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ABSTRACT
Anandamide (AEA), a well characterized endocannabinoid that has actions at multiple
targets in the eye, may have potential as a novel therapeutic in the treatment of retinal
disease. However, AEA is rapidly degraded by fatty acid amide hydrolase (FAAH).
Therefore this study examined the drug URBS597, that inhibits FAAH degradation of
AEA, to assess AEA effects in experimental models of retinal damage. The objectives
were to: 1) evaluate changes present in the aging retina, 2) determine whether the aging
retina is more susceptible to tissue damage, and 3) investigate whether increasing AEA
can provide retinal neurovascular protection in young and aged retina following damage.
The results from this study showed that URB597 had protective effects on retinal
ganglion cells and retinal capillaries and inhibited phagocytotic MG in models of retinal

damage in young, but not the aged retina.
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Chapter 1
Introduction
1.1 Anatomy and Physiology of the Eye

The eye is a specialized sensory organ that detects, processes and transmits light
stimuli to the brain where it is interpreted as vision. The overall design of the eye and its
individual components is to optimize the transmission and focusing of light onto the
retina, a light-sensitive neuronal tissue where light is converted into an electrochemical
signal before being relayed to the visual centre of the brain (See Section 1.2). The general
anatomy of the eye and surrounding structures are shown in Figure 1.1. The outer-most
part of the eye is the sclera; a tough, usually white, fibrous protective layer that contains
collagen and elastic fibres. The sclera maintains the shape of the eye globe and offers
resistance to internal and external forces. It is also perforated by a number of different
blood vessels, nerves and muscles. There are six extraocular muscles within the sclera
that enable the eye to move within the skull, which enables focusing in different
directions without having to move the head. The extraocular muscles remain concealed

by the conjunctiva, a tissue that connects the eye to the eye lid.

The cornea is a transparent, avascular structure and the site where light first makes
contact with the eye (Figure 1.1A); therefore, the cornea is very important in ensuring
light is refracted appropriately and accounts for approximately two thirds of the total
refractive power of the eye (Bear et al., 2001). The cornea receives nutrients and
exchanges waste with the tear film at the front of the cornea and the aqueous humor

behind the cornea. The aqueous humor (AH) is a water-like substance that provides



Figure 1.1 The Eye and it's Light Processing Structures

A. Sagittal section of the human eye depicting the sclera, choroid and cornea. The image
shows the anterior portion of the eye housing the pupil, iris, dilator pupillae, sphincter
pupillae, the zonular fibers, ciliary body, anterior chamber and the ora serrata. The
posterior portion of the eye contains the optic nerve, optic disk, retina, fovea, central
retinal vein and central retinal artery. B. Sagittal section of the anterior chamber of the
eye showing the structures involved in aqueous humour production and outflow. This
image depicts aqueous humour production by the ciliary body of the eye. (1) Aqueous
humour flows from the posterior chamber to the anterior chamber (2) and drains through
Schlemm's canal into the ciliary veins (3). The posterior cavity, zonular fibers, ciliary
body, iris, lens and cornea are shown in reference to the anterior portion of the eye.
Adapted from Vaughan & Asbury's General Ophthalmology with permission from
McGraw-Hill Education.
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immune activity, nutrients and waste removal to both the avascular lens and cornea. The
AH is also vital in maintaining the intraocular pressure (IOP), which is determined by AH
production and outflow. AH production is a dynamic process: AH is constantly being
produced by the ciliary body of the posterior chamber at the base of the cornea, where it
flows from the posterior to anterior cavity of the eye (Figure 1.1B). The AH is then
drained into Schlemm’s canal through the trabecular meshwork into the ciliary veins
(Figure 1.1B). Alterations in AH production and outflow can have profound effects on
cells of the retina as seen in various forms of glaucoma, in which elevated IOP is a

primary risk factor for development of the disease (See Section 1.6).

The pupil is the aperture of the eye and is regulated by two muscles of the iris (Figure
1.1A) that have opposing effects on pupil size. The contraction of the sphincter pupillae,
causes the pupil to constrict and reduces it’s opening, while the contraction of the dilator
pupillae causes the pupil opening to increase, thus increasing the amount of light entering
the eye. These muscles are a part of the pupillary light reflex which involves connections
between the retina, neurons in the brain stem, and the muscles of the iris, to communicate
the amount of incoming light and adjust the size of the pupil accordingly (Bear et al.,
2001). Various pharmacological agents, such as atropine and marijuana, have the ability
to influence pupil diameter. Atropine and atropine-like drugs which block muscarinic
receptors, for example, are commonly used during ophthalmic examinations to dilate the

pupils.

Directly behind the iris is the lens. The lens separates the eye into two chambers, the
anterior cavity, which houses the AH in front of the lens, and the posterior cavity, which

houses the vitreous humour immediately behind the lens (Figure 1.1A). The lens is an



avascular, transparent, biconvex structure suspended in the vitreous humour by ligaments
called zonule fibres. These ligaments are attached to the ciliary bodies, which are
embedded in the sclera, and form a ring within the eye, becoming an anatomical
landmark referred to as the ora serrata (Figure 1.1A). When the ciliary muscles of the
ciliary body contract, the diameter of the ring becomes smaller, the ligaments attached to
the lens are relaxed, and the lens is thicker and more rounded due to its naturally elastic
properties. The opposite holds true when the ciliary muscles are relaxed, the ring’s
diameter is larger, increasing the tension on the ligaments, and stretching the lens to make
it more flat. The ability of the lens to stretch and become thinner, or to relax and become
more round, helps process objects from different viewing distances, by refracting light,
and adjusting the focusing power. Focusing on an object further away, such as a stop sign,
requires relaxation of the ciliary muscles, increasing tension on zonules fibres, which
flattens the lens, increasing the focal distance. In contrast, reading a book causes the
contraction of ciliary muscles, decreasing tension on the zonule fibres allowing the lens

to become more rounded, increasing the refractive power of the lens (Bear et al., 2001).

The vitreous humour is a transparent, gelatinous material that fills the eye from
the lens to the retina (Figure 1.1A). It ensures the retina stays against the back of the eye,
gives the eye globe shape, and further refracts light. Unlike the dynamic production of
AH, the vitreous humour is stagnant and not constantly replenished. At the back of the
eye lies the multi-cellular, light-sensitive retina. The photoreceptors that are activated by
photons of light are at the very back of the eye, so light has to transverse all the cell
layers of the retina before reaching the photoreceptors. This is necessary as the

photoreceptors need to be in contact with the retinal pigment epithelium (RPE) to recycle



photopigments necessary to convert light into an electrochemical signal. The pigmented
RPE also serves to absorb stray photons of light, to prevent light from bouncing off the
back of the eye, activating retinal photoreceptors and blurring vision (Kolb et al., 2001).
The RPE is also in contact with Bruch’s membrane, a connective tissue that separates the

RPE from the vascular choroid and the sclera.

1.2 The Retina

The retina and the optic nerve are derived from the neuroectoderm during
development, as are the brain and spinal cord, and thus are considered to be part of the
central nervous system (CNS). The retina has a laminar organization, described by its
position closest to the middle of the eye (Figure 1.2). These layers are characterized by
the cell types that compose each layer and their specific function in intraretinal signalling.
The retinal ganglion cell (RGC) bodies form the ganglion cell layer (GCL) and are at the
front of the retina, while the light-activated photoreceptors are at the back of the retina.
At the back of the retina in the outer nuclear layer (ONL), are the photoreceptors which
are composed of two different segments; the outer segment containing stacks of
membranous discs where light-sensitive opsins absorb light, and the inner segment
housing mitochondria (Kolb et al., 2001). There are two different types of photoreceptors,
rods and cones. Rods have a greater number of membranous discs and therefore have a
high proportion of opsin, increasing their sensitivity to light. Thus, rods are considered to
be the photoreceptors responsible for the ability to see in dim light. Although cones have
less opsin than rods, there are 3 different types of cones, each of which contain a different

type of opsin sensitive to different wavelengths of light. This sensitivity of cones to



Figure 1.2 Cells of the Retina

This schematic of the vertebrate retina shows the photoreceptors, rods and cones, bipolar
cells, horizontal cells, amacrine cells, ganglion cells and the formation of the optic nerve
by ganglion cell axons. The schematic also depicts the direction of light transmission
through the retina. Adapted from Physiology and Pathophysiology of Somatostatin the
Mammalian Retina: A Current View with permission from Elsevier.
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different wavelengths of light provide colour vision.

