exhibited fluorescence of the scleral, episcleral, and conjunctival
vasculature in complex, branching patterns with numerous anastomoses. Similar to AA,
visualization of the sclera was limited to the superior, superotemporal, temporal, and
inferotemporal sectors. Deep intrascleral vessels in a location and of a size consistent with the

venous circle of Hovius, were observed mainly in the temporal and superotemporal sectors.

All outflow channels which exhibited fluorescence following AA and SA were readily
identifiable on cross-sectional OCT as vessels. Vessel lumen diameters in normal dog eyes were
measured to be comparable to previous corrosion cast studies.® Vessel lumen diameters from
AA imaging of normal and glaucomatous eyes were measured to be a mean + SD of 258.0 + 9.1
um and 144.8um + 5.7um, respectively. (Figure 19) There was a statistically significant
difference between the caliber of vessel lumens measured from AA imaging in eyes of
ADAMTS10-OAG dogs as compared to eyes from unaffected normal dogs. These findings are
suggestive of a decrease in luminal diameter in glaucomatous dogs, which is speculated to be one
of the underlying mechanisms for resistance to aqueous humor outflow and subsequent IOP

elevation in this canine model.
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Figure 19. Cross sectional OCT scans from the left eye of a 1-year old intact female pre-
glaucomatous beagle dog following intracameral aqueous angiography (A), and from the right
eye of a 3-year old intact female normal beagle dog following intracameral aqueous angiography
(B). The orientation of the scan (green arrow) depicts luminal vessels which demonstrated
fluorescence.

Several anatomic limitations were encountered that may have limited observation of
fluorescent dye in all regions of the sclera. The nictitating membrane was a major inhibitor and
precluded observation of dye outflow in the nasal and inferior aspects of the globe. Although
retraction of the nictitating membrane was possible, this still did not allow for clear visualization
of the scleral segments in question and may have added another element of compression on the
globe that could have led to alterations in aqueous humor outflow. As such, this may have
inhibited visualization of possible dye fluorescence in the nasal and inferior scleral segments. In
addition to the nictitating membrane, some dogs had tight palpebral fissures that made it difficult
to manually retract the superior and inferior palpebrae to a degree where the sclera was visible.
There was also the concern for inadvertent pressure to be placed on the globe with manual

retraction and/or manipulation of the superior and inferior palpebrae. Given these obstacles, there
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was no practical way to evaluate the nasal and inferior scleral segments clearly or consistently in

live dogs.

Another limitation of this current work was the lack of ability to accurately measure the
true volume of dye injected IC and to quantify the signal intensity of the fluorescent dye in the
CAHO pathways. It is possible that the amount of dye injected IC was diluted by aqueous humor
and/or flowed out of the anterior chamber at variable rates, leading to inconsistencies in signal
intensity of the fluorescent dye seen in the anterior chamber and in the CAHO pathways.
Although not clinically significant, these parameters may help to identify the minimum quantity
of dye that could be used as well as provide an objective measure of dye concentration as
measured by signal intensity. This is an area which the authors hope to develop a protocol for

and to be able to measure in future studies.

Overall, AA was shown to be a clinically applicable tool that may have practical utility
for clinical veterinary ophthalmologists to evaluate dogs with glaucoma. This imaging modality
could have an immediate benefit in dogs by identifying the location and dynamic characteristics
of aqueous humor as it leaves the eye. This could shed new insights into the characteristics
associated with CAHO pathways and how they may become altered in a variety of sight
threatening conditions. Ultimately, it may allow for patient specific therapeutic approaches

aimed at controlling IOP and preserving vision.

The use of ADAMTS10-OAG beagle dogs as an animal model for human glaucoma
increases the emphasis of the clinical utility of this work. The work described herein details a
protocol that could potentially be safely used across multiple species. The ADAMTS10-OAG
beagle dog is an ideal model to study since they exhibit a slow rise in IOP and a morphologically
normal ICA. The IOP in these dogs can be reasonably well controlled for some time with topical
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medications, therefore, this is an ideal model to study the changes that arise with glaucomatous
eyes over time. The information provided herein offers new insights into the fluid characteristics
associated with the CAHO pathways of dogs, which could serve as the foundation for subsequent
studies. Future studies that build on this foundation could provide insight into human glaucoma
and ways to improve treatment efficacy and outcomes, including the potential for earlier
initiation of prophylactic glaucoma medications based on aqueous humor dynamics, the ability to
assess placement of glaucoma shunts and/or to determine the most suitable location for
minimally invasive glaucoma surgeries based on fluorescence of dye in certain sectors of the

globe, all with the goal of increasing the rate of retention of vision.

It is our intent to further evaluate changes to aqueous humor outflow in future studies,
including changes to vessel lumen diameter and the rate of aqueous humor outflow in
ADAMTS10-OAG beagles when treated with a prostaglandin analogue (latanoprost 0.005%
ophthalmic solution). It is hypothesized that this treatment will increase visibility of dye outflow
and pulsatility in dogs that have an 10P above 20 mmHg as topical prostaglandin analogue
medications remodel the extracellular matrix of the ciliary body, which subsequently decreases
uveoscleral outflow resistance.’® Other future directions include further evaluation of laminar
flow and the aqueous humor outflow characteristics associated with this observation. It is the
authors’ hope that in future studies, vessel lumen measurements, pulsatility of dye, and
alterations in dye outflow as a result of different ages, imaging techniques and sedation versus

general anesthesia will be able to be objectively recorded.
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