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Abstract

Intraocular pressure (IOP) is the most important risk factor for glaucoma development and
progression. Most anti-glaucoma treatments aim to lower IOP by enhancing aqueous humor
drainage from the eye. Aqueous humor drainage occurs via well-characterized trabecular
meshwork (TM) and uveoscleral (UVS) pathways, and the recently described ciliary lymphatics.
The relative contribution of the lymphatic pathway to aqueous drainage is not known. We
developed a sheep model to quantitatively assess lymphatic drainage along with TM and UVS
outflows. Following intracameral injection of **I-bovine serum albumin (BSA), lymph and
blood samples were continuously collected. Lymphatic and TM drainage were quantitatively
assessed by measuring **I-BSA recovery. This quantitative sheep model enables assessment of
relative contributions of lymphatic drainage (1.64% * 0.89%), TM (68.86% + 9.27%) and UVS
outflows (19.87% =+ 5.59%), and may help to better understand the effects of glaucoma agents on

outflow pathways.
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1.1 Overview

The lymphatic system is responsible for the removal of interstitial fluid and protein in
most tissues and organs; however, the eye has been thought to be devoid of lymphatic vessels.
Despite the traditional belief, there is evidence in the literature that supports a link between the
lymphatic system and the aqueous humor of the eye. The experimental data seems to warrant a
re-examination of aqueous humor dynamics. This may provide a new conceptual foundation to
develop novel treatment strategies for disorders that stem from a deregulation in aqueous humor

dynamics such as glaucoma.

1.2 Background on Glaucoma:
in relation to aqueous humor dynamics

Glaucoma is a leading cause of irreversible blindness worldwide, with an estimated 80
million people affected by 2020 (Quigley and Broman, 2006). Half of glaucoma cases are left
undiagnosed, even in developed countries, as it is mostly asymptomatic until late in the disease
when visual problems become apparent. Glaucoma is defined as a group of diseases that have a
common characteristic optic neuropathy with associated visual field loss. The typical structural
and functional defects (optic disc damage and visual field loss) have to be sufficiently developed
to indicate the death of a substantial number of retinal ganglion cells in the inner retina and loss
of their axons in the optic nerve (Johnson et al., 2002). At the optic disc, nerve fibers of retinal
ganglion cells pass out of the eye, most often, leaving a central depression or cup that is paler
when compared to the rim containing these nerve fibers. Clinicians can determine the cup-to-disc
ratio by comparing this cup with the overall disc size. As more retinal ganglion cells and their
axons are affected with the progression of glaucoma, the cup-to-disc ratio will increase

progressively. The structural changes that are most often recognized is the topographical
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deepening and widening of the cup, due to the loss of retinal ganglion cell axons and
deformation of connective tissues supporting the optic disc (Burgoyne et al., 2005).

Elevated intraocular pressure (IOP) is a major risk factor for the development and
progression of glaucoma, as it leads to the death of retinal ganglion cells, damage of optic nerve
axons, and blindness (Kwon and Fingert, 2009). Current pharmaceutical and surgical treatment
strategies aim to preserve visual function by lowering intraocular pressure below a level that is
likely to produce further damage to the optic nerve. This is achieved mainly through increasing
aqueous humor outflow from the aqueous chamber.

The secretion and dynamics of aqueous humor are critical for the physiological
functioning of the eye. In a healthy state, the flow of aqueous humor against resistance generates
an average intraocular pressure around 15mmHg (Millar and Kaufman, 1995). IOP is necessary
in maintaining the integral shape and optical properties of the globe. Intraocular pressure is
determined by three factors: 1) the rate of aqueous humor production by the ciliary epithelium, 2)
resistance to aqueous outflow across the trabecular meshwork-Schlemm’s canal system, and 3)
the level of episcleral venous pressure. Commonly, intraocular pressure in the general population
ranges from 10 mmHg to 22 mmHg. Generally, increased intraocular pressure is caused by an
increased resistance to aqueous humor outflow. Thus, intraocular pressure may be lowered by

reducing fluid production, increasing fluid drainage, or a combination of both.



1.3 Aqueous humor: Composition, Formation and Dynamics

Aqueous humor is the fluid occupying the anterior chamber, providing a clear and
transparent medium between the cornea and lens. It serves as an important component of the
eye’s optical system. It functions to nourish the avascular cornea and lens, analogous to blood,
providing nutrition, oxygen, and neurotransmitters (Reddy, 1979). It also aids the metabolism of
the vitreous and retina by removing excretory products from metabolism from the avascular
anterior segment consisting of the lens, cornea, and trabecular meshwork. Additionally, it
maintains the shape of the eye and is important for maintaining its optical properties (Sires,
1997). Other proposed functions have been less clearly defined, which includes the delivery of
antioxidants, and participation in local immune responses (Krupin and Civan, 1996).

The major components of aqueous humor are organic and inorganic ions, carbohydrates,
glutathione, urea, amino acids and proteins, oxygen, carbon dioxide and water. In comparison to
plasma, it was shown to be slightly hypertonic in a number of mammalian species (Benham et al.,
1938; Kinsey, 1951; Levene, 1958), except for rhesus monkeys, in which no significant
differences were observed (Gaasterland et al., 1979). The greatest differences in aqueous humor
when compared to plasma are its lower concentration of protein (200 times less) and higher
levels of ascorbate (20-50 times higher) (Reiss et al., 1986). The protein composition in aqueous
humor is both quantitatively and qualitatively different from that of plasma. Most aqueous humor
proteins are intrinsic glycoproteins of the vitreous, which are secretory products of the inner
epithelial layer of the ciliary body (Haddad et al., 1991). Anti-oxidant substances found in the
aqueous humor such as glutathione and ascorbate, are also important as they protect against
light-induced oxidative damage (Krupin and Civan, 1996; Helbig et al., 1989). Also, molecules

that are important in extracellular matrix maintenance, such as collagenase, have been found in



human aqueous humor. These may influence trabecular outflow resistance and, consequently
IOP (Vadillo-Ortega et al., 1989).

The ciliary epithelium consists of a pigmented ciliary epithelial cell (PE) layer facing the
stroma and a non-pigmented ciliary epithelial cell (NPE) layer facing the posterior chamber of
the eye. It is widely accepted that the inner (NPE) layer is the major player in the active transport
of substances from the serum to the aqueous humor (Cole, 1977; Krupin et al, 1986; Riley and
Kishida, 1986). Three mechanisms are involved in aqueous humor formation: diffusion,
ultrafiltration and active secretion (Millar and Kaufman, 1995). Diffusion and ultrafiltration are
responsible for the accumulation of plasma ultrafiltrate in the stroma, behind the tight junctions
of the NPE layer, from which the posterior chamber aqueous humor is derived (Uusitalo et al.,
1973; Gabelt and Kaufman, 2003). These two processes are passive without involvement of
active cellular participation. During the diffusion step, lipid soluble substances are transported
through the lipid portions of the membrane of the tissues between the capillaries and the
posterior chamber in accordance with the concentration gradient across the membrane (Civan
and Macknight, 2004). Next, with ultrafiltration, water and water soluble substances flow across
fenestrated ciliary capillary endothelia, limited by size and charge, into the ciliary stroma in
accordance with the osmotic gradient or hydrostatic pressure (Civan and Macknight, 2004).

The third process, active secretion is thought to be the major contributor in aqueous
formation as it is responsible for approximately 80-90% of the total amount (Gabelt and
Kaufman, 2003; Mark, 2009). Active secretion of aqueous humor involves three steps. First,
NaCl ions are transported into the PE cells from the stroma via secondary active transport (paired
Na*/H* and CI/HCO® antiports). Next, gap junctions between NPE and PE cells create a
functional syncytium allowing for passage of NaCl ions from PE to NPE. Finally, A3 adenosine

receptors regulate the release of NaCl ions into the posterior chamber. Then, it flows into the



anterior chamber through the pupil (Civan and Macknight, 2004; Coca-Prados and Sanchez-
Torres, 1998). Active transport produces an osmotic gradient across the ciliary epithelium which
promotes the movement of other plasma constituents by ultrafiltration and diffusion (Tornquist et
al., 1990)

The rate of aqueous humor turnover is estimated to be 1.0-1.5% of the anterior chamber
volume per minute (Gablet and Kaufman, 2003), which is estimated as 2.4 £ 0.6uL/min (mean
SD) in human adults (20-83 years, daytime measurement) (Brubaker, 1998). From the anterior
chamber, the aqueous humor leaves the anterior chamber of the eye by bulk flow via two
pathways at the anterior chamber angle: conventional outflow (pressure-dependent) and another
unconventional uveoscleral route (pressure-independent).

It is interesting to note the changes in the rate of aqueous humor production under normal
physiological conditions. The rate of aqueous humor inflow undergoes an unequivocal and
striking circadian rhythm, as the rate decreases by about 60% in the afternoon compared to the
morning. The rate of aqueous production is also dependant on age, as it decreases with age.
Accordingly, outflow (mainly uveoscleral outflow) is also decreased with age (Becker, 1958). A
constant IOP can be maintained since both the production and outflow decreases balancing each

other.



1.3.1 Conventional outflow pathway (Figure 1)

The conventional outflow pathway is well characterized (Gabelt and Kaufman, 1995): in
this route, aqueous humor exits the eye by passing through the trabecular meshwork. The
trabecular meshwork has lamellae made of collagen and elastic fibers covered by flat
endothelium, forming a sieve-like structure, allowing for the passage of aqueous humor. From
here, it drains into the lumen of Schlemm’s canal, which serves as a collector channel that leads
to the episcleral venous system, allowing for agueous humor to enter the blood. Fluid movement
is via a pressure-dependent transcellular mechanism, frequently associated with paracellular
routes such as giant vacuoles and pores acting as one-way valves (Bill and Svedbergh, 1972).
These pores range in size from 0.1-3 um in diameter and act as a passageway for particulate
materials such as cells, and microspheres along with aqueous humor (Inomata et al., 1972;
Epstein and Rohen, 1991). Elevated IOP leads to an increase in the number and size of these
vacuoles and an increased volume of outflow via the Schlemm’s canal (Grierson and Lee, 1978).
After exiting the Schlemm’s canal, the aqueous humor enters the aqueous veins and mixes with
blood in the episcleral veins where the pressure is approximately 8-10 mmHg (Phelps and
Armaly, 1978; Brubaker, 1967). The resistance of the conventional drainage tissue is
approdimately 3-4 mmHg/ pL/min, resulting in an average IOP of 15.5 + 2.6 mmHg (mean *
SD) for the general population (Schottenstein, 1989). In humans 75% of the resistance to
aqueous humor outflow is attributed to the trabecular meshwork, and the rest beyond the
Schlemm’s canal (Schottenstein, 1989). Although the major site of resistance within the
trabecular meshwork structure has not been well characterized, it is suspected to reside in the

juxtacanalicular portion (Ethier et al., 1986; Seiler and Wollensak, 1985).
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Figure 1. The flow of aqueous humor The basis anatomy of the front of the eye is illustrated in
the figure. The anterior chamber of the eye, a compartment between the cornea and the lens,
is filled with agueous humour, a transparent and colorless medium. The aqueous humour
nourishes the cornea and lens (devoid of blood vessels) and trabecular meshwork. The
aqueous humour is produced by the ciliary epithelium, flows from the posterior chamber
around the lens and through the pupil into the anterior chamber. Aqueous humor leaves the
anterior chamber of the eye by bulk flow via two pathways at the anterior chamber angle:
conventional outflow via the trabecular meshwork and Schlemm’s canal (red arrow) and
another unconventional uveoscleral route via the ciliary muscle (blue arrow).