In the human eye, the macula is the region of the retina that facilitates central vision
and permits high resolution visual acuity due to its dense concentration of photoreceptors
resulting in a low ratio of cones to retinal ganglion cells (Kolb et al., 2001). The fovea is
in the centre of the macula, an area of the retina identified by its absence of large blood
vessels and trajectory of the optic nerve, which both arc around the fovea to prevent their
shadows from disrupting light transmission. In contrast, the periphery of the retina has
the lowest number of cones, highest number of rods and a high ratio of rods to RGCs.
This results in greater light sensitivity, but poor resolution in high intensity light (Kolb et

al., 2001).

In the inner nuclear layer lie the horizontal cells, bipolar cells and amacrine cells.
Bipolar cells have a central body from which two sets of processes arise and can synapse
with either rods or cones and transmit signals to the RGCs (Kolb, 2001). Bipolar cells
also receive input from horizontal cells, which provide feedback from other bipolar cells
and photoreceptors. Amacrine cells lie in the layer of the retina where bipolar cells
synapse with RGCs. Amacrine cells provide feedback onto bipolar cells, RGCs and other
amacrine cells. Each synaptic relay response is modified by lateral connections of

horizontal and amacrine cells to produce a localized response (Kolb, 2003) (Figure 1.2).

Photoreceptors are influenced directly by light while most other cells of the retina are
activated by direct or indirect synaptic interactions. RGCs are the only cells of the retina
that can produce action potentials, as all other retinal cells generate graded membrane
potentials (Kolb, 2001). The RGCs are also the only source of output from the retina,

with their axons leaving the retina to form the optic nerve. It is this collection of signals



from individual cells of the retina that provide vision.

The axons of RGCs gather and exit the eye at the optic nerve head (ONH), and then
travel behind the eyes to pass through the optic foramen (Bear et al., 2001). The optic
nerve from each eye combines to form the optic chiasm where the axons originating in
the left eye cross to the right side of the optic chiasm and vice versa. Thus, the
information about the left visual hemifield is directed to the right side of the brain and the
right visual hemifield to the left side of the brain (Bear et al., 2001). Upon crossing at the
optic chiasm, these axons have now formed the optic tract. Most axons from the optic
tract terminate in the lateral geniculate nucleus where information is relayed to the
primary visual cortex and the signals are interpreted as vision. Other axons terminate in
the pretectal nucleus or suprachiasmatic nucleus, where these signals are involved in the

pupil-light reflex and circadian rhythms, respectively (Hattar et al., 2002).

1.3 Anatomy of Blood Flow to the Eye

The blood supply to the eye is derived from the ophthalmic artery, which is a branch
of the internal carotid, a major artery found in the neck and head and the main source of
blood supply to the brain. The ophthalmic artery gives rise to ciliary arteries, that provide
the ONH and choroidal circulation, in addition to the central retinal artery (CRA). The
CRA runs within the optic nerve sheath before entering the eye to branch into 4 major
intraretinal arteries in a pattern that is unique to each individual (Hardy et al., 2005). The
retinal arteries and larger vessels are in the innermost part of the retina and travel within
the layer of RGC axons, with their walls in close proximity to glial cells (Rungger-

Brandle et al., 1993) (Figure 1.3A). These arterioles branch into two capillary plexuses



Figure 1.3 The Three Main Blood Systems to the Eye

A. The illustration depicts a normal human eye with its light processing structures and
includes the pupil, cornea, and iris at the anterior of the eye. The image depicts the
choroid and its vasculature which provide the avascular photoreceptors, macula and
periphery of the retina with paracrine support. The central retinal artery is shown entering
the eye and branching into a number of arterioles, providing the retina, with the exception
of the periphery and macula, with blood. The central retinal vein (CRV) is shown exiting
the eye with the optic nerve. B. The illustration shows the optic nerve head (ONH)
posterior to the optic disk, retina, choroid and sclera. The ONH derives its major blood
supply from the posterior ciliary arteries and branches from the central retinal artery
(CRA). The image also shows the CRYV, optic nerve, and the membranes that surround the
optic nerve such as the pia, arachnoid and dura mater. Adapted from Vaughan &
Asbury's General Ophthalmology with permission from McGraw-Hill Education.

11
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which extend throughout the eye. Towards the periphery, the deep capillary network
disappears leaving a single layer of wide-mesh capillaries. This capillary network
services the rest of the eye until the extreme periphery, where there is a 1.5 mm wide
avascular zone. The capillaries feed into venules which collect into the central retinal
vein (CRV), which leaves the eye to drain into the cavernous sinus. Avascular regions of
the retina, such as the periphery, photoreceptors and macula, receive paracrine support
from the choroidal vasculature (Parver, 1991), which lies between the sclera and retina
(Figure 1.3A). The ONH is supplied with blood from the posterior ciliary artery, with the
exception of the ONH nerve fibre layer, which receives blood supply from the CRA

(Figure 1.3B).

1.3.1 Choroidal Vasculature

The choroidal vasculature, which is characterized by its high flow rate and low oxygen
content, receives significant autonomic innervation and is subject to alterations in blood
flow by local circulating systemic factors such as hormones (Ryan et al., 2005). The
choroid is composed of three layers, with its largest arteries and veins found closest to the
sclera, at the back of the eye, in Halley’s layer (Figure 1.4C). The middle layer of the
choroid, Sattler’s layer, has arteries that branch into smaller arterioles and a few venules
that carry deoxygenated blood to the cavernous sinus, where most of the blood supply
from the choroid drains. The innermost layer of the choroid, closest to the retina, is
termed the choriocapillaris, where fan-shaped sections of large (20-50um) capillaries
reside (Hayreh, 1975). The choriocapillaris are fenestrated and lack pericytes (Ryan et al.,
2005) (Figure 1.4D). These factors make the choroid less capable of controlling localized

tissue responses, thus rendering the choroid more dependent upon perfusion pressure and



Figure 1.4 Both the Retinal and Choroidal Vasculature Provide Blood to the Retina
A. Schematic depicting the retina showing small arterioles that enter the retina through
the ganglion cell layer (GCL), move posteriorly into the retina to branch into capillaries.
The retina is shown with Bruch's membrane, retinal pigment epithelium (RPE) and
photoreceptors. B. The image depicts capillaries of the retina that are characterized by
tight junctions formed between endothelial cells lining the vessel lumen. The image
shows the basement membrane and lumen of the capillary with an erythrocyte flowing
through. C. The schematic depicts the choroidal vasculature layers, the choriocapillaris
and larger choroidal vessels, shown posterior to the RPE, and Bruch's membrane. D. The
image shows the choriocapillaris of the choroid as large (20-50um), fenestrated
capillaries with large intercellular clefts. Adapted from Junqueira's Basic Histology:
Text & Atlas, 12e and Vaughan & Asbury's General Ophthalmology with permission
from McGraw-Hill Education.
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circulating vasoactive compounds (Hayreh, 1975; Delaey and Van De Voorde, 2000).

1.3.2 Retinal Vasculature

In contrast to the choroidal vasculature, the retinal vasculature is characterized by a
low flow rate and high oxygen content and does not receive autonomic innervation;
retinal blood flow is tightly regulated by local vasoactive compounds and neuronal
activity (Ehinger and Falck, 1966; Laties, 1967; Harris et al., 1998; Yu and Cringle,

2001; Metea and Newman, 2007).

The retina is an end-arteriole system, meaning that arteries feed into arterioles, which
branch into capillaries, which flow into venules then veins. This results in an absent
collateral input other than the initial artery. This lack of anastomose and collaterals has
significance in disease states that affect blood supply, as most other major organs of the
body have a collateral blood supply to ensure adequate perfusion in disease states. In
addition, as the only connection between the retinal arterial and venous system is through
the capillary network, no connections exist between the capillary beds derived from the
individual branched retinal arteries (Cogan, 1974). This morphological characteristic

creates capillary-free areas where no capillary bed directly supplies blood. These

capillary-free areas may be at increased risk during ischemia (Ryan et al., 2005). A
capillary-free zone is also present around retinal arteries and arterioles and is thought to
be due to high oxygen concentration (Pournaras, 1995). As the concentration of oxygen
decreases further from arteries and arterioles, capillary density increases (Ryan et al.,
2005) (Figure 1.5). Retinal arteries differ from arterioles of the same size found in other
tissues as retinal arterioles have more developed layers of smooth muscle cells (SMC)

and do not have an elastic lamina. SMC are important in providing mechanical



stimulation to encourage blood flow, while elastic lamina ensure arteries remain limber
against the force of blood being pumped. In the retina, arteries can have as many as 5-7
layers of SMC on arteries closest to the optic disc and are progressively reduced to 1-2
layers in the periphery of the retina. Instead of an elastic lamina present in arteries of
similar size elsewhere in the body, retinal arterioles have a single layer of endothelial
cells that form tight junctions along the surface of the lumen (Shakib and Cunha-Vaz,
1966). This reduces the exposure of underlying tissues to circulating molecules and
maximizes local regulatory mechanisms of blood flow (Yu and Cringle, 2001; Metea and

Newman, 2007).