1.3.2 Unconventional (Uveoscleral) outflow pathway (Figure 1)

On the other hand, less is known about the unconventional (uveoscleral) outflow pathway
(Weinreb, 2000; Alm and Nilsson, 2009). The uveoscleral outflow route was first described in
the mid-1960s by Anders Bill. In searching for a suitable tracer to determine aqueous flow, he
infused labeled molecules of various sizes into the anterior chamber of monkey eyes and
collected the fluid appearing on the anterior sclera (Bill, 1966a). He showed that these tracers,
markers of bulk flow of aqueous humor, accumulated in significant quantities in the supraciliary
space and its adjacent tissues. Furthermore, Bill calculated that the volume of fluid necessary to
carry the observed amount of tracer into such compartments of the eye represented a significant
portion of the total outflow of aqueous humor, and named this the ‘uveo-scleral’ outflow
pathway. His data showed consistently that the newly discovered pathway were completely
independent to the trabecular outflow pathway.

In this pathway, aqueous humour appears to flow across the base of the iris (the chamber
angle formed by the iris and the cornea) through the interstitial tissue in the ciliary body into the
suprachoroidal space. The aqueous humour is thought to leave the suprachoroidal space by
flowing through the loose connective tissue around the sclera blood vessels and also directly
through sclera tissue. In the study of uveoscleral outflow by Bill and Philips (1971), tracer
showed aqueous humour flow through the interstitial spaces of the ciliary muscle into the
suprachoroidal space, moving into the sclera. It has been assumed that the fluid diffuses into the
periocular orbital tissue. However, the final drainage of fluid out of the suprachoroidal space is
not clearly understood, and the estimated amount of aqueous humour leaving the eye by the
uveoscleral route varies greatly. In humans, the study by Bill and Phillips (1971) showed that 5-
25% of the total outflow is accounted for by uveoscleral drainage, whereas Townsend and

Brubaker proposed that approximately 35% of the total outflow may be via uveoscleral drainage.
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The uveoscleral outflow may be considered analogous to lymphatic drainage of tissue
fluid in other organs, since the protein molecules may be drawn in with water and mix with
tissue fluid from the ciliary muscle, ciliary processes and choroid (Johnson and Erickson, 2000).
In fact, since the ciliary body interstitial tissue fluid is rich in protein, it seems likely that the
drainage of this interstitial fluid is performed by the lymphatic system. However, while having a
well established role in draining extracellular fluid and solutes in other tissues, the lymphatic
system has been thought to be absent in the eye (Bill, 1975). Instead, flow across the sclera has
been considered a substitute of lymphatic vessels (Alm and Nillson, 2009) in the removal of
protein from the eye as the vessels of the choroid and the ciliary processes are unusually
permeable, allowing passage of large proteins into the extravascular space.

Unlike conventional outflow, where flow increases linearly with IOP (within the
physiologically normal range), uveoscleral flow is relatively pressure-independent. Because the
rate of uveoscleral flow does not depend on IOP to the same extent as conventional outflow, it is
often referred to as being ‘pressure-independent’ (Nilsson and Bill, 1994). As mentioned earlier,
the main resistance is imposed by the trabecular meshwork in the conventional outflow pathway.
The pressure gradients are different in the unconventional outflow pathway. Because the sclera
offers little resistance to flow, and the choroidal vessels are able to absorb the small amount of
aqueous humor delivered, the main resistance is most likely be to within the ciliary muscle. As
mentioned before, in the healthy aging eye, there is a reduction in drainage through the
uveoscleral outflow pathway. When this is considered with the age-related changes observed
within the ciliary muscle, the above hypothesis, of uveoscleral flow being pressure independent,
is strengthened. Although the uveoscleral drainage pathway is relatively unaffected with 1OP
changes, the relationship does not hold during extreme conditions. When 10P is bellow 4mmHg

(Bill, 1967a), uveoscleral flow is much reduced, and during cyclodialysis — which will remove
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almost all resistance created by the ciliary body — the uveoscleral flow increases greatly. The
effect of cyclodialysis was shown in rabbits, where the portion of aqueous outflow in relation to
total outflow increased from 3 to 54% (Bill, 1966b) and in monkeys (Toris and Pedersen, 1985).
It was also shown that ciliary muscle contraction could affect uveoscleral flow, further

supporting this theory (Bill, 1967b).
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1.4 Treatment Strategies for Glaucoma

Treatment strategies for glaucoma focus on reducing IOP through medical or surgical
therapy. The major classes of medications available include a-adrenergic agonists, B-adrenergic
antagonists (B-blockers), carbonic anhydrase inhibitors, cholinergic and prostaglandin analogs
(PGAs). Topical and systemic carbonic anhydrase inhibitors decrease the production of aqueous
humor by the ciliary body epithelial cells, while prostaglandin agonists increase uveoscleral
outflow (remodeling of the ciliary muscle has been proposed as a mechanism). Other
medications such as adrenergic agonists decrease outflow resistance through mechanisms that
are not completely understood. When pharmacological therapies do not result in an adequate
lowering of 10P, surgical therapy may be implemented. Current surgical therapies include
trabeculectomy, glaucoma drainage implants and glaucoma shunts (penetrate trabecular
meshwork and cannulate Schlemm’s canal or create a path through the sclera wall) to bypass
outflow resistance by shunting aqueous humor through or around the trabecular meshwork.

Understanding the dynamics of aqueous humor is critical in gaining insight into, and

developing novel treatment strategies for glaucoma.
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1.5 Quantification of Aqueous Humor Outflow

The volume of aqueous humor in the anterior chamber is relatively small. To give
perspective of magnitude, the anterior chamber volumes for a variety of different species that

have been measured are summarized in Table 1.

1.5.1 Conventional outflow quantification

As mentioned before, the majority of aqueous humor outflow, for both primates and
humans, occurs via a series of specialized channels comprised of the trabecular meshwork, the
Schlemm’s canal, and the collector of channels that span the sclera. This system of channels
empties into the episcleral plexus of veins in the region of the limbus. This pathway has been
described in detailed through histology, injection modeling, and direct slit lamp observation of
aqueous humor in the living eye. In early experiments, the flow was determined by injecting
macromolecules (including radioactive tracers) directly into the anterior chamber, and from
analyzing how the tracer was diluted from post injection (Becker, 1962; O’Rourke and Macri,
1970). Later on, methods that had fewer potentially damaging side effects were developed. For
example, fluorescein is a tracer that does not require injection into the eye, and is still readily
measureable in the anterior chamber. Goldman was first to use fluorescein as a tracer to study
aqueous humor flow (1951). Fluorescein was injected systemically and the appearance and
disappearance of the tracer in the anterior chamber was measured to determine the flow rate of
aqueous humor. However, due the complexity of this approach in administering fluorescein and

also in interpretation of the measurements, the method has not been used regularly.
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Table 1. Aqueous Humor Volume of different animal species

Species

Rhesus Monkey

Cynomolgus Monkey
Rabbits

Dogs (Beagles)

Cats

Mouse (NIH Swiss White)
Deer

Domestic Pig

Humans

177.0+8.88 uL
175.26 £ 4.91 uL

134 +5 L

101.8 +4.2 uL

287 uL

325 -400 pL

853 + 80 pL
59+£05puL

1400 + 90 pL

300 pL

209 + 37 pL (19-56 yrs)
174 L

247 £ 39 uL (20-30 yrs)
160 + 39 uL (>60 yrs)
144 + 5.04 puL

171.1 + 39.6 uL

Cevario and Macri, 1974

Pederson et al., 1978
Greenbaum et al., 1985
Conrad and Robinson, 2006
Toris et al., 2006

Macri et al., 1965
Aihara et al., 2003
Colasanti, 1984
McMenamin et al., 1991
Johnson et al., 1978
Yablonski et al., 1978
Toris et al., 1999

Kondo et al., 1986
Labiris et al., 2009
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1.5.2 Uveoscleral outflow quantification

Uveoscleral outflow has been studied in various animal species, using labeled tracers
(Table 2). In comparing the different species, the volume of uveoscleral outflow was found to be
large in monkeys, but small in rabbit and cats (Bill, 1966b; Wang et al., 1993; Wang et al., 1999).
Because uveoscleral flow cannot be sampled from a single outlet, an indirect method is required.
In the initial studies, tracer was removed from the anterior chamber by rinsing with a mock
aqueous humor solution, and the animals were sacrificed. After, the amount of tracer remaining
in the ocular tissues was determined. As the mean concentration of the tracer in the anterior
chamber was determined, it is then possible to calculate the rate of uveoscleral flow as the
amount of tracer in the tissue divided by the mean concentration of the tracer in the anterior
chamber during the experiment (Bill, 1965; Bill and Hellsing, 1965).

In the mid 20™ century, in an attempt to characterize the dynamics of aqueous humor
circulation, investigators have developed mathematical approaches. Using the relationship
between the four parameters of aqueous humor dynamics, it also led to a development of
methods of assessing aqueous humor outflow in in vivo settings. Grant developed a method of
measuring the facility of aqueous humor outflow using a tonometer (Grant, 1950), and Goldman
described methods for measuring three of its parameters; intraocular pressure, aqueous humor
formation, and episcleral venous pressure (Goldman, 1951). The steady state equations used in
such methods contained four parameters, and fourth could be calculated when the rest of the
parameters could be determined via direct measurement. Although clinical methods were
available for measuring all four parameters, the validity and accuracy of episcleral venous
pressure has always been an issue. The Goldmann’s equation does not always balance exactly
when the four parameters were measured. Such inconsistence can be attributed to measurement

errors or other sources that was later added to the Goldman’s equation:
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Table 2. Uveoscleral flow in different species determined with labeled tracers
(Alm and Nilsson, 2009)

Species Fu (ul/min) % of By Reference
Cynomolgus monkey 0.96 55 Bill (1971)
Vervet monkey 0.65 38 Bill (1971)
Cat 0.36 3 Bill (1966¢)
Rabbit (albino) 0.11-0.26 3-8 Bill (1966d ),

Poyer et al. (1992)
Dog (beagle) n.d. 15 Barrie et al. (1985)

n.d., not determined.

Fu: Uveoscleral outflow
Fin: Aqueous outflow

17



F=(Pi—Pg)xC+U

Where F: aqueous outflow, Pi: IOP, P.: episcleral venous pressure, C: facility of

trabecular meshwork outflow, U: uveoscleral outflow.
Unfortunately, it is not clear whether the expanded equation is valid, as no method for measuring
either uveoscleral outflow has been developed for the human eye. Current understanding of the
quantitative aspects of uveoscleral flow in humans is derived from animal experiments and from
mathematical calculations of the modified Goldmann equation. In animal experiments,
uveoscleral outflow is measured by injecting a labeled molecule into the anterior chamber, and
by measuring the levels of the labeled molecule in the ocular tissues of the uveoscleral pathway
which includes the ciliary body, iris, choroid, and sclera. VVarious macromolecules have been

used as tracers, including radioactive iodine labeled bovine serum albumin and fluorescein.

1.6 Background on the Lymphatic System

The lymphatic system is a distinctive circulatory system composed of lymphatic vessels,
lymph, and lymph nodes. The small initial vessels coalesce into larger collecting ducts and
ultimately empty into the blood vasculature via the thoracic lymph duct. It is a critical
component of the plasma - tissue fluid - lymph circulation, and is also critical to immune
surveillance. It is distinctive to the blood vasculature in that the basement membrane is
discontinuous, has open endothelial junctions, anchoring filaments, and intrinsic contractility.
Lymph is a ultrafiltrate of plasma and is formed during the uptake of interstitial fluid and solutes
at the absorbing end of the system, at the initial vessels. The initial lymphatics are composed of
overlapping endothelial cells, which may be attached to the interstitium by anchoring filaments.

The gap between the endothelial cells allow for the movement of water, protein and solutes. The
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initial vessels coalesce into larger collecting ducts. The collecting ducts can be described as
being pre- and post- nodal ducts, depending on whether they lead into or away from a lymph
node. The vessels can be further broken down into functional units, called lymphangions,
arranged in series. Valves are located along the system to prevent backflow. The collecting
ducts eventually empty into the vascular system at the junction of the left subclavian vein and the
internal jugular vein via the thoracic duct. Along with its well-known role in immune functioning,
the lymphatic system is also critical in maintaining fluid and protein homeostasis.

In addition to studies of lymph formation, composition and flow using lymphatic cannulation
techniques, recent development in highly specific lymphatic markers such as vascular endothelial
growth factor receptor 3 (VEGFR3), prospero homeobox protein 1 (prox1), podoplanin, and
lymphatic endothelial hyaluronan receptor-1 (lymphatic vessel endothelium-1) (LYVE-1) has

made possible for further advances in the field.

1.7 Analogy of aqueous humor drainage to cerebrospinal fluid
drainage in relation to the lymphatic system

It has been assumed by many that the aqueous humor is cleared directly into the local
venous system. Surprisingly, this is highly reminiscent of similar entrenched views in the field of
cerebrospinal fluid (CSF) drainage. There are many analogies between the clearance of fluid
from the anterior chamber of the eye and the drainage of cerebrospinal fluid (CSF). In the latter
case, despite a literature that ‘enshrined’ the cranial venous hypothesis for CSF uptake, recent
data indicates that the lymphatic system has a major role in CSF absorption.

Lymphatic vessels have a well-established role in the drainage of extracellular fluid and
solutes. However, two organs in which this circulatory system was believed to have no role in

interstitial clearance were the brain and the eye. It is now clear however, that the lymphatic

19



system has a major role in CSF absorption (Mollanji et al., 2001; Johnston et al., 2004;
Papaicononou et al., 2004; Johnston et al., 2005). In the brain, CSF is produced by the choroid
plexus and circulates from the ventricles to the subarachnoid space. In the eye, the ciliary
epithelium is somewhat analogous to the choroid plexus and the anterior chamber is a serous
cavity not unlike the intracerebral ventricular system. A role for the lymphatic circulation in CSF
absorption was ignored until recently when Johnston developed quantitative methods to estimate
this parameter (Boulton et al., 1997, 1998; Mollanji et al., 2001). The data demonstrated
unequivocally, that the lymphatics were important in CSF absorption from the subarachnoid
compartment. The data casts some doubt as to the role of the arachnoid granulations and villi in
the process (Papaiconomou et al., 2002; Zakharov et al., 2004).

In the case of the eye, the data is less clear in part, because there have been no systematic
attempts to test whether the lymphatics have a role in extracellular fluid clearance. Nonetheless,
the published literature is consistent with the view that lymphatic vessels have some role in the
drainage of extracellular fluid, at least from select portions of the eye and peri-ocular tissues. The
injection of Evans blue dye or Microfil into the palpebral conjunctiva of Koalas revealed
draining lymphatic vessels that lead to a variety of lymph nodes including the mandibular nodes
and nodes adjacent to the parotid gland (Kempster et al., 2002). Similarly, in rabbits, **mTc-
micro-colloid was found in the mandibular and deep cervical lymph nodes after injection into the
subconjunctival space (Gruntzig et al., 1978a). In addition, there is evidence for lymphatic
drainage of radioactive tracers from the vascularized cornea (Collin, 1970), from the retrobulbar
space (Gruntzig et al., 1977) and from the vitreous humor (Gruntzig et al., 1978b) leading to

tracer accumulation in the cervical nodes.
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Along these lines, the methods developed to assess CSF transport may be helpful in
assessing the importance of the lymphatic circulation in the clearance of fluid from the anterior

chamber of the eye.

1.8 Evidence for aqueous humor drainage into the lymphatic system

The literature contains some largely qualitative evidence supporting a lymphatic function
in aqueous humor drainage suggesting a link between the eye and the lymphatic system.
Fluorescein labeled dextran was injected into the anterior chamber of rabbits were found to enter
the aqueous plexus and were observed in vessels leading away from this structure (Cole and
Monro, 1976). However, the authors made no comment on the nature of the vessels assuming
probably that they were of venous origin. This may not be the case. The strongest evidence for a
link between the anterior chamber and the cervical lymphatic system comes from studies in
which a tracer is introduced into the aqueous humor and its recovery in the lymphoid tissues is
monitored. In this regard, Gruntzig and colleagues observed that various radioactive substances
introduced into the aqueous humor could be found in the superficial cervical lymph nodes
(Gruntzig et al., 1977, 1979). Since radioactivity was also noted in the retrobulbar space in these
experiments, the authors speculated that some form of anatomical link existed between the
anterior chamber and the retrobulbar tissues. It should be noted however, that there is some
contradictory evidence. In rabbits and cats, no radioactivity was observed in the cervical lymph
within 6 hours after injection of radioactive albumin into the aqueous humor (Bradbury and Cole,
1980). In addition, the expression of 5’ nucleotidase (a putative lymphatic endothelial marker)

was not observed in any part of the aqueous outflow pathway (Krohn and Rodahl, 2002)
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1.9 Evidence for the presence of lymphatic channels in the eye

Recent emergence of specific lymphatic endothelial markers have led to studies that directly
challenge the assumption that no lymphatic vessels exist in the eye. These specific markers
include podoplanin, a transmembrane mucin-type glycoprotein, specifically detected with D2-40
antibody (Kahn and Marks, 2002) and lymphatic endothelial hyaluronan receptor-1 (LYVE-1).
D2-40 is a novel monoclonal antibody that reacts with a fixation-resistant epitope specific for
lymphatic endothelium. It is able to selectively mark lymphatic endothelial cells in normal
tissues and various tumour types. LYVE-1 is a hyaluronan receptor expressed on lymphatic
endothelial cells (Banerji et al., 1999). Several experiments have been conducted using these
novel markers to identify lymphatic vessels in the eye. Yucel and colleagues were able to detect
lymphatic vessels in the ciliary body using D2-40 (Figure 2) in humans, and in the

sheep ciliary body, the results were confirmed with LYVE-1 markers. This strongly suggests that
lymphatics are present in the eye (Ylcel et al., 2009).

Furthermore, when radioactive tracer was injected into the anterior chamber of the eyes
in sheep, radioactivity was measured in the head and neck lymph nodes, suggesting that the
drainage of aqueous humor may occur via lymphatic vessels (Figure 3). Additionally, fluorescent
nanospheres were injected into the anterior chamber of sheep and were found to localize in the
lumen of LYVE-1 positive lymphatic channels in the ciliary body. This suggests the roles of

these channels in transporting particles from the anterior chamber (Ycel et al., 2009).
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Figure 2. Visualization of a lymphatic channel in the human ciliary body Human ciliary body
section with double labeling shows a D2-40 positive lymphatic vessel (in green indicated with
arrow) with a central lumen that is distinct from a collagen IV- positive blood vessel (in red
indicated with asterisk. Calibration bars indicate 10nm. (Yucel et al., 2009)
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Figure 3. Radioactive tracer recovered in the head and neck lymph nodes after injection of
tracer into the anterior chamber of the eye in sheep The histogram shows radioactivity
counts in regional lymph nodes compared to the reference popliteal site, 4 hours post
intracameral tracer injection. There were significant differences in radioactivity counts in
submandibular, retropharyngeal, preauricular and cervical nodes compared to popliteal site
by one-way repeated ANOVA measures followed by single degree of freedom contrasts for
each site (P < 0.05) (Yucel et al., 2009)
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1.10 Background on using a sheep model

A sheep model is the focus of the experiments laid out in this study. The commonly used
rodent models in biomedical research are challenging due to their small size. On the other hand,
sheep offer significant advantages to this study because of a well-developed lymphatic system,
with relatively large lymphatic vessels compared to other animal models. This makes it possible
to manipulate and cannulate individual vessels, allowing for studies that involve assessing tracer
recovery in lymph. A sheep model has been used extensively in the CSF drainage study
mentioned earlier, allowing for an adaptations of certain techniques into the current study. In the
current study, techniques of previous tracer studies done in sheep from Johnston’s group were
utilized in conjunction with the injection of tracer into the anterior chamber, which have been
used as early as the 1960s (Bill and Hellsing, 1965). In these experiments, intracamerally
injected tracer recovery was monitored in plasma to estimate the amount of aqueous humor
drainage via the trabecular meshwork-Schlemm’s canal pathway. The quantity of tracer found in
the uveoscleral eye tissue (iris, ciliary body, choroid, sclera) was measured to estimate the
amount of aqueous humor drainage via the uveoscleral pathway. Second, aqueous secretion
physiology (Gerometta et al., 2005) and trabecular meshwork anatomy (Simoens et al., 1996;
Guyomard et al., 2008) are similar in sheep and primates. Finally, a recently developed sheep
model of glaucoma (Gerometta et al., 2009) has already been used for developing and testing

therapeutics (Gerometta et al., 2010).
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1.11 Use of **°I-BSA as a flow marker

The use of albumin and other proteins as a flow marker is well established in the
literature (Flessner et al. 1984; 1985; 1992, Boulton et al., 1997; 1998). Our model assumes that
the tracer concentration is not altered by absorption into the initial lymphatic vessels. There is no
evidence that such an effect occurs (Adair and Guyton, 1985). However, once the tracer is in
lymph, it can be concentrated or diluted on passage through lymph nodes depending on the
balance of hydrostatic and oncotic forces. Nonetheless, the dilution or concentration of the tracer
on passage through the node would not affect our model since the critical issue is the total mass
of tracer (product of flow and concentration), which would be unaffected. Therefore, the
collection of post-nodal lymph will not compromise the flow estimates.