Capillaries are the smallest vessels in the body’s blood supply and vital components in
the microcirculation. The microcirculation, in contrast to the macrocirculation which
transports blood to and from organs, is responsible for distribution of blood within the
tissue. The retinal capillary wall is composed of three distinct layers: endothelial cells,
intramural pericytes and a basement lamina (Figure 1.4B). Similar to arterioles, retinal
capillaries have a layer of endothelial cells oriented along the lumen that react uniquely to
various stimuli and are involved in the clearance of specific circulating hormones (Pohl
and Kaas, 1994). Endothelial tight junctions also result in a tight blood-brain-like barrier

to ensure selective exchange of substances between blood and retina.

Endothelial cells are covered in a 1:1 ratio by intramural pericytes and
encompassed by a basement membrane (Figure 1.4B). Pericytes provide the capillaries
with mechanical support and vascular tone (Haefliger et al., 1994); they contain
contractile proteins (Shepro and Morel, 1993 ; Pohl and Kaas, 1994 ) that enable the

retinal vasculature to respond to vasoactive compounds and metabolic changes. The



Figure 1.5 Capillary-Free Zones Surround Retinal Arteries

A. Photomicrograph of an ADPase-stained flat-mounted retina depicting retinal arteries.
Capillary-free zones surrounding the artery are indicated by an arrow.
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capillary basement membrane in the retinal capillaries is thought to act as a mechanical

barrier and help the exchange of metabolites and waste from the blood.

1.4 Ocular Blood Flow Autoregulation

Autoregulation is defined as the ability of retinal vessels to keep blood flow constant
despite changes in blood perfusion pressure or the ability of the tissue to adapt blood flow
to metabolic needs (Flammer et al., 2002). The retina maintains a constant blood flow
over a wide range of perfusion pressures that can range from 45-145 mmHg (Robinson et
al., 1986). Alterations in metabolic parameters such as pO,and pCO, have also been
shown to have effects on retinal blood flow. Both retinal arterioles and venules respond to
blood gases, with vasoconstriction during decreased pO,and vasodilation during
increased pCO, (Venkataraman et al., 2006). As metabolic demands increase, retinal
arterioles dilate, resulting in a substantial increase in retinal perfusion (Riva et al.,1991).
Several metabolic mediators and mechanisms have been proposed to be involved in this
communication including K" siphoning by glial cells (Kofuji and Newman, 2004). As
neuronal activity increases, K" is released into the extracellular space. Glial cells are
capable of taking up this K™ and releasing it on to neighbouring arterioles to induce
vasodilation (Kofuji and Newman, 2004). Also in a similar manner, activity-driven
release of transmitters and compounds from retinal neurons, induces a rise in calcium
levels in neighbouring glial cells. This rise in calcium is thought to mediate vasomotor
responses in neighbouring vessels. This coupling of neuronal activity to vasomotor
response has been termed, neurovascular coupling (Nedergaard, 1994; Schipke and

Kettenmann, 2004; Newman, 2005).



1.5 The Aged Eye

Aging has been described as the progressive accumulation of physiological changes
with time that are associated with, or responsible for, the ever-increasing susceptibility to
disease and death (Harman, 1981). In the retina, alterations in vessel structure,
vasculature reactivity and blood flow have been associated with aging. These include a
number of morphologic abnormalities of the microvasculature including vessel tortuosity,
glomerular looping, as well as spiralling of arterioles, venules and capillaries (Hughes et
al., 2006). These alterations have also been detected in the CNS of aging humans and are
thought to retard blood supply to the brain (Fang, 1976). Peripheral capillaries show
increased thickness of their basement membranes, which may result in reduced
endothelial-pericyte communication leading to cell death or loss of capillaries (Hughes et
al., 2006). In support of this, significantly more acellular capillary remnants in the
periphery of the retina have been observed in the aged population in comparison to their

younger counterparts (Kuwabara et al., 1961; Lai et al., 1978).

The choriocapillaris have also shown reduced choriocapillary density and decreased
lumen diameter with age (Ramrattan et al., 1994). The major arteries that serve the
choroidal blood supply have exhibited increased resistance with age (Salter et al., 1998),
and a total overall reduction in blood flow and perfusion in the aged eye (Ravalico et al.,
1996). Similarly, the CRA has shown a progressive decrease in blood flow and increase

in resistive index of approximately 6-11% per decade (Groh et al., 1996).

The primary function of blood is to provide cells with nutrients and removal of wastes,
therefore cumulative alterations in structures that carry and disperse blood to cells, over

time, may alter cellular function. This is observed in age-related decreases in RGC and



axon density (Weinreb et al, 1995; Tjon-Fo-Sand et al., 1996; Lovasik et al., 2003).

1.6 Age-Related Eye Diseases

In Canada, 13% of those over the age of 65 have some form of visual impairment
with >8% having severe impairment (blindness in both eyes or the inability to read).
Legal blindness (<20/200) increases from 3% at age 60 to 11% at age 80. While 15% of
blindness is accounted for by cataracts, diseases with a component of vascular
dysregulation are the leading causes of new cases of blindness in the aging population
(Patterson, 2008). In addition to the direct cost of treating these diseases to preserve
vision, indirect costs such as lower employment rates, increased care giver requirements
and a lower quality of life for the visually impaired are things to be considered. With the
increase in age of North American populations, treating visual impairment in the elderly
is a relevant concern for the future.

In the Western world 75% of blindness and vision loss is attributable to retinal
diseases with a vascular component (Yu et al., 2003). Alterations in retinal blood flow
and vessel tone are known to occur in aging (See Section 1.5) and may lead to retinal
ischemia and neurodegeneration. Furthermore, reduced ocular blood flow has also been
reported to contribute to various ocular pathologies in which aging is also a recognized
risk factor, including age-related macular degeneration (AMD), diabetic retinopathy
(DR), glaucoma, and anterior ischemic optic neuropathy (AION)).

1.6.1 Age Related Macular Degeneration

According to the National Eye Institute, AMD in its various forms and progressions

has a 40% prevalence in those over 80 years (National Eye Institute, 2007). Exudative



AMD is characterized by choroidal neovascularization, where abnormal vessels in the
choriocapillaris, break through into Bruch’s membrane. These vessels have a greater
tendency of leakage and bleeding into the macula, leading to irreversible damage to the
photoreceptors if left untreated. This choroidal neovascularization accounts for the most
significant vision loss from AMD (Ciulla et al., 2001). Another form of AMD, non-
exudative, results in the accumulation of debris, metabolic waste and engorgement of the
cells in the RPE which leads to drusen formation and dysfunction of remaining retinal

cells (Young, 1987).

1.6.2 Diabetic Retinopathy

DR is one of the most common retinal microangiopathies and involves the
development of abnormal vasculature. DR is a leading cause of blindness and visual
impairment in the working age population in the industrialized world (Rahmani et al.,
1996; Kocur and Resnikoff, 2002). The mechanisms leading to vascular disturbances in
the retina and progression of the disease are still largely unknown. Evidence suggests that
in DR, endothelial cells of the microvasculature do not produce appropriate
autoregulatory mechanisms in response to persistent exposure to high glucose levels,
producing lesions in the vasculature (Gillow et al., 1999). DR eyes also exhibit changes
in the capillary basement membrane (Cai and Boulton, 2002), show pericyte loss
(Hammes, 2005) and changes in blood flow (Chung et al., 1993). Ultimately, these
changes in the vascular wall of the vessels in the eye lead to capillary occlusion, retinal
ischemia and dysfunction of existing cells. In fact, there is correlation between pericyte
loss and microaneurysm formation during DR (Dodge and D’ Amore, 1992). In addition,

the extent of blood flow dysregulation in DR patients is proportional to visual problems



(Aren et al., 1995; Harris et al., 1996). Interestingly, a decrease in total retinal blood flow
has been observed in diabetics without DR, yet a marked increase in retinal blood flow in
diabetics that have developed DR (Kohner et al., 1975; Cunha-Vaz et al., 1978;
Grunwald et al., 1986). Age-related changes in autoregulatory components may lead to
vascular dysregulation and hypoxia which may initiate angiogenesis (Hughes et al.,
2006). Eventually, as observed in DR, unstable vessels develop that leak or interfere with

the transmission of light leading to vision loss.