Macrophages can be found in most tissues and there is the possibility that these cells
could ‘digest’” some of the tracer. However, the phagocytosis of injected albumin likely
represents a small loss of the protein over the short duration of our experiment. If any such loss
occurs, it would have the effect of underestimating aqueous humor transport. It is important to
note that all radioactivity measured will be expressed as protein associated counts since the
samples will be TCA precipitated to determine protein-bound and free radioactivity (< 2% pre-

injection).
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1.12 General Hypothesis

Absorption of aqueous humor from the anterior chamber of the eye occurs in part, via
transport into the lymphatic circulatory system. It is predicted that aqueous humor will be
drained by the unconventional pathway directly into a network of lymphatic vessels located
within the globe. If this is the case, radioactive tracer introduced to the anterior chamber should
be found in samples of lymph collected from the cervical lymphatic vessels and possibly the
thoracic duct (Figure 4).

The goal of the current study was to take such findings a step further and quantitatively
assess lymphatic, trabecular and uveoscleral contributions in aqueous humor outflow in sheep.
Tracer methodologies used to quantify lymphatic drainage in non-ocular tissues (Boulton et al.,
1998) and radiolabeled albumin used to study trabecular and uveoscleral drainage (Bill, 1965;

Gabelt and Kaufman, 1989) were used.
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Figure 4. Model of the aqueous humor and the two proposed drainage systems, lymphatic
and non-lymphatic pathways Radioactive albumin is injected into the anterior chamber of
both eyes. The anterior chamber is assumed to be well mixed From the anterior chamber,
there is presumably, some non-lymphatic transfer of the protein into the veins. There is also
drainage to the cervical lymphatics and (possibly) to the thoracic duct. The lymphatics, which
drain the anterior chamber, join with drainage from the cervical tissues to form the cervical
tissue lymph. The cervical lymph flow rate and the concentration of tracer in this lymph can
be measured directly. To ensure that all possible lymphatic drainage is accounted for, it is
assumed that some lymph from the eye transports via other pathways to reach the thoracic
duct. The thoracic duct flow rate and the concentration of tracer in this lymph can be
measured directly.
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2.1 Animals

Sixteen randomly bred sheep (25-35 kg; Hutchison Farms, ON, Canada) were used in
experiments approved by the institutional animal care committee and conforming to guidelines
set by the Canadian Council on Animal Care and the Animals for Research Act of Ontario.

Using a sheep model offers several advantages in this study. As mentioned earlier, the
lymphatic vessels in a sheep are relatively large compared to other animal models, making it
possible to cannulate individual. Also, aqueous secretion physiology (Gerometta et al., 2005) and
trabecular meshwork anatomy (Simoens et al., 1996; Guyomard et al., 2008) are similar in sheep
and primates. Finally, a recently developed sheep model of glaucoma (Gerometta et al., 2009)

has already been used for developing and testing therapeutics (Gerometta et al., 2010).

2.2 Surgery

Sheep were anesthetized by induction with 20mL thiopental sodium (Hospira Healthcare
Corp., Vaughan, ON, Canada) administered intravenously; deep general anesthesia was
maintained under isoflurane (Abbott Laboratories, Montreal, QC, Canada). A heating pad was
placed under the belly of anesthetized animals, and percentage HbO, and heart rate continuously
monitored using a pulse oximeter (Benson Medical Instruments, Minneapolis, MN). Catheter
placement was performed with animals in a dorsal recumbent position (Figure 5). Cervical
lymphatic vessels and the thoracic lymphatic duct, at its junction with the venous system, were
cannulated using 1.5- and 1.7-mm clear vinyl tubes (Dural Plastics Eng. Pty Ltd., Dural, NSW,
Australia), respectively, as previously described (Boulton, et al., 1998). Lymph was collected

into 16 x 100 mm polystyrene tubes (Diamed Lab Supplies Inc., ON, Canada) containing about
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Figure 5. Surgical preparation in dorsal recumbency position. When the surgical procedures
were complete, the sheep was placed in the sternal recumbency position and the head was
placed in a headstand with its chin resting on a bar. **I-BSA was injected directly into the
anterior chamber.
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15 U/mL heparin (Pharmaceutical Partners of Canada Inc, ON, Canada) to prevent coagulation;
outflow ends of all lymphatic catheters were positioned approximately level with the sheep's
olecranon and left atrium. Lymph samples were checked for blood contamination; contaminated
samples were excluded. In control experiments, right pre-scapular lymphatic vessels were
cannulated and lymph collected to calculate re-filtration from plasma to lymph. In eight sheep
(ID numbers 1, 2, 3, 4, 6, 8, 9, and 10), distinct right and left cervical vessels were visible and
cannulated. In two sheep (ID numbers 5 and 7), distinct right and left cervical vessels could not
be identified, and multiple cervical vessels that were too small to cannulate were ligated with
non-absorbable silk suture (Covidien Syneture, Norwalk, CT) to prevent transport of
intracamerally injected tracer to plasma via this route. For blood sampling, a right jugular vein
line (Argon Medical Devices Inc, Athens, TX) connected to a four-way stop cock (Smiths
Medical ASD Inc, Dublin, OH) was inserted into the right jugular vein. To replenish fluids lost
from sampling and salivation, an intravenous line was placed in a cephalic vein for infusion of
5% dextrose saline infusion (10 mL/kg/hour). The methodology is shown in Figure 6, and Figure
5 is a diagram of the experimental set up. Table 3 describes which vessels were cannulated in the

12 animals in which the surgical procedure was carried out.
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Table 3. Indication of cannulated vessels for each experimental set up

1* [ 2% | 3% | 4% | 5% | 6% [ 7% | 8* [ 9* | 10* | 11T | 127
Cervical Vessel —Right | «/ g | f | - - v v | V| | v
Cervical Vessel — Left = | | o | | = | o | = - |\ S| | | S
Thoracic Duct VAN VAR AN VAN VAN VAN BV AN I A B A e B 4
Pre-scapular Vessel = = = = - - - - oS v = =
Jugular Vein |\ | |||\ | ||| &
Eve Tissue v | V| V| S S
Lymph Node - - = = = - VA AN Y A I AN B A B 4

* denotes intracameral injection of I-125 BSA

T denotes application of I-125 BSA on the conjunctival surface
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Isolation of the

Thoracic Duct
Cervical Lymph Collection \\'/
(Right and Left) D, 4 : .

Thoracic Lymph Collection

Dissection of Eye Tissue

Uveoscleral Tissue Other Ocular Tissue Periocular Tissue
Iris, Ciliary Body, Cornea, Lens, Conjunctiva,Optic Nerve,
Choroid, Sclera Vitreous, Retina Orbital Tissue

Figure 6. Schematic of the Experimental Methods The right and left cervical vessels, and the
thoracic lymphatic duct was cannulated and lymph was collected in 15-minute intervals (a
new sample collection started every 15 minutes). A catheter was inserted into the right
jugular vein and blood samples were taken every 15 minutes. At the end of the experiment
(3hr, n=8; 5hr, n=2), the eye and the orbit was removed and dissected and grouped into
specific groups as indicated in the figure. Radioactivity was measured in all the collected
samples using a gamma counter.
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2.3 1OP measurements

With animals in the sternal recumbent position, IOP was measured with a tonometer
(TonoPen XL, Colonial Medical Supply, Franconia, NH) before intracameral injection and 3
hours after injection — at the end of the experiment. Average IOP values were determined from
four measurements (Passaglia et al., 2004). Paired t-test was performed to compare IOP before

injection with 10P at the end of the experiment.

2.4 Collection of **I-BSA in lymph and plasma samples

With lymphatic and intravenous (V) catheters in place, sheep were placed in a sternal
recumbent position — with their head on a head stand and chin resting on the bar. The anterior
chamber of each eye was then injected with 25 pL *?I-labelled bovine serum albumin (BSA)
(13.95 pg in 25 pL saline) (Perkin-Elmer, Massachusetts, United States), using a 250 pL

Hamilton syringe (Hamilton Company, Reno, NV) and a 30

gauge BD needle (Becton
Dickinson, Oakville, Ontario, Canada). When the injection was complete, the needle was
removed and a cotton swab gently held at the site of injection for 2 to 3 minutes.

Lymph from cervical vessels and the thoracic duct was collected continuously at 15-
minute intervals for 3 (n=8) and 5 (n=2) hours, respectively. For cases where lymph was
collected from both right and left cervical lymph vessels (ID numbers 2, 3, 4, 9, and 10),
measurements of the two samples were pooled, since there was no significant difference in
radioactivity in right and left cervical lymphatics. In some cases, only one of the cervical vessels
could be accessed for lymph collection — due to technical problems (ID number 5, 7 and 8), clot

formation in the collecting tube (ID number 1 and 6) or the small size of the cervical lymphatics

(ID number 5 and 7). Two additional animals were used to determine protein concentration in
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prescapular lymph.

To monitor plasma tracer levels, serial blood samples were taken every 15 minutes for 3
(n=8) and 5 hours (n=2). At each time point, two consecutive 3 mL samples were drawn. The
first sample was put back in the jugular vein, followed by 3 mL of heparin/4% dextrose saline
(Hospira, Montreal, QC, Canada) to prevent blood clot formation in the tube. The second blood
sample was placed in a plastic test tube with heparin (15 U/mL), centrifuged at 2400 rpm for 15
minutes at room temperature, yielding an upper plasma layer, lower red blood cell layer and a
thin white blood cell interface. One mL of upper plasma layer was pipetted into a separate tube

for radioactivity measurement.

2.5 Post-mortem harvesting of ocular and periocular tissues

Three (ID numbers1-8) and 5 hours (ID numbers 9 and 10) after intracameral tracer
injection, sheep were euthanized by IV injection of sodium pentothal (Euthanyl, Bimeda-MTC
Animal Health Inc., Cambridge, ON, Canada), aqueous humor collected using a 30-gauge
needle, and right and left periocular orbital tissue with eyes exenterated. Eyes were then
dissected into uvea (ie, iris, ciliary body and choroid) and sclera — as well as other ocular
(cornea, retina, vitreous body) and periocular (conjunctiva, orbital tissue and optic nerve) tissues,
and radioactivity measured. Uveoscleral drainage was calculated as the quantity of tracer

retained in the uvea and sclera during the specified time interval (Toris, 2008).
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2.6 %®1-BSA measurements

Radioactivity in plasma, lymph, ocular tissue, and lymph node samples was measured
using a gamma counter (Compu-gamma, LKB Wallac, Turku, Finland), with appropriate
window settings and background subtraction. To ensure that most of the measured radioactivity
in any sample was protein-bound, a second set of aliquots was assayed after precipitation with
10% trichloroacetic acid; free or non-protein-bound **I amounted to <15% of the total

radioactivity.