1.6.3 Glaucoma

Glaucoma is a progressive eye disease characterized by cupping of the optic nerve,
elevated IOP and progressive loss of RGCs resulting in vision loss (Weinreb and Khaw,
2004). There are two prominent theories regarding the progression of glaucoma: the
mechanical and the vascular theories (Fechtner and Weinreb, 1994). The mechanical
theory suggests an elevation in IOP damages the ONH and neural axons, leading to RGC
loss (Yan et al., 1994). Therefore, glaucoma treatments have traditionally been targeted at
reducing IOP. However, in some cases, despite a reduction in IOP, the disease progresses
(Werner and Drance, 1977; Tezel et al., 2001). The vascular theory suggests glaucoma is
a result of insufficient blood supply due to increased IOP or other risk factors that alter
blood flow (Flammer, 1994). These risk factors, including hypertension and age, as well
as compromised autoregulatory mechanisms, make the eye more susceptible to

alterations in IOP and RGC loss (Flammer et al., 1994).

1.6.4 Anterior Ischemic Optic Neuropathy

AION is the most frequent optic ischemia in individuals over the age of 50. It is

caused by a sudden ischemic event, which leads to vision loss, with variable recovery



(Kerr et al., 2009). The pathophysiology is not well understood, but sudden vision loss
often occurs upon waking, suggesting nocturnal arterial hypotension may play a role
(Hayreh et al., 1997). AION is characterized by ONH swelling together with visible
paleness of the ONH as the disease progresses (Quigley and Anderson, 1977; Kerr et al.,

2009).

Despite earlier diagnosis and treatment for many of these retinal diseases, progressive
vision loss continues with age, underscoring the need to understand age-related changes
in the retina and how these contribute to disease process. As age-associated alterations
occur at every level of the blood supply, from alterations in ophthalmic artery, to
thickening of capillary walls, identifying compounds that can promote blood flow to the
eye, in addition to targeting other risk factors, may provide the aged eye with enhanced

protection.

1.7 The Endocannabinoid System

The medicinal uses of cannabinoids and cannabis have been known for over a
millennium, although it was not until relatively recently that the active compounds in the
cannabis plant, including the primary psychoactive phytocannabinoid delta-9-
tetrahydrocannabinol (THC), have been identified (Mechoulam and Gaoni, 1964). In
1990, Matsuda et al., eventually cloned the receptor through which THC exerts its many
cellular effects (Matsuda et al., 1990; Munro et al., 1993). These findings have led to
extensive research focused on the cannabinoid receptors, their endogenous ligands,
endocannabinoids (eCBs), and the enzymes involved in their production, hydrolysis and

transport, collectively called the endocannabinoid system (eCBS) (Piomelli, 2003; Bari et



al., 2006).

There are currently two cloned receptors, cannabinoid subtype 1 receptors (CB1) and
cannabinoid subtype 2 receptors (CB2), shown to have cannabinoid actions. Both CB1
and CB2 are activated by THC and structurally similar compounds. CB1 are found within
the CNS and periphery (Herkenham et al., 1990; Kaminski et al., 1992; Bouaboula et al.,
1993; Schatz et al., 1997). CB2 are found primarily on cells in the periphery, particularly
those involved in immune responses (Skaper et al., 1996; Van Sickle et al., 2005) and has
been identified within the CNS, on support cells such as astrocytes (Pazos et al, 2005;
Martinez-Orgado et al., 2007; Cabral et al., 2008), microglia (Nunez et al., 2004) as well
as some neurons in the brainstem and cerebellum, although at much lower levels than

CBI (Van sickle et al., 2005; Ashton et al., 2006).

The cannabinoid receptors are seven transmembrane G-protein coupled receptors.
Both CB1 and CB2 preferentially activate Gy, pathways (Munro et al., 1993), but may
also couple to Gyand G, proteins to initiate distinct cellular signalling cascades (Glass
and Felder, 1997; Lauckner et al., 2005; MacIntosh et al., 2007; Mackie, 2008). In
general, CB1 coupling to Gy, pathways leads to an increase in opening of voltage-gated
potassium channels and reduced activity of N- and P/Q-type voltage-gated calcium
channels, resulting in an overall reduction of neurotransmitter (NT) release, in the CNS
this is most commonly y-Aminobutyric acid (GABA) and glutamate (McAllister and
Glass, 2002; Pertwee and Ross, 2002; Straiker and Mackie, 2007; For Review See
Hudson et al., 2010). CB1 agonists have also been shown to inhibit the activity of
adenylyl cyclase and activate mitogen-activated protein kinase-mediated cascades

(Pertwee, 2008; Hudson et al., 2010). CB2 also signals through Gy, pathways (Howlett et



al., 1986; Munro et al., 1993), although evidence shows that it is also capable of
interacting with a number of different signalling cascades including mitogen-activated
protein kinase (Bayewitch et al., 1995; Slipetz et al., 1995) and is associated with cell

migration and immune responses (Bouaboula et al., 1996).

The discovery of THC and cannabidiol, the two most well characterized constituents
of marijuana, preceded discovery of the receptors they activated. Similarly, there is
increasing evidence to suggest that a number of endogenous and synthetic
cannabimimetic compounds exert their effects through a CB1/CB2-independent
mechanism. The most convincing evidence thus far for additional cannabinoid receptor
targets is the persistence of cannabinoid-mediated effects in CB1/CB2 knockout mice
(Zimmer et al., 1999; Breivogel et al., 2001; Begg et al., 2005), including effects in the
CNS and peripheral sites, such as the vasculature (Jarai et al., 1999; Begg et al., 2005)
and immune cells (Lambert et al., 2002). In addition, the highest levels of the eCB,
anandamide (AEA), are found in the brain stem, yet this region has one of the lowest
densities of CB1 (Bisogno,1999; Di Marzo, 2000), suggesting that AEA may have actions
at other, yet unidentified receptors. For example, several lines of evidence now suggest
the presence of a potential vascular AEA-sensitive CBR (CBx); endothelial-dependent
AEA relaxation of murine mesenteric arteries persisted in the presence of AM251 and
AMG630, CB1 and CB2 specific antagonists respectively, although the response was
sensitive to pertussis toxin (PTX), suggesting Gy, involvement (Jarai et al., 1999). The
cannabidiol analogue, abnormal cannabidiol (Abn-CBD), has no action at CB1 or CB2
receptors, but like AEA, is able to produce vasorelaxation. The cannabinoid, O-1918, has

been shown to be a selective antagonist of Abn-CBD action (Jarai et al., 1999; Hiley and



Kaup, 2007). The effects of both Abn-CBD and O-1918 are thought to be mediated by
CBx. Activation of CBx in some vascular beds results in release of nitric oxide (NO) and
hyperpolarization through activation of SMC K" channels, leading to vasorelaxation and
vasodilation (Jarai et al., 1999; Offertaler et al., 2003; Hiley and Kaup, 2007; Pertwee,

2008).

The two most well characterized eCBs, 2-arachidonoylglycerol (2-AG) and AEA,
have independent biosynthesis, selectivity, efficacy and degradation. 2-AG and AEA are
both synthesized on-demand from membrane phospholipids through calcium-dependent

phospholipases and released from post-synaptic membranes independent of synaptic

vesicles (Piomelli, 2003).

The primary pathway of 2-AG synthesis appears to be hydrolysis of diacylglycerols
(DAG) by two different DAG-lipase isozymes (DAGL), alpha and beta. 2-AG levels in
the CNS are higher than those of AEA, however evidence suggests CNS levels of 2-AG
may be reciprocally regulated by AEA (Maccarrone et al., 2008). 2-AG can bind to both
CBI1 and CB2, but mainly activates pre-synaptic CB2 receptors. This is reflected in the
localization of synthesizing and degrading enzymes of 2AG; DAGL are expressed in the
dendritic post-synaptic compartment (Bisogno et al., 2003), while enzymes responsible
for 2-AG degradation are found in pre-synaptic cytosolic regions (Gulyas et al., 2004). 2-
AG can be degraded by fatty acid amide hydrolyze (FAAH) releasing arachidonic acid
and glyercol, but 2-AG is mainly hydrolyzed by monoacylglycerol lipase (MAGL) to

release these same metabolites.