2.6.1 Lymph *I-BSA measurements and correction for
re-filtration (Figure 7)

When *°I-BSA is injected into the anterior chamber, a portion of this will be carried to
the systemic circulation, and this will re-circulate to the tissues, which will return to lymph. Thus
the tracer recovered in lymph would have not originated solely from the anterior chamber. To
assess the extent of blood to lymph transfer of radioactivity, the pre-scapular efferent lymph
sample was used as a control. Because the pre-scapular lymphatics do not drain fluid and protein
from the head and neck region, all of the radioactivity observed in this sample would have
originated from re-circulation of tracer that had initially entered the plasma. The radioactive
tracer levels found in the pre-scapular lymph can be used to measure the degree of
overestimation of tracer recovery values in the cervical vessel lymph determined from the initial
experiments (Figure 7). In these sheep, the pre-scapular lymphatic vessel and the right and left
cervical lymph vessels were cannulated. The recovered radioactivity from the pre-scapular
lymph was used as the re-filtration value to make corrections to the recovered radioactivity from

the cervical and thoracic lymph values. We devised a mathematical method based on protein
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Figure 7. Engineer’s model of the aqueous humor including the prescapular lymph The figure
shows the two proposed drainage systems, the systemic circulation and the lymphatic
circulation. The pre-scapular lymph is used to determine the amount of re-filtration from
blood to lymph (Section 2.6.1) Because the pre-scapular lymphatics do not drain fluid and
protein from the head and neck region, all of the radioactivity observed in this sample would
have originated from re-circulation of tracer that had initially entered the plasma (dotted
line). The radioactive tracer levels found in the pre-scapular lymph can be used to determine
the degree of overestimation in the lymph samples.

39



concentrations in lymph, since the degree of macromolecule restriction of the microvasculature
in the drainage basins of the lymphatics vary depending on their anatomical locations. The
degree of macromolecule restriction of the microvasculature wall, indicated by the osmotic
reflection coefficient, differs between the different tissue compartments. For example, this value
is relatively large for proteins in the liver. As follows, the concentration of proteins found in
lymphatic vessels of the liver is high compared to other body compartments (Figure 8). In order
to be justified in using the pre-scapular lymph as a control value to correct for the level of blood
to lymph transfer of radioactivity, protein levels of the pre-scapular lymph and cervical lymph

were compared.
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Figure 8. The differing degree of macromolecule restriction in lymphatic vessels located
throughout the body. The degree of macromolecule restriction of the microvasculature wall,
indicated by the osmotic reflection coefficient, differs between the different tissue
compartments. For example this value is relatively large for proteins in the liver (a)
compared to other parts of the body such as in the forelimb (b). As follows, the
concentration of proteins found in lymphatic vessels of the liver is high compared to other
body compartments. (Modified from http://www.fgf.uk.com/content/lymphaticsystem)
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First, prior to '*I-BSA injection, total protein concentration in lymph from the
prescapular vessel was determined (25.71 £ 3.74 pg/uL, n=6), using a bicinchoninic acid (BCA)
protein assay kit (Thermo Scientific, IL). Following intracameral injection of 1221_B3A, average
tracer concentration in prescapular lymph was calculated (ID numbers 9 and 10). To estimate the
amount of filtered tracer in prescapular lymph as a function of protein concentration, total
radioactivity measured in lymph (Pre-scapular) was divided by the product of the lymph volume
collected and the average protein concentration. To derive this value, we used the data from the
first 90 minutes post-injection. For lymph from cervical vessels, the total mass of protein over 3
hours was calculated as the product of volume and average protein concentration — or 20.69 +
3.07 pg/pL (n=8) as determined by the BCA assay. Radioactivity in cervical lymph due to re-
filtration from plasma was determined as the product of the prescapular com/mg value and the
mass of tracer. This value was then subtracted from the actual measured radioactivity in cervical
lymph (volume X radioactivity/ml) to give an estimate of tracer entry into the cervical vessels
directly from the eye.

For lymph from thoracic duct, the total mass of protein over 3 hours was calculated as the
product of volume and average protein concentration — or 40.17 %= 7.22 pg/pL; (n=8).
Radioactivity in thoracic duct lymph due to re-filtration from plasma was estimated as the
product of the prescapular com/mg value and the mass of tracer as calculated above. This value
was then subtracted from the actual measured radioactivity in thoracic duct lymph (volume X
radioactivity/ml) to give an estimate of tracer entry into thoracic duct directly from the eye.

Based on these parameters, radioactivity per mg protein was estimated for prescapular
lymph and the mass of filtered tracer was subtracted from the measurement of lymph from
vessels of interest. Figure 9 shows an example of the calculations explained above using

numerical values.
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Pre-scapular Lymph:
Total tracer collected:
Total volume collected:
Protein concentration:
Total amount of protein (BSA):

Concentration of re-filtered tracer:

Thoracic Duct Lymph:
Total volume collected:
Protein concentration:
Total amount of protein (BSA):

Amount of tracer from re-filtration:

3739 cpm

3.2444mL

25.712 pg/uL

3.2444mL * 25.712 pug/uL

3739 cpm / (3.2444mL * 25.712 pg/uL)
=3.62 cpm/mg

339.36mL

40.172 pg/uL

339.36mL * 40.172 pg/ul

3.62 cpm/mg * (339.36mL * 40.172 pg/ul)
=594690.91cpm

Experimentally determined amount of tracer recovery: 805092 cpm

Corrected amount of tracer recovery:

805092 cpm -594690.91 cpm

=210401.1 cpm

Figure 9. Example of the calculations for re-filtration correction using numerical values

(Section 2.6.1)
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2.6.2 Plasma ®1-BSA measurements and correction for
re-filtration (Figure 7)

The total quantity of tracer in plasma was used to estimate trabecular drainage, which is
known to drain to the general circulation (Gabelt and Kaufman 1989). Radioactivity for each
plasma sample collected every 15 minute was tabulated and the data corrected for re-filtration of
tracer from the plasma to various tissue components using the average rate of albumin
elimination from plasma of 6.5% per hour (Boulton et al., 1997; Boulton, Armstrong et al., 1998;
Boulton, Flessner et al., 1998; Boulanger et al., 1999). Thus, 6.5% of the plasma radioactivity
was added back to the radioactivity recovered in plasma for each hour of the experiment. Plots of
12|_.BSA concentration of the ten sheep over time showed that measurements increased rapidly
before starting to plateau about 30 minutes after injection. The '*°I-BSA concentration at the
plateau for each sheep was estimated by fitting a line to the data and determining the value 180
minutes after tracer injection. To estimate the plateau value, each measurement after 15 minutes
post-injection was converted to natural log. Analysis of variance was performed using PROC
GLM in SAS (SAS Institute, NC), and a model (measurement = subject + (subject * (time -
180)). By using the “no intercept” option in PROC GLM and subtracting 180 from time, the
parameters estimated the log of concentration at time = 180 for each subject; 95% confidence
limits (95% CL) around plateau values were calculated, and plateau values back-converted to the
original scale.

The plasma volume (ml) calculation, the product of 21.77 and the animal’s weight (kg) +
649.68, is based on previously published plasma volumes derived from 41 sheep against their
weights (Boulton et al., 1997; Boulton, Armstrong et al., 1998; Boulton, Flessner et al., 1998;

Boulanger et al., 1999). The total quantity of tracer in plasma was calculated by multiplying the
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plateau value of plasma concentration at 180 minutes after injection with plasma volume, as
calculated above.

Lymphatic, trabecular and uveoscleral drainage were calculated as percentage of tracer in
lymph, plasma and uveoscleral tissue of total drainage, respectively. Percentage of tracer in other
ocular tissue and percentage of tracer in periocular tissues of total drainage were also calculated.
Total drainage was considered as the sum of tracer recovered from lymph, plasma, uveoscleral
tissues, and other ocular and periocular tissues.

To study the time course of lymphatic drainage and plasma (trabecular) drainage, we
calculated radioactive tracer levels over 180 minutes following intracameral injection of **I-
BSA. Lymphatic drainage at various time points was estimated as percentage of the total amount
radioactivity (cpm) in lymph -cervical lymphatics and thoracic duct- over the 180 minutes.

Plasma (trabecular) drainage at various time points was estimated as percentage of the total

amount radioactivity (cpm) in plasma over the 180 minutes.
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2.7 Impact of tracer drainage from conjunctiva-lacrimal ductal
pathway

The punctum lacrimales lead to the lacrimal sac and the nasolacrimal duct, and then into
the highly vascular nasal mucosa. This is the primary pathway for the systemic absorption of
topical eye medications. Because some leakage occurred during intracameral injections, control
experiments were conducted to verify that this route was not contributing to tracer recovery in
the plasma or lymph. Thus, it was important to determine whether tracer leaked during or after
intracameral injection and drained via the conjunctiva-lacrimal ductal pathway into the plasma
and lymph.

To test this, **1-BSA was applied topically to the conjunctiva in two sheep (the same
mass as injected into aqueous humor), and then lymph and blood samples were collected and

measured as described above.
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3.1 Intraocular pressure and Aqueous Humor volume

Average IOP values before and 3 hours after injection were not significantly different
(right eye, 10.75 + 4.19 mmHg vs. 11.00 £ 4.83 mmHg (p > 0.05); left eye: 10.50 + 3.70 mmHg
vs. 10.00 £ 3.46 mmHg (p > 0.05); mean = SD) (n=4, ID numbers 3, 6, 7 and 8). The IOP values
obtained are consistent with the values obtained in healthy sheep by other groups, which were

found to be 10.6 + 1.4 mmHg (Gerometta et al., 2009; 2010).

When the eye was enucleated at the end of the experiment, the aqueous humor volume
was withdrawn using a micro-syringe. The aqueous humor volume was determined to be 527 +

148 uL.
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3.2 Quantitative studies of the recovery of *I-BSA in plasma
(Conventional outflow)

Following injection of the tracer into both eyes, we observed a rapid increase in
radioactivity in blood. Generally, blood tracer levels increased steadily after injection until 60-75
minutes, at which point a plateau in the radioactivity versus time plot was observed. This pattern
of recovery over time is illustrated in Figure 10 (one representative experiment). The tracer
recovery levels over time can also be expressed as a percentage of the total tracer recovery in
each compartment (blood and lymph) to demonstrate the pattern of tracer recovery (Figure 11).