The precursor of AEA is a membrane phospholipid, N-arachidonyol phosphatidyl

ethanolamine (NAPE) (Figure 1.6). NAPE is formed from changing the position of



arachidonic acid on di-arachidonoylphosphatidlycholine (diAPC) to

phosphatidylethanolamine (PE), a process catalysed by the calcium-dependent N-
acyltransferase (NAT). There are several different pathways that have been shown to
convert NAPE into AEA using either a 1 or 2 step process (Liu et al., 2008). In the two
step process, NAPE is hydrolyzed by phospholipase A1/A2 to N-Acyl-lyso-PE before
being catalysed by phospholipase D to release AEA. This pathway is thought to be
involved in the production of basal AEA levels (Liu et al., 2008), while the one step
process where NAPE is cleaved by phospholipase C to generate phosphoanandamide
before being dephosphorylated to release AEA, is implicated in “on-demand” synthesis
(Liu et al., 2008). AEA is synthesized in the cytosol and shown to exert its effects through
retrograde transmission in which postsynaptic release of AEA results in activation of
CBR, primarily CB1, on the pre-synaptic membrane (Devane et al., 1992; Schlicker and
Kathmann, 2001) to inhibit the release of N'T. This process occurs through modulation of
both Ca** or K* channels (Mackie and Hille 1992; Daniel and Crepel 2001) (Figure 1.6).
AEA may also act postsynaptically, at CBR and non-CBR. For example, in addition to
actions at CBx, AEA has also been shown to activate the transient receptor potential
vanilloid 1 (TRPV1). TRPV1 is a non-specific cation channel found in peripheral sensory
fibres, several nuclei of the CNS as well as other peripheral tissues (Marinelli et al.,
2003; Maccarrone et al., 2008). TRPV1 is characterized by its activation by capsaicin, the
spicy component in peppers. FAAH (McKinney and Cravatt, 2005) degrades AEA to
arachidonic acid and ethanolamine (Deutsch and Chin, 1993; Yu et al., 1997; Goparaju et

al., 1998) although AEA is not the only substrate of FAAH, which degrades other long



Figure 1.6 Synthesis and Degradation of Anandamide

As intracellular calcium increases in post-synaptic membrane (1), calcium dependent N-
acyltransferase (NAT) transfers arachidonic acid to di-arachidonoylphosphatidlycholine
(diAPC) (2), forming N-arachidonyol phosphatidyl ethanolamine (NAPE), the precursor
of AEA. NAPE is then hydrolysed by phospholipase C (3) to form AEA. AEA transverses
the cell membrane in a manner independent of synaptic vesicles due to its lipophillic
nature (4). AEA acts primarily on pre-synaptic cannabinoid subtype 1 receptor (CB1)
which preferentially activates Gy, signalling cascades (5). AEA is then taken up by the
post-synaptic membrane, although the mechanisms are still unclear (6), to be degraded by
fatty acid amide hydrolase (FAAH) into ethanolamine and arachidonic acid (7). URB597,
a FAAH specific enzyme inhibitor, increases AEA levels (8).
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fatty acid chains (Ho and Hillard, 2005, Ahn et al., 2007). Cox-2 is capable of oxidizing
arachidonic acid by-products to prostamides or prostaglandins glyceryl esters, leading to

prostaglandins, that are also biologically active (Yu et al., 1997; Kozak et al., 2000).

1.8 Endocannabinoids in the Eye

Since the first reported observation of marijuana producing vasodilation and reducing
IOP (Adams et al., 1978; Green, 1979), there has been an increasing body of evidence
validating a role for the eCBS in ocular pharmacology. Studies have shown CB1 mRNA
in the human trabecular meshwork (Stamer et al., 2001), ciliary body and retina of both
rat and human (Buckley et al., 1998; Porcella et al., 1998; Stamer et al., 2001), although
CB1 mRNA was found to be 10 times higher in the ciliary body than the retina in both rat
and humans. CB1 mRNA has also been found in the retina of human and rat at the
synaptic terminals of cones, the synaptic cleft between bipolar and RGCs, and on the
RGC cell body (Straiker et al., 1999a; Straiker et al., 1999b). These suggest a role of
cannabinoid receptors in everything from aqueous humour production to signal

transduction in the retina.

The presence of eCBs in ocular tissues has been identified in the ciliary body, iris,
choroid, and trabecular meshwork in a number of different species including humans
(Gawienowski et al., 1982; Matsuda et al., 1997; Stamer et al., 2001; Chien et al., 2003;
Lograno and Romano, 2004; Chen et al., 2005; Stumpff et al., 2005; Njie et al., 2008).
Gas chromatography has shown AEA in all human ocular tissue with the exception of the
lens (Chen et al., 2005; Matias et al., 2006). The hydrolysis of AEA has been measured in

the porcine iris, choroid, lacrimal gland and optic nerve (Matsuda et al., 1997) suggesting



a functional endocannabinoid system in the eye.

Both cannabinoids and endocannabinoids exert a number of actions in the eye; in the
retina, cannabinoid agonists modulate voltage-dependent membrane currents in
photoreceptors, bipolar cells and ganglion cells (Straiker et al., 1999b; Yazulla et al.,
2000; Straiker and Sullivan, 2003; Fan and Yazulla, 2004; Fan and Yazulla 2005; Lalonde
et al., 2006). THC and other cannabinoids, including AEA, reduce IOP by local actions
on CB1 and possible non-CB1 targets in anterior ocular tissues including the ciliary body
and the trabecular meshwork (Straiker et al., 1999a; Song and Slowey, 2000; Porcella et
al., 2001; Stamer et al., 2001). In the ocular vasculature, AEA has also been shown to
cause vasodilation in bovine ophthalmic artery (Romano and Lograno, 2006) and in
human subjects, where the administration of cannabinoid agonists enhanced retinal

perfusion (Plange et al., 2007).

Taken together, evidence of the presence of receptors, eCBs, their hydrolysing
enzymes and the ability of this system to alter blood flow and signal transduction in the

eye suggests the endocannabinoid system plays an active role in retinal and ocular

physiology.

1.9 Endocannabinoids as Therapeutic Targets in the Eye

There are a number of different age-related progressive eye diseases that have
components of vascular dysregulation and loss of RGCs (See Section 1.6). Therefore,
compounds with multiple therapeutic targets may be beneficial in addressing several of

the mechanisms implicated in disease pathology.



In animal models of glaucoma, glutamate excitotoxicity is thought to play a role
in the degeneration of RGCs that is characteristic of this disease. This retinal
excitotoxicity is mediated by over stimulation of the N-methyl-d-aspartate (NMDA) and
non-NMDA glutamate receptors (Lam et al., 1999). As more glutamate is released, there
is increased cell activation (excitation) causing an influx of Ca*" into RGCs (Sucher et al.,
1991). This in turn leads to activation of NO synthase and excess accumulation of NO,
causing mitochondrial dysfunction and eventual cell death (Coyle and Putfarrcken, 1993;

Dreyer et al., 1996).

AEA has been shown to activate CB1, thus modulating neuronal membrane
permeability to Ca** and K* and reducing the activity of adenylyl cyclase, with the final
outcome being decreased NT release (Pertwee, 1997). Specifically, CB1 are found on
presynaptic nerve endings of glutamatergic synapses (Twitchell et al., 1997; Davies et al.,
2002) and activation of CBI1 inhibits presynaptic release of both glutamate and GABA
(Kim and Thayer, 2000; Gilbert et al., 2007). It has been shown that in high IOP-induced
ischemia, a glutamate channel blocker not only prevented RGC death, but also reduced
the high-IOP induced elevation of FAAH (Nucci et al., 2007). Exogenous cannabinoids,
natural and synthetic, have also been shown to exert neuroprotective effects in several
models of neurotoxicity (Mechoulam et al., 2002; van der Stelt et al., 2002; Croxford,
2003; Veldhuis et al., 2003 ), possess antioxidant properties and protect various cell types
against oxidative stress (Hampson et al., 1998; Chen and Buck, 2000). The
neuroprotective role of eCBs is not without its controversy as AEA binding to TRPV1
triggers the opening of non-selective cation channels that can lead to increased

intracellular Ca®', mitochondrial uncoupling and cytochrome c release (Maccarrone and



Finazzi-Agro, 2003; Yamaji et al., 2003).

The role of microglia (MG) and immune response within pathological states is
controversial. Although traditionally viewed as passive cellular by-standers in cell death
and degeneration, there has been an increasing body of evidence to suggest that MG have
an active role in degeneration of RGCs in various animal models of disease. In a mouse
model of retinitis pigmentosa, where the photoreceptor layer in the retina spontaneously
degenerates, MG activation and migration was observed prior to the initiation of
photoreceptor loss (Zeng et al., 2005). Although MG have an important role in
phagocytosing debris of dead and dying RGCs to prevent release of their toxic
intracellular components, MG also release various chemoattractants and noxious stimuli
including NO, glutamate and tumour necrosis factor (TNF), all of which may be
deleterious to the surviving RGCs (Weinred and Khaw, 2004). Experimentally-induced
glaucoma has shown to be associated with an increased activation of astrocytes, Miiller
cells and MG (Weinred and Khaw, 2004). Therefore, compounds that can reduce or
modify the activation of MG and/or reduce gliosis may provide some support in chronic

eye diseases.

Activation of CB1 and CB2 has been associated with the modulation of MG activation
and migration, resulting in inhibition of the production of inflammatory cytokines and
NO (Walter and Stella, 2004; Jackson et al, 2005; Stella, 2010). AEA has been suggested
to have an inhibitory role in immune cell migration (Joseph et al., 2004; Oka et al., 2004).
In contrast, increased 2-AG levels, have been shown to activate the migration of MG
following excitotoxicity (Walter et al., 2003). Although AEA itself may inhibit migration

of MG, it’s metabolites may have stimulatory effects on immune response. It has been



speculated that increased FAAH activity in astrocytes serves to release arachidonic acid
from AEA, thus leading to pro-inflammatory mediators (Paradisi et al., 2006). Alterations
in the inflammatory response may be of particular importance in the aged eye, where it
has been documented that activated MG are observed in a resting, unaltered retina of

aged rat suggesting a low level of constant inflammation (Xu et al., 2009).

AEA has also been shown to have vasorelaxant effects via both CB1 and non-
CBI targets and by endothelium-dependent and -independent mechanisms (Randall et al.,
1996; Plane et al., 1997; Chaytor et al., 1999). AEA’s vasoactive effects through CB1
include inhibition of Ca*" entry through L- type Ca?* channels and inhibition of NT
release (Gebremedhin et al., 1999) including the endogenous potent vasoconstrictor
endothelin (ET-1). ET-1 has been shown to be elevated in low-pressure glaucoma patients
(Emre et al., 2005; Kim et al., 2006; Wang et al., 2006) and AEA is able to promote blood
flow and inhibit vascular damage through inhibition of ET-1 release (Dogulu et al., 2003;
Ronco et al., 2007).

Overall it is thought that eCBs, in particular the action of AEA, can exert
neuroprotective effects through a number of different mechanisms including inhibition of
excitotoxicity (Maccarrone et al., 1998; Shen and Thayer, 1998; Marsicano et al., 2003),
actions on MG cells and other invading immune cells by regulating their migration
(Walter et al., 2003) and promotion of blood flow by inducing hypotension and

decreasing edema (Parmentier-Batteur et al., 2002).

1.10 The Rat as an Animal Model of Age-Related Eye Diseases

Anatomically, the rodent and human eyes have very similar structures, as light



travels through the rat’s cornea and focuses images on the macular area of the light-
sensitive retina in a manner similar to humans. There are, however, some key differences
between the rat and human eye: the rodent lens is substantially larger than the human eye
and the rat has poorly developed ciliary muscles (Woolf, 1956) and therefore may not be
able to alter the shape of the lens to the same degree as humans. This results in rodents
having limited focusing power or visual acuity. Compared to other animal models, the
rodent visual system is most similar to humans. The ophthalmic artery supplies blood to
the eye in both rat and human and the retinal vasculature pattern in both these species is
classified as holangiotic, characterized by a direct blood supply from major arteries or

cilioretinal network providing blood to the retina (Ryan et al., 2005).

Since the vasculature and overall structure and function of the rat eye is similar to
humans, it makes it a relevant model when examining age-related alterations in the retina.
The rat retina, like the human retina, has been shown to exhibit a number of age-related
alterations in its vasculature (Leuenberger 1973; Nagata et al., 1986; Weisse, 1995) and
retinal cell loss with age (Weinreb et al, 1995; Tjon-Fo-Sand et al., 1996; Lovasik et al.,
2003). Furthermore, the rat is used in a number of animal models representing human
age-related eye diseases such as glaucoma (Sawada and Neufeld, 1999) and DR
(Rosenmann et al., 1975). The rat retina has been shown to have receptors, enzymes
responsible for eCB synthesis and degradation (Buckley et al., 1998; Porcella et al., 1998,
2000; Stamer et al., 2001; Yazulla et al., 1999; Yazulla and Studholme, 2001; Glaser et
al., 2005) and eCBs have been shown to promote blood flow and vasodilation in the rat
retina (Schwartz and Yoles, 1999; Crandall et al., 2007; Oltmanns et al., 2008). In

addition, administration of eCBs in the rat provides neuroprotection in a variety of animal



models of damage (Belayev et al., 1995; Ramirez et al., 2005; Shouman et al., 2006;
Garcia-Arencibia et al., 2007), including high IOP-induced ischemia (Nucci et al., 2007).
These factors make the rat retina an excellent model to examine the potential of

compounds that modulate eCBs to protect the retinal vasculature of the aged eye.

1.11 Research Objectives

A number of progressive eye-diseases have both age and vascular dysregulation as
major risk factors, suggesting that alterations that occur with age may make the aged eye
more susceptible to ischemic and retinal damage. However, it is difficult to understand
the interaction of vascular damage and neuronal cell loss. Therefore, examining a model
of primarily neuronal insult, axotomy, and a model of primarily vascular insult, ischemia,
in both young and aged animals may provide insight into what factors make the aged
retina more susceptible to damage. Since the eCB system has shown to have an integral
role in ocular pharmacology in addition to multiple therapeutic targets, modulation of this
system may exert varying levels of neuronal and vascular protection depending on the
model of retinal damage. URB597 inhibits degradation of AEA by FAAH and thus can
promote physiological relevant concentrations of AEA on-demand, at the site of action.
The objectives of the present study were to 1) evaluate changes present with aging in the
rat retina, 2) to determine whether the aging retina is more susceptible to insult (ex.
ischemia, axotomy) and 3) investigate whether modulation of the eCBs can provide
retinal neurovascular protection in young and aged in models of retinal damage (ex.

ischemia, axotomy).



Chapter 2
Materials and Methods
2.1 Animals
Fischer-344 young (8-12 weeks) and aged (=20 months) rats were obtained from
Charles River Laboratories International Inc. (USA). All animals were maintained in the
Carleton Animal Care Facility at Dalhousie University under a 12 hour light-dark cycle
with food and water ad libitum. All experiments were carried out in accordance with the
guidelines set out by the Canadian Council for Animal Care (http://www.ccac.ca/).
Approval for the described experiments were obtained from Dalhousie University
Committee on Laboratory Animals, and all efforts were made to minimize the number of

animals required and their distress.

2.2 Physiological Baseline Measurements

Blood pressure, blood glucose levels and elevated IOP have been shown to have
effects on vasculature and may contribute to observed age-related changes in retinal
vasculature (Hayreh et al., 1994; Fuchsjager-Mayrl et al., 2004; Tirsi et al., 2009).
Therefore, measures of these physiological parameters were obtained for all animals that
were used for age-related vascular analysis.
2.2.1 Blood Pressure

The CODA non-invasive blood pressure system (Kent Scientific Corp., USA)
was used to obtain blood pressures from both young and aged animals. The awake animal

was placed in clear acrylic holder with a built-in nose cone. The tail remained outside the
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holder and two cuffs were placed on the tail, recording the occlusion and volume-
pressure. For each session, the blood pressure ran through 5 trial cycles to accustom the
animal to the process, followed by 15 cycles in which the systolic and diastolic pressures
were recorded. Each animal had their blood pressure measured at the same time every
day for at least one week. The measurements were averaged per day, then again for the
week to obtain a single value per animal.
2.2.2 Blood Glucose Levels

To assess fasting blood glucose levels, the rats were fasted for least 4 hours prior
to blood glucose measurements. Prior to testing blood glucose levels, the blood glucose
monitoring system's (TRUEtrack, Home Diagnostics Inc., USA) accuracy was calibrated
with a glucose control solution of 6 mmol/L. Once accuracy of the system had been
established, non-anaesthetized rats were immobilized in a towel and blood samples were
obtained from their tail vein. The blood was collected on blood glucose test strips, these
strips were then placed in the monitoring system and a blood glucose value (mmol/L) was
obtained. A single sample was taken per animal.
2.2.3 Intraocular Pressure

IOP was assessed using the rebound tonometer Tonolab (Colonial Medical
Supply, USA). Non-anaesthetized animals were gently restrained and 1 drop of a topical
anaesthetic (0.5% Alcaine) was placed in the eye. The Tonolab was brought in close
proximity to the eye, and gently placed in contact with the cornea to obtain a reading. Ten
readings per day for 5 consecutive days were obtained for each animal. Values from each

day were averaged, then mean daily measurements were averaged over the 5 day period

40



to obtain a single value for each animal.