The relative distribution of tracer recovery in the individual components was
demonstrated by creating a ‘balance sheet’ of tracer using the amount of '?°I-BSA in the eye,
blood and lymph samples added together to give 100%. At the 3 hour end point, the relative level
of tracer recovered in plasma was 64.7%. This can be thought of as having been drained via the
conventional outflow pathway. Figure 12 shows the recovery of total tracer over time in both the

lymph and plasma compartments.
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Figure 10. Representative example of the change in the concentration of radioactivity over 3
hours post 1'*>-BSA Injection into the anterior chamber The top line shows the change in
tracer concentration over time in plasma, with the 3 lower line in lymph. The concentration
increases rapidly in plasma within the first 75 minutes and then plateaus. On the other hand,
the concentration increases slowly in the lymph compartments and continues to rise at 3
hours. (ID#: 4)
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Figure 11. Time course recovery of tracer recovery expressed as a percentage of total recovery
in Lymph and Plasma. Time course of lymphatic and plasma (trabecular) drainage assessed
by monitoring radioactive tracer levels over 180 minutes following intracameral injection of
125|_.BSA. Lymphatic drainage at various time points was estimated as percentage of the total
amount radioactivity (cpm) in lymph -cervical lymphatics and thoracic duct- over the 180
minutes. Plasma (trabecular) drainage at various time points was estimated as percentage of
the total amount radioactivity (cpm) in plasma sample from the right jugular vein- over the
180 minutes. While lymphatic drainage (A) increased steadily over the time period,
trabecular drainage (B) increased rapidly — plateauing at 30 minutes. The numbers on the
right correspond to animal 1D numbers.

53



14x10° - 16 x10°
[ s Right Cervical Lymph

mm Left Cervical Lymph

{ 6
12x0° - | mm== Thoracic Duct Lymph | 14 x10
| — Total Lymph
| e Plasma
4 b 12 x10° s
§. 10 x10° §
-l s
£ -
£ -—
2 L 10 x10° g
Z- ~—
3 8x10° ‘E
¥ g
3 B S
5 I 8 x10 -g
o
6x10°
b 6 x10°
ax10®
L a x10®
S I |
2x10 |
s I L 2 x10°
0 — . | . . §o— I | — . ' ' v v v v + 0
0 15 30 45 60 75 90 105 120 135 150 165 180
Time (min)

Figure 12. Representative example of the time course recovery of radioactivity (n=1) The
figure shows the total tracer recovery over time in plasma and lymph. The line shows tracer
recovery in plasma. The total amount of tracer recovered stays at a constant level after the
75-minute time point. The total amount of tracer recovery in lymph increases at a much
slower rate compared to plasma (note: different scale bars for plasma and lymph). As seen
earlier with the concentration graph, the level of tracer recovery continues to increase past
the 3-hour time point in lymph. (ID#: 4)
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3.3 Quantitative studies of the recovery of '*°I-BSA in the
uveoscleral eye tissue (Uveoscleral outflow)

The relative distribution of tracer recovery in the individual components was
demonstrated by creating a ‘balance sheet’ of tracer using the amount of 12°|_BSA in the eye,
blood and lymph samples added together to give 100%. At the 3-hour end point, there was a total
of 26.7% found in enucleated eyes (right and left combined), and when the eye tissue was
dissected into each of its compartments, 67.8% of this value (18.1% of the total) was found in the
uveoscleral tissue (iris, ciliary body, choroid, sclera). The amount of tracer found in the
uveoscleral tissue can be thought of as having been drained via the uveoscleral outflow pathway,

which is how uveoscleral outflow is commonly measured.
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3.4 Quantitative studies of the recovery of **1-BSA in lymph
(‘Uveo-lymphatic’ outflow)

The current study adds a new dimension to measuring aqueous humor outflow, by also
measuring tracer recovery in lymph. Based on previous experiments by Yucel et al (2009), the
tracer found in lymph can be thought of as being drained via the lymphatic vessels in the ciliary
body. It can be thought as being continuous to the uveoscleral outflow pathway, and thereby
termed the ‘uveo-lymphatic outflow’.

Both the cervical lymphatics and the thoracic duct flowed continuously for the duration
of the 3- hour, and 5- hour experiments, except in 2 sheep where a clot formed inside the
collecting tube of the cervical lymphatic vessel stopping lymph flow. In 4 animals, we were only
able to cannulated one of the cervical ducts due to technical issues. In the cases where both the
right and left cervical lymph vessels were cannulated successfully (n=5), we observed that there
were no significant differences between the radioactivity measured in the two vessels. In most
animals, other cervical ducts were identified. However these were generally too small for
cannulation. Based on previous experience from Johnston’s group, these vessels either empty
into the venous system independently, or occasionally join with the thoracic duct at a point
upstream of the point of cannulation.

The average flow rates were 3.94 mL/hr, 3.56 mL/hr, and 126 mL/hr for the right cervical
lymph, left cervical lymph and the thoracic duct, respectively. In the animals where the
prescapular vessels were cannulated, the flow rate was shown to be 1.31 £ 0.12 mL/hr.

In contrast to the rapid increase in tracer levels seen in blood, the level of tracer in the
cervical and thoracic duct lymph increased slowly and the concentrations of **°I-BSA in these
vessels were considerably lower than those recorded in blood. An example from one

representative experiment is illustrated in Figure 8. The tracer recovery levels over time can also
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be expressed as a percentage of the total tracer recovery in each compartment (blood and lymph)
to demonstrate the pattern of tracer recovery (Figure 11).

The relative distribution of tracer recovery in the individual components was
demonstrated by creating a ‘balance sheet’ of tracer using the amount of '*I-BSA in the eye,
blood and lymph samples added together to give 100%. At the 3-hour end point, the relative
level of tracer recovered in lymph was 0.23% for the cervical lymph, 8.35% for the thoracic duct
lymph. Figure 12 shows the recovery of total tracer over time in both the lymph and plasma
compartments

It is interesting to note that the level of tracer recovery in lymph continues to increase at
the 3 hour point, which may indicate that the portion of radioactivity recovered in the lymph
compartments will be greater if the tracer levels were monitored for a longer period of time. The
tracer levels were still high in the uveoscleral eye tissues (iris, ciliary body, choroid, sclera) at
the end of 3 hours. It is possible that over time, more of the injected tracer would leave the
ciliary body and enter the lymphatic system. The tracer recovery distribution for the 5-hour
experiments (n=2) is seen in figure 17 (corrected for re-filtration, compare to figure 16 at 3

hours).
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3.5 Quantitative studies of the recovery of **’I-BSA in lymph nodes

Figure 13 illustrates the cpm/gm of radioactivity in the excised lymph nodes. As
predicted, the cervical nodes had significantly greater radioactivity than the others (p<0.05) as
these are positioned on the lymphatic outflow pathway that received aqueous humor. We can get
an idea of the amount of radioactivity present in the vasculature of the nodes from the counts in
the nodes not located on the aqueous humor outflow pathway. In any event, even the tracer
recoveries in the cervical nodes (n=4) were very low (0.025 = 0.012% of total recovery) and

were not included in the analysis of tracer distribution.

58



25000 - -

20000

15000

10000

Radioactive Tracer Recovery (cpm/g)

Figure 13. Radioactive tracer recovery in various lymph nodes (n=5). Data from the right and
left nodes were pooled in generating the graph. The level of tracer recovery was the highest
in the cervical lymph nodes, and lowest in the pre-femoral and popliteal lymph nodes. There
were significant differences in radioactivity counts in the preauricular/parotid,
submandibular, retropharyngeal, prescapular, prefemoral, and popliteal lymph nodes
compared to the cervical lymph nodes site. One-way repeated ANOVA measures followed
by single degree of freedom contrasts were used for each comparison (P < 0.05)
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3.6 Impact of tracer drainage from conjunctiva-lacrimal ductal
pathway

We were concerned initially that any tracer leaking out of the eye would enter the
nasolacrimal duct and gain access to the highly vascular nasal mucosa. However, over three
hours following topical **I-BSA application to the conjunctiva, 0% and 0.06% of total recovered
tracer was detected in the lymph, and 8.70% and 3.82% in plasma. Based on these control
experiments, we concluded that any tracer leakage onto the conjunctival surface during or after
intracameral injection did not contribute significantly to tracer accumulation in lymph and

plasma (Figure 14).
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Figure 14. Distribution of Tracer Recovery in the Various Compartments with a Topical
Application of Tracer (n=2, 3 hours) Minimal amount of tracer was found in the plasma and
lymph compartment compared to the main experiments with intracameral injection of tracer
(Compare to Figure 13).
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3.7 Adjustments of tracer recoveries in lymph and plasma due to
re-filtration

To adjust tracer recoveries in lymph for °I-BSA that likely entered the lymph samples
from plasma rather than directly from the eye, we measured the aloumin concentrations in each
lymph compartment. These were 25.7 + 3.74 ug/uL for the pre-scapular lymph (n=6), 40.2 +
7.22 pg/uL for thoracic duct lymph (n=8), and 20.7 + 3.07 pg/uL for cervical lymph (n=8). As
noted earlier, we assumed that the recovery of tracer in prescapular lymph was due entirely to re-
filtration of the tracer from the plasma and calculated the theoretical correction factor for cervical
and thoracic duct lymph using the relative proportion of protein in each lymph compartment. As
expressed as a percentage of the total tracer recovered (eye plus blood plus lymph), lymph
recoveries adjusted for plasma-filtered tracer declined while those in the plasma increased. The
cervical values decreased to 48% of the raw counts (from 0.24% to 0.11%) and the thoracic duck
lymph decreased to 23% of the raw counts (8.35% to 1.91%). As noted earlier, using the rate of
albumin elimination from plasma at 6.5%/hr, the plasma value increased to 108% (64.7% to
70.2%) of its original measurements. Table 4 shows the corrected values for the distribution of
tracer in each of the compartments assessed. The distribution of tracer recovery using the
corrected values is shown in figure 16 using a pie graph. This can be compared to figure 15,

which shows the distribution of tracer recovery before the corrections are made.
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Table 4. Distribution of Radioactive Tracer in the Compartments Assessed (n=10)

Lymph: Uveoscleral Tissue: Periocular Tissue:

. . Iris, Ciliary Body, Conjunctiva, Orbit,
Cervical |Thoracic| Total ~ Choroid, Sclera | \/licels ieil | OpticNerve
1 0.02 0.50 0.52 16.3 3.19 3.27 76.7
2 0.17 2.02 2.19 18.2 12.1 5.76 61.8
3 0.08 1.42 1.50 11.1 1.84 1.93 83.7
4 0.06 1.28 1.34 16.9 2.06 2.44 77.3
5 N/A 0.87 0.87 18.7 3.58 8.18 68.7
3 6 0.07 1.02 1.09 25.9 4.99 7.13 60.9
hs| 7 0.22 2.29 2.51 245 3.82 6.04 63.2
8 0.22 2.92 3.14 275 2.84 7.84 58.7
L‘é"fr 005 | 0.86 | 0.90 15.2 1.54 3.26 61.1
Mean| 0.12 1.54 1.64 19.9 4.30 5.32 68.9
ngLer 020 | 222 | 239 24.6 7.07 7.38 76.6
5 9 0.13 *6.28 | *6.40 *14.4 3.44 *2.85 73.0
hrs| 10 0.09 *4.88 |[*4.96 *10.3 1.91 *2.59 *80.3

CL: 95% confidence limits of the measurements at 3 hours.

Mean: Mean of measurements at 3 hours.

* indicates measurements at 5 hours that are significantly different compared to corresponding
95% confidence limits of the measurements at 3 hours.

Lymph nodes were not included in the total tracer recovery value because the amount of tracer
found in all of the lymph nodes harvested was minimal. (< 0.03% of total recovery)
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Figure 15. Distribution of tracer recovery before re-filtration corrections (n=8, 3 hours) The
pie graph shows the mean distribution of tracer recovery before any corrections have been
made. When '?°I-BSA is injected into the anterior chamber, a portion of this will be carried to
the systemic circulation, and this will re-circulate into the tissues, which will return to lymph.
Thus the tracer recovery in lymph may overestimate recovery. Also this would underestimate
plasma tracer recovery.
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Figure 16. Distribution of Tracer Recovery after re-filtration corrections (n=8, 3 hours) The
pie graph shows the mean distribution of tracer recovery after re-filtration error has been
accounted for. When compared to Figure 15 (pre-correction), tracer recovery in lymph has
been decreased from 8% to 2%, and recovery in plasma has increased from 65% to 69%.
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Figure 17. Distribution of Tracer Recovery after re-filtration corrections (n=2, 5 hours) The
pie graph above shows the mean distribution of tracer recovery at the end of 5 hours, after
re-filtration errors have been corrected for. It is important to note the change in proportion
of the lymph and uveoscleral tissue compartment when compared to Figure 16, showing
the distribution at 3 hours. Tracer recovery in lymph has increased from 2% to 6%, while
recovery in lymph decreased from 20% to 12%. The data supports the hypothesis that
tracer from the anterior chamber is entering the lymphatic system via the lymphatic vessels
located within the ciliary body interstitium.
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4.1 Summary of Conclusions

The present study provides, for the first time in any species, a quantitative demonstration
of the contribution of the lymphatic system to aqueous humor drainage. The study also has merit
in that it is the first time aqueous humor drainage via the uveoscleral outflow pathway was
studied in sheep. The findings indicate that lymphatic drainage from the eye does occur and that

it can be measured continuously in sheep.

4.2 Drainage of aqueous humor into the lymphatic system

Accumulated evidence has suggested a link between the eye and the lymphatic
circulatory system for some time (Gruntzig et al., 1977, 1978a, 1978b, 1979). However, the
conventional view was that no lymphatic vessels existed in the eye; a view that can no longer be
supported based on recent data (Yucel et al., 2009). Indeed, it is now clear that lymphatic vessels
exist in the ciliary body of the human eye and that radioactive protein tracers injected into the

aqueous humor in some animals enter the cervical lymphatics in the neck.

Particular attention was focused on the contribution of re-filtration errors in the
determination of aqueous humor drainage into blood and lymph. To account for the re-filtration
errors, averaged values for lymph protein concentrations and coefficients of protein elimination
from plasma were employed, and thus the final values are not exact. Nonetheless, in general
terms, we believe that the values determined provide a reasonable view of agueous humor

drainage into the vascular and lymphatic compartments.

While it seems likely that we have underestimated the lymphatic contribution to aqueous

humor drainage (see section 4.3), it is clear nonetheless that the majority of the volumetric
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clearance occurs directly into the episcleral veins under baseline conditions. This would seem to
be the consensus in the literature. Other investigators have assessed the contributions of
conventional and uveoscleral outflow pathways to total outflow by various methods. These
include indirect methods such as calculating uveoscleral outflow by subtracting conventional
outflow from aqueous flow, and direct methods that involve injecting tracer and calculating the
volume of anterior chamber fluid required to have deposited the measured quantity of tracer
recovered from the uveoscleral ocular tissue. The ratio of trabecular to uveoscleral outflow in
sheep was found to be 69: 22 in our study (3 hours). The current study, being the first to
quantitatively measure aqueous humor outflow in sheep, there are no previously determined
values in the literature. However the 69:22 ratio is comparable to ratios in species such as
Cynomolgus monkeys (Bill, 1971), Vervet monkeys (Bill, 1971), mice (Aihara et al., 2003), and
dogs (Barrie et al., 1985), whose ratios are 45:55, 62:38, 75:25, and 85:15, respectively. On the
other hand, animals with less well-developed ciliary muscles had a considerably reduced amount
of uveoscleral flow, such as in rabbits and cats. The 69:22 in sheep is greater than in rabbits and

cats, whose ratios are 92-97:3-8 and 97:3, respectively (Bill, 1966a).

To the best of our knowledge, the study reported here is the first to monitor the
appearance of a tracer injected into the anterior chamber of the eye in cervical and thoracic duct
vessels over time in any species. This approach provides unequivocal support for a lymphatic

role in the drainage of aqueous humor.
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4.3 Limitations and Assumptions

The lymphatic proportion of drainage is low in comparison with that transported directly
into the episcleral veins. However, the anatomy and physiology of the lymphatic system is
complex and a number of factors need to be considered. First, a substantial portion of injected
protein was found in the uveoscleral tissue at the end of the 3-hour experiments. In the 2 animals
where the experiment was extended to 5 hours, tracer recovery decreased in the uveoscleral
tissue and increased in the lymph compartment when compared to the 3-hour experiments. Since
it seems likely that the tracer from the uveoscleral tissue will most likely enter the lymphatic
system, it seems appropriate to consider this part of the lymphatic contribution. If we do so, the
uveoscleral/lymphatic drainage contribution to total tracer recovery would amount to

approximately 20.83 £ 0.018 % under baseline conditions.

Second, aqueous outflow may have been altered due to the experimental procedures.
Even though the intraocular pressures were similar before and 3 hours after injection, it is likely
that there was an immediate elevation in pressure due to the intracameral bolus injection. This
pressure increase may have pushed the tracer through the lowest pressure-resistance pathway
which would be the conventional route leading to Schlemm’s canal and the episcleral veins. The
rapid accumulation of tracer in the blood seems to support this contention. In contrast, the tracer
accessible to the lymphatic system had to first traverse several (presumably higher resistance),
intervening interstitial spaces before being taken up by the vessels. Therefore, the act of injection
may have biased the absorption somewhat in favour of the vasculature. Additionally,
experimental conditions, such as general anesthesia (Quinn and Shannon, 1975), immobility and
mechanical ventilation (Negrini and Moriondo, 2011) would have lead to reductions in lymph

flow.
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Third, some of the lymphatic-borne tracer from the eye may have entered the
bloodstream directly, thereby bypassing the cervical vessels we had cannulated. This could
happen in several ways. Some of the smaller cervical lymphatics that we may not have identified
could have delivered tracer into the bloodstream by anastomosing independently with the veins
in the neck. Additionally, in previous sheep studies, we identified afferent vessels upstream of
our point of cervical vessel cannulation that anastomosed consistently with a local vein
(Zakharov et al., 2003.). These vessels would deliver the ?°I-BSA directly into the bloodstream
and would be accounted for in the vascular recovery portion of total recovered tracer. Finally, in
our experience the right lymph duct does not exist in most sheep. However, if present, it seems
very likely that it would receive a portion of the aqueous humor drained from the right eye. We
made no attempt to find or cannulate this vessel and consequently, any tracer entering this duct

(if present) would also have been included in the blood recovery data.

In this report, we measured the portion of total aqueous humor drainage that occurred via
the lymphatic system using bovine serum albumin as a lymph flow marker. The use of labeled
albumin and other proteins as lymph flow markers is well established in the literature.
Radiolabeled albumins have been used extensively by the Johnston group for this purpose
(Boulton et al., 1997; Boulton, Armstrong et al., 1998; Boulton, Flessner et al., 1998). More
than 98% of the radioactive iodine was bound to BSA prior to injection; however, at the end of
the experiment (3hrs/ 5hrs), when precipitated using TCA, the level of bound tracer was found to
be at 85-90%. Although not ideal, the unbound *#1 likely increased the level of radioactivity in

all compartments equally.
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4.4 Implications: Treatment strategies for Glaucoma
(Pharmacology)

Detailed quantitative assessments of trabecular, uveoscleral and lymphatic drainage in
sheep are particularly relevant since the recently developed sheep model of glaucoma (Gerometta
et al., 2009) has proven useful in developing and testing new IOP-lowering drugs (Gerometta et
al., 2010).

Amongst many of the currently available drugs for the treatment of glaucoma, several are
believed to exert their beneficial effect (lowering IOP) by increasing the rate of aqueous humor
outflow via the uveoscleral outflow pathway. These include the adrenergic and cholinergic drugs.
Also, serotoninergic, dopaminergic, adenosinergic and especially prostaglandinergic agents are
under investigation (Gabelt and Kaufman, 1995). However, the mechanisms by which the
pharmacological approaches affect glaucoma are unknown in many cases.

As mentioned in the introduction, the main site of resistance in the uveoscleral drainage
pathway is within the ciliary body. It was also shown that uveoscleral drainage could be
influenced by affects on the ciliary muscle tone. Atropine and pilocarpine were the first two
cholinergic agents that were shown to influence uveoscleral outflow by affecting the ciliary
muscle (Bill, 1967b). Atropine increased the rate of uveoscleral flow in cynomolgus monkeys
from 0.90 to 1.07 pL/min (Bill, 1967b). By paralyzing the ciliary muscles, it is used in the
treatment for ciliary block glaucoma, and is contraindicated in patients predisposed to narrow
angle glaucoma. On the other hand, pilocarpine increases the ciliary muscle tone and
significantly slows the uveoscleral flow. It was used in early studies to determine the
mechanisms through which prostaglandins reduced IOP. Pretreatment with pilocarpine abolished
the effect on IOP and uveoscleral outflow of the naturally occurring prostaglandin F,, (PGF,,) in

monkeys (Crawford and Kaufman, 1987; Nilsson et al., 1989). These results led to the
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hypothesis that prostaglandins may be lowering IOP initially by mediating the relaxation of the
ciliary muscle. It was later shown in vitro that PGF,, relaxes the ciliary muscle (Poyer et al.,
1995). Once shown in monkeys that PGF,, and its analogue (lantanoprost) increases uveoscleral
outflow (Gabelt and Kaufman, 1987; Nilsson et al., 1989; Stjernschantz et al., 1998), other
prostaglandin analogues were also developed and put into clinical use. The early effects of
prostaglandin may be due to the relaxation of ciliary muscle, whereas their long-term effect on
IOP may be through a remodeling of the ciliary muscle, resulting in an increased space for
outflow. Treatment with PGF,, resulted in enlarged spaces between ciliary muscle bundles
(Ldtjen-Drecoll and Tamm, 1988), which resulted from a deregulation in collagen turnover.
Increased metaloproteinases (MMPs) (Lindsey et al., 1996; Weinreb et al., 1997; Ocklind, 1998)
and changes in the ciliary muscle cell shape (Stjernschantz et al., 1998) have also been
implicated to PGF,, treatment. It is clear that prostaglandins have a complex effect on aqueous
humor dynamics.