2.3 Labelling Cells of the Retina

Approximately 98% of all RGC axons terminate in the contralateral superior
colliculus (SC) and these axons are able to retrogradely transport dye from the SC back to
the RGC cell bodies (Forrester and Peters, 1967; Vidal-Sanza et al., 1988). Since RGCs
are the only axons from the retina that have access to the SC, this procedure enables
RGC-specific labelling. In addition, this method also enables identification and
quantification of phagocytotic MG, which fluoresce as a result of digesting dying or
injured RGCs (Vidal-Sanza et al., 1988). Aged animals showed significant delays in
recovery from retrograde labelling from the SC in comparison to the young animals.
Therefore, aged animals that underwent axotomy had retrograde labelling of RGCs with
FG from the optic nerve stump. Retrograde labeling from the optic stump is considered
inferior to SC labelling since the dye is placed on the optic nerve stump following
transection of the optic nerve (eg. axotomy), which can damage RGCs (Thanos et al.,
1992). Since RGC loss following axotomy was being assessed, this was not a
confounding issue for the present study. Furthermore, results obtained in young animals
with 2 days of FG labelling from the optic stump were comparable to labelling from the
SC. Since RGC apoptosis is delayed until approximately 3-5 days post axotomy
(Villegas-Perez et al., 1993) and FG has been shown to be taken up into RGCs cell body
within 3 days (Vidal-Sanza et al., 1988), both RGCs and phagocytotic MG were labelled

with FG after retrograde labelling. RGCs were labelled within 3 days and FG-positive
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MG were present within 1 week.
2.3.1 Retrograde Labelling of RGCs with Fluorogold from the SC
For all surgical procedures unless stated otherwise, animals were weighed and

then placed under 5% isoflurane for anaesthetic induction. Buprenorphine (0.05mg/kg;
CDMYV, Canada) was given at the beginning of all surgical procedures to ensure the
analgesics had taken effect upon the animal waking. Once the animal was non-
responsive, it was placed in a stereotaxic holder and the isoflurane was reduced to 3% for
the duration of the surgery. The surgical area was prepared with soap, ethanol and
betadine. An incision was made mid-line on the rat head exposing the cranial land-marks
bregma and lambda. A hole, 5 mm in diameter, was made 1 mm rostral to lambda and 1
mm lateral from the midline. Forceps and scissors were used to remove the skull and dura
mater overlying the cortex. A blunt, 21-gauge needle attached to a pump, was used to
aspirate the cortex until the SC was located. A blunt, 23-gauge needle was then used to
ensure the SC was clearly exposed and all white matter was removed from the surface of
the SC. Surgical gel foam soaked in 2% fluorogold (Fluorochrome Inc., USA) in sterile
0.9% NaCl was then placed on top of the SC. The incision was cleared of blood and
closed with a wound clip. Animals were given 6 mL of sterile 0.9% NaCl to account for
blood loss, and were then returned to a clean cage and placed on a heating pad. The
animals recovered for at least 5 days before the next procedure.
2.3.2 Retrograde Labelling of RGCs with Fluorogold from the Optic Stump

To label RGCs from the optic nerve stump an axotomy of the optic nerve was

carried out. The animals were placed in a stereotaxic apparatus and a 5-0 polypropylene
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suture (Ethicon Inc., USA) was used to exert tension on the conjunctiva to produce a
downwards displacement of the eye, allowing easier access to the optic nerve. An
incision was then made midline on the rat head at the same location used previously for
FG labelling. The portion of tissue lateral to the midline, was sutured and pulled over to
ensure the orbital rim was exposed on the same eye as the sutured conjunctiva. An
incision was then made along the orbital rim, the orbital tissue was dissected and a
portion of the lacrimal gland was pulled rostrally to increase the field of view. The
extraocular muscles were then separated to expose the optic nerve. Taking care to ensure
the blood supply to the eye was undisturbed, the overlying dura mater was dissected
away to completely expose the optic nerve. A complete transection of the optic nerve
was then carried out approximately 0.5-1mm behind the eye globe. FG soaked surgical
gel foam was placed within the dura mater of the transected posterior portion of the optic
nerve that remained attached to to the eye globe. In this case, instead of RGCs
retrogradely taking FG up from the SC, the FG was transported retrogradely through the
optic nerve stump to the RGC cell bodies. Lastly, the wound was sutured closed and the

animal placed in a clean cage on a heating pad.

2.4 Pharmacological Agents

URB597 inhibits the degradation of the endocannabinoid, AEA, therefore
prolonging it's duration of action. It has been shown that URB597 is able to reduce AEA
hydrolysis, and significantly increase AEA levels within 30 minutes of administration

(Fegley et al., 2005). URB597 is an irreversible inhibitor of FAAH and has been shown
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to produce more stable and persistent increases of AEA in comparison to other reversible
and irreversible FAAH inhibitors (Piomelli et al., 2006). Therefore, either vehicle or
0.3mg/kg URB597 was given i.p. one hour prior to experimental insult. URB597 was
dissolved in dimethyl sulfoxide (DMSO; Sigma Aldrich, Canada) in 1:3 ratio DMSO to
saline (Kathuria et al., 2003). This ratio was mirrored in the vehicle group with a total

injection volume for all animals of 500ul/kg body weight.

2.5 Animal Models of Disease
2.5.1 Axotomy

As above (section 2.3.2), the animals were placed in a stereotaxic apparatus and a
5-0 polypropylene suture (Ethicon Inc., USA) was used to exert tension on the
conjunctiva to produce a downwards displacement of the eye, allowing easier access to
the optic nerve. An incision was then made midline on the rat head at the same location
used previously for FG labelling. The portion of tissue lateral to the midline, was sutured
and pulled over to ensure the orbital rim was exposed on the same eye as the sutured
conjunctiva. An incision was then made along the orbital rim, the orbital tissue was
dissected and a portion of the lacrimal gland was pulled rostrally to increase the field of
view. The extraocular muscles were then separated to expose the optic nerve. Taking
great care to ensure the blood supply to the eye was undisturbed, the overlying dura mater
was dissected away to completely expose the optic nerve. A complete transection of the
optic nerve was completed at approximately 0.5-1mm behind the eye globe. The lacrimal

gland was placed back in its original position, the incision was sutured, and the animals
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began recovery. Animals were sacrificed at 1 or 2 weeks post-axotomy.
2.5.2 Acute Ischemia-Reperfusion through Occlusion of the Pterygopalatine Artery

A number of animal models are available that reduce blood-flow to the retina such
as transient occlusion of the CRA or elevated IOP-induced ischemia. However, temporary
occlusion of the CRA can result in damage to the optic nerve and the procedure to
increase IOP may produce pressure-related mechanical injury to the retina (Gehlbach and
Purple, 1994). Therefore, these types of retinal ischemia models cannot eliminate optic
nerve injury and may introduce additional confounding inflammatory effects independent
of ischemia. In the rat circulatory system, the pterygopalatine artery (PPA) gives rise to
the ophthalmic artery. Occlusion of the PPA, which resides in the neck of the rat,
reduces the confounding damage to the retina and produces unilateral global retinal
ischemia on the side of the occlusion (LeLong et al., 2007). In order to carry out
occlusion of the PPA, animals were placed on their back, and a ventral midline incision
was made in the animal's neck. Blunt dissection was used to separate muscle and the
submaxillary glands until the common carotid artery was visible. The common carotid
artery is easily identified due to its large size and observable pulsing. Arising from the
common carotid artery, the internal and external carotid arteries were then identified. The
internal carotid artery was subsequently dissected until the first branch of the internal
carotid artery, the PPA, was located. Taking care not to disturb the vagus nerve while
isolating the PPA, a 6-0 polypropylene suture (Ethicon Inc., USA) was tightened around
the PPA. The external carotid artery was then ligated on two sites of the artery and

transected to prevent anastomoses between the external and ophthalmic artery (LeLong et
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Figure 2.1 Animal Model of Ischemia-Reperfusion and Chronic Ischemia

A. The normal rat neck with anatomical reference point the tympanic bulla shown. The
common carotid artery on the left hand side is ligated for the chronic ischemia model.
The right hand side shows procedure for the transient I-R. The pterygopalantine artery,
internal carotid artery and external carotid artery are all shown and ligation sites
indicated. B. Surgical timeline schematic showing retrograde labelling of retinal ganglion
cells from the SC followed by BCCAO for chronic ischemia model. C. Surgical timeline
schematic for transient I-R. Adapted from Novel Mouse Model of Monocular
Amaurosis Fugax with permission from Wolters Kluwer Health.
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al., 2007). The PPA was ligated for 60 minutes after which the suture was removed and
the wound sutured closed. The animals were allowed to recover for 2 weeks prior to
sacrifice (Figure 2.1B).
2.5.3 Chronic Ischemia through Occlusion of the Common Carotid Arteries

We also chose a chronic model of ischemia, where the common carotid arteries
were permanently ligated, to compare with our chronic axotomy model of nerve damage.
Similar to acute retinal I-R described in section 2.4.2, a ventral mid-line incision was
made on the rat's neck and the tissue was dissected away from the mid-line. After
separating the submaxillary glands and blunt dissecting through the muscles, the common
carotid arteries became visible. Bilateral common carotid arteries were dissected away
from the vagus nerve, and tied off with a 4-0 suture (Ethicon Inc., USA). The wound was
then sutured closed with the common carotid arteries remaining ligated until the animals

were sacrificed 1 week later (Figure 2.1A).