Interestingly, and also in line with the current study, lymphatic vessels respond to a wide
variety of biochemical and pharmacological agents (Johnston, 1985), including prostaglandin
analogs, which enhance lymphatic drainage (Franzeck et al., 1997; Sinzinger et al., 1997,
Amann-Vesti et al., 2003). For example, when the prenodal lymphatic vessels were perfused
with added prostaglandins, constriction of the vessels was observed. Moreover, PGF,, has also
been shown to elicit contractile activity in lymphatic vessels (Johnston et al., 1983; Dabney et al.,
1991). Tissue trauma leads to an appearance of prostaglandins in lymph. These compounds may
have a direct effect on lymphatic vessels and help modulate lymph flow following injury
(Johnston et al., 1979, 1980). Thus one might speculate that the long-term effects of PGF,, may
be through modulation of the lymphatic vessels that are located within the ciliary body. After its

initial impact on ciliary muscle relaxation to allow a greater flow into the ciliary body, a
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stimulation of the lymphatic smooth muscle may further increase uveoscleral drainage of the
aqueous humor.

Another class of drugs used for the treatment of glaucoma is the adrenergic agents.
Within this family of drugs, epinephrine (adrenaline) has been used in glaucoma therapy for over
100 years; however, the mechanism of action is unclear. It works by stimulating o;- and oy-
adrenoceptors, as well as [,- adrenoceptors in the eye and is thought to reduce IOP due to an
increase in trabecular (Townsend and Brubaker, 1980; Erickson-Lamy and Nathanson, 1992) and
uveoscleral outflow (Schenker et al., 1981; Townsend and Brubaker, 1980). In a study by Bill
(1969), epinephrine doubled uveoscleral flow from 0.31 to 0.66 pL/ min in vervet monkeys. It is
thought that epinephrine may exert its effects by relaxation of the ciliary muscle, since it is a
beta-receptor agonist. As in the case with Prostaglandins, adrenaline is also known to increase
lymphatic vessel contraction and flow. For example, intravenous infusion of adrenaline was
shown to increase the frequency of lymphatic contractions and lymph flow in various lymphatic
vessels (popliteal, prefemoral and mesenteric) in conscious sheep (McHale and Roddie, 1983).
Thus epinephrine may also be exerting its effect through stimulating lymphatic uptake.

Because there are lymphatic vessels present in the ciliary body, and there is evidence of
lymphatic uptake of agueous humor, it is important to assess whether drugs that target lymphatic,
also enhance lymphatic drainage of aqueous humor and lower IOP. Our animal model provides a
means for further analysis in this topic, therefore, leading to promises of novel treatments to

lower IOP and preserve vision in glaucoma patients.

75



4.5 Future Directions

4.5.1 Extension of the Current Experiment

To strengthen the hypothesis would be to analyze the change in tracer levels in the
uveoscleral tissue (iris, ciliary body, choroid, and sclera) and to compare it to the increase of
tracer in the lymph samples. The level of tracer recovery in lymph continues to increase at 3
hours, unlike in plasma, where it reaches a plateau around 90 minutes. Also, at the end of 3 hours,
when the eye tissue is sampled and analyzed, the level of radioactivity remains high. It may be
predicted that the tracer would continue to be carried out from the ciliary body via the lymphatic
vessels beyond the 3-hour time point. In order to confirm this hypothesis, the radioactive tracer
levels in the uveoscleral tissue can be analyzed at different time points. If the tracer level
decreases with time, and this correlates with the increasing levels of tracer found in lymph, it can
be reassured that the tracer in lymph did indeed originate from the ciliary body interstitium. The
time course analysis and comparison of the changes in tracer levels in the lymph and uveoscleral
tissue compartments will also allow us to calculate rate of lymphatic drainage from the ciliary

body interstitium.

4.5.2 Application to Glaucoma Animal Models

To take this study a step forward, we can create glaucoma models in sheep to determine
whether direct targeting of the lymphatic system will be effective in lowering intraocular
pressure in glaucoma. As mentioned earlier, there is a recently developed sheep model of
glaucoma (Gerometta et al., 2009) that has already been used for developing and testing
therapeutics (Gerometta et al., 2010; Gerometta et al., 2010). In humans, it is known that when

susceptible, glucocorticosteroid administration may lead to the development of ocular
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hypertension and open-angle glaucoma. It is thought that morphologic and biochemical changes
in the trabecular meshwork are associated with the reduction in aqueous humor outflow, which
results in a higher IOP (Jones and Rhee, 2006). Gerometta’s group (2004) has previously
described an in vivo bovine model for steroid induced glaucoma that is reliable and reproducible.
When prednisolone acetate was topically applied, it induced IOP elevation in all of the animals
tested. More recently the same group developed an ovine model of steroid-induced glaucoma
(Gerometta et al., 2009). With a topical application of prednisolone acetate, 100% of the treated
animals exhibited a steroid-induced ocular hypertensive response. This is due to an increased
resistance in aqueous outflow (Jones and Rhee, 2006). With cultured trabecular meshwork cells,
organ cultured eyes and human specimens were examined, the following mechanisms were
proposed: Mechanical changes in the trabecular meshwork structure (Clark et al., 2005),
increased deposition of extracellular matrix material, altering the ultrastructure of the outflow
pathway (Yue, 1996), decreased breakdown of substances in the trabecular meshwork due to
reduced protease activity (Matsumoto and Johnson, 1997; Wordinger and Clark, 1999) and
reduction of water flow in the trabecular meshwork (Underwood et al., 1999; Xiong et al., 2005).
Since the ovine glaucoma model has been proven to be reliable and reproducible, it would be
interesting to assess aqueous humor outflow into the lymphatic system under such conditions. It
is possible that under impaired trabecular meshwork outflow; the uveoscleral outflow portion is
increased, which would lead to an increased amount of drainage via the lymphatic system. If the
conventional outflow into the vascular system is impeded or blocked, it seems reasonable to
assume that the uveoscleral-lymphatic pathway will achieve greater prominence in the drainage
of aqueous humor.

It is of interest to note in this regard, that there is some evidence that drainage via the

uveoscleral-lymphatic route is proportionately enhanced under some conditions. As an example,
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in a monkey study using FITC-dextran 70 as a flow marker, uveoscleral outflow in inflamed eyes
was four times that of control eyes (Toris and Pederson, 1987). In addition, prostanoids are used
in glaucoma treatment and at least part of their effect appears to reside in the ability to increase
drainage by the uveoscleral route. Using indirect methods to assess conventional and
unconventional drainage patterns, Prostaglandin F2 alpha or its analogues in humans (Torris et
al., 1993) and monkeys (Nilsson et al., 1989; Gabelt and Kaufman, 1989), prostaglandin D2 in
rabbits (Goh et al., 1989), and prostaglandin A2 in cats (Torris et al., 1995) increased uveoscleral
drainage. Indeed, the intraocular pressure lowering effect of prostaglandin F,a in the cynomolgus
monkey was attributed largely to an increase in uveoscleral outflow of aqueous humor, with
aqueous outflow being redirected from the trabecular to the uveoscleral route (Gabelt and
Kaufman, 1989). It would also be interesting to take the glaucoma model study another step
forward and assess whether drainage into the lymphatic system increases with currently available
treatments for glaucoma. It would be predicted, again, that for example, PGF,, treatment would
increase drainage into the uveoscleral eye tissue (the ciliary muscle) and consequently increase

lymphatic drainage of the aqueous humor.

4.5.3 Immunological Perspective

Another factor to be considered is the concept of immune privilege in the eye. This concept
was suggested when transplanted allografts were shown to survive longer in the anterior chamber
of the eye compared to ‘nonprivileged sites’ such as the skin (Medawar, 1948). This immune
privilege is thought to be dependent, in part, on the lack of lymphatic drainage with any antigens
in the aqueous humor being drained into the trabecular meshwork and into the venous system
directly (Streilein 1999, 2003). A phenomenon that has been examined in great detail is the

Anterior Chamber acquired immune deviation (ACAID), which describes how an inoculation of
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antigen into the anterior chamber can generate peripheral tolerance. It has been shown in a few
studies that antigen presenting cells that have been derived from the eye can be directly drained
to the spleen via blood (Wilbanks and Streilein,1990, 1991; Wilbanks et al., 1991). Despite this
belief that antigens of the anterior humor can directly drain into the blood without any
anatomical lymphatic drainage, it has been demonstrated that soluble antigens reach the lymph
nodes in the neck after injections into the anterior chamber (Hoffman et al., 2001; Boonman et
al., 2004; Camelo et al., 2006; Yucel et al., 2009). This suggests that the lack of an effective
immune response to intraocular antigens is not due to an inability to recognize intraocular
antigens, but rather a lack of an effective immune response to develop and persist after antigen
recognition or peripheral tolerance.

When Camelo’s group injected fluorescent-labeled antigens (dextran, BSA) into the anterior
chamber of rats, it was detected in the subcapsular sinus of the right submandibular lymph nodes
and cervical lymph nodes (2004). Analysis of the type of antigen baring cells suggests that they
were lymphoid organ resident macrophages. The results from this study suggest that antigen
leaves the eye predominantly in a soluble form and implies other mechanisms of tolerance may
contribute to ocular-specific immune responses. It is possible that the antigens reach the lymph
nodes via the lymphatic vessels in the ciliary body, and if so, a manipulation of aqueous humor
outflow via this pathway may become useful in creating peripheral tolerance in specific antigens.

In the future, taking this study a step further in relation to the immune system may be valuable.
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4.6 Conclusion

The data in this report demonstrate unequivocally that proteins injected into the anterior
chamber of the eye enter the lymphatic system and after passage through the cervical lymph
nodes enter the venous system at the base of the neck. The data in our report and findings from
the literature suggest that the lymphatic drainage seems to act as a parallel branch of the
uveoscleral pathway. This is the first time that the lymphatic system was studied quantitatively in
the context of aqueous humor outflow, and thus adds a valuable new dimension to the outflow
pathways, especially in uveoscleral outflow. The study is also valuable in that it is the first time
quantitative analysis was done in the drainage of aqueous humor in sheep. As mentioned earlier,
there are well established glaucoma models of sheep. Thus, the current study provides a
foundation for aqueous humor drainage adapted to glaucoma sheep models. This work stimulates
further study of drug actions on lymphatic outflow from the eye, and may lead to new intraocular

pressure lowering treatments to prevent vision loss in glaucoma.
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