2.6 Visualizing the Vasculature of the Retina
2.6.1 Lectin Immunolabelling

The vascular endothelium forms a continuous layer that separates circulating
blood from surrounding tissues. The endothelium and it's surface contains specific
domains with characteristic carbohydrate residues (Simionescu, 1982) that are selectively
bound to by lectin. Therefore, lectin is a commonly used marker to distinguish
endothelial cells from other tissue lining cells (Alroy et al., 1987). For lectin

immunolabelling of the retinal vasculature, animals were sacrificed by an overdose of
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sodium pentobarbital (240mg/kg body weight) via i.p. injection and the eyes were
enucleated. A small incision was made in the cornea and the eyes were then placed in 4%
paraformaldehyde solution for at least 3 hours. The eyes were then removed from the
paraformaldehyde, placed in a phosphate buffered solution (PBS) under a dissecting
microscope where the cornea and lens were removed. To release the retina from the eye-
cup, the anterior portion of the eye was removed along the ora serrata and posteriorly the
retina was released by cutting close to the optic nerve. Using small brushes, the retina
was carefully mounted onto a glass slide, cut into four quadrants and flattened. Filter
paper was then placed on the ganglion cell side of the retina to remove the vitreous. The
retina with the attached filter paper was then placed in 4% paraformaldhyde solution for a
minimum of 10 minutes. Next, the retina was gently peeled from the filter paper and
placed in a 24-well plate containing PBS. After washing in PBS, the retinas were
permeabilized with ice cold 100% methanol for 10 minutes. The retinas were then
washed with PBS for 5 minutes before being washed with 1% tritonX (Sigma-Aldrich
Canada Ltd., Canada) in PBS 3 times for 5 minutes. TRITC labelled lectin from
Bandeiraea simplicifolia (Sigma-Aldrich Canada Ltd., Canada) was diluted in 1%
tritonX in a ratio of 1/100. The container was then wrapped in aluminum foil and placed
on a shaker table over night at room temperature. The next day, the tissue was rinsed 3
times in PBS then mounted on slides with anti-fade mounting media and imaged
immediately.

2.6.2 ADPase Stain

Adenosine diphosphatase (ADPase) is a magnesium-activated endothelium cell
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ectoenzyme that was first used to visualize the vasculature of the retina by Lutty and
McLeod (1992). The reaction product developed with ammonium sulfide yields a brown
stain that is restricted to established endothelial cells and their precursors. It has been
shown to have reduced staining in non-perfused areas, as seen with retinal tissue from
individuals with diabetic retinopathy (Lutty and McLeod, 1992). In addition, tissue
samples are able to be left in fixative for prolonged periods of time and the reaction
product does not fade with time, making this method conducive to analyzing a number of
morphological parameters over time. However, the reagents and duration of staining for
ADPase negatively impacted the ability to visualize FG labelled MG and RGC.
Therefore, ADPase staining was used to assess vascular differences between young and
aged retina, while lectin was used on animals that underwent surgery and required FG
analysis. Animals were sacrificed by an overdose of sodium pentobarbital (240 mg/kg
body weight) via i.p. injection and the eyes were enucleated. A small opening was made
in the cornea and the eyes were then placed in 10% neutral buffered formalin overnight
(NBF; Sigma-Aldrich Canada Ltd., Canada). Fixed eyes were placed in a PBS under a
dissecting microscope and the cornea and lens were removed. To release the retina from
the eye-cup, the anterior portion of the eye was removed along the ora serrata, and
posteriorly the retina was carefully cut away where it joined the optic nerve. Using small
brushes, the retina was mounted onto a glass slide, cut into four quadrants and flattened.
Filter paper was then placed on the ganglion cell layer side of the retina to remove the
vitreous and left in 10% NBF for at least 10 minutes. The retina was then washed in 50

mM TRIS 5 times for 15 minutes each. A fresh ADPase medium containing 6 mM
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magnesium chloride and 3 mM lead nitrate in 2M TRIS was prepared, stirred, filtered
and heated to 37 °C. Once the solution had warmed, 1 mg of ADP (Sigma-Aldrich
Canada Ltd., Canada) was added per 1 mL solution, and the solution immediately placed
on the retinas for 15 minutes. Following this incubation, the retinas were washed 5 times
for 15 minutes with 50 mM TRIS following which ammonium sulphide, diluted in
distilled water (1:10), was reacted with the retinas for 1 minute. The tissue was washed
with 50 mM TRIS a further 3 times for 15 minutes. Stained retinas were then placed on a

slide in an a anti-fade mounting media and cover-slipped.

2.7 Labelling of Activated MG

Animals were sacrificed by an overdose of sodium pentobarbital (240 mg/kg body
weight) via 1.p. injection following which the eyes were enucleated. A small opening was
made in the cornea and the eyes were then placed in 4% paraformaldehyde solution
overnight. The next day the cornea was removed and the remaining eye cup was placed in
paraformaldehyde solution overnight. The following day, the eye cup was placed in 30%
sucrose in PBS until the eye cup sank to the bottom of the solution, approximately 2 days.
Twenty micrometer sagittal sections of the eye cup were made using the MICROM
HMS500 O cryostat (GMI Inc., USA ), then placed on microscope slides (Fisherbrand
Superfrost/Plus, USA). Slides were washed 3 times for 10 minutes in PBS at room
temperature before being incubated in 3% normal goat serum (Jackson Laboratories,
USA), in 0.3% Triton X (Sigma Aldrich, Canada) for one hour at room temperature. Ibal

(Wako Chemicals USA Inc., USA) antibody was then added to this solution in 1/200 for 2

51



days at room temperature. Slides were then again washed 3 times with PBS for 10
minutes, followed by incubation with the secondary antibody, CY3 goat anti-rabbit
(Cedarline, USA) for 1 hour. Slides were then washed 3 times in PBS for 10 minutes

before being coverslipped in an anti-fade mounting media.

2.8 Imaging and Quantification of RGCs, MG, and Vascular Density

FG-labelled cells were visualized using an epifluorescence microscope (E800'
Nikon, Canada) with filters for UV-2A (excitation 330-380 nm; barrier 420 nm; emission
400 nm). RGCs and phagocytotic MG were counted manually from digital micrographs
taken at distances of 1, 2 and 3 mm from the optic disk in each retinal quadrant, for a
total of 12 images over an area of 1 mm?. Because phagocytotic MG become labelled
with FG by digesting fragments of dying RGCs, FG-labelled RGCs were differentiated
from FG-labelled MG using size (>10um) and shape (circular or oval) (Chauhan et al.,
2004).

Lectin- labelled capillaries were visualized using an epifluorescence microscope
(E800' Nikon, Canada) with filters for G1-B (excitation 541-551nm; barrier 590nm,;
emission 546nm). Capillaries were counted manually from digital micrographs taken at a
distance of 1, 2 and 3 mm from the optic disk for each retinal quadrant. Capillaries were
distinguished from arterioles based on their location within the retina (posterior) and size
(<3 um). The number of times capillaries crossed a grid presented at these points were
averaged to obtain capillary intersections/mm? (Mutapcic et al., 2005).

ADPase stained retinas were visualized using bright-field illumination and
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quantified with the same methodology as that for lectin-stained capillaries. To measure
ADPase-stained retinal flat-mount density, images were first taken under bright-field
illumination. Images were then imported into the image processing program that was
capable of density slice analysis (Scion,USA). An upper and lower limit for pixel
sensitivity was held constant between images, to produce a density of pixels per

millimeter for each retina flat-mount.

2.9 Statistical Analysis

Data and statistical analysis were performed using GraphPad Prism Version 4.0
(GraphPad Software Inc., USA). All data was presented as means + s.e.m. Unpaired
Student’s t-test was utilized to asses significance between 2 groups, while 3 or more
groups were analyzed by one-way ANOVA with a Tukey post-test, or by two-way
ANOVA with the Bonferroni method post-test. A p-value of less than 0.05 was

considered to be significant.
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Chapter 3
Results
3.1 Comparison of Physiological Parameters in Young and Aged Animals
The incidence of hypertension, hyperglycemia and elevated IOP increase with age
in the human population and have all been shown to contribute to retinal vasculature
pathology (Hayreh et al., 1994; Fuchsjager-Mayrl et al., 2004; Tirsi et al., 2009).
Therefore, these parameters were examined in aged rats to identify if they may be
contributing to age-related alterations in retinal vasculature. Mean blood glucose levels
in young rats (4.263 £+ 0.134; n=10) were not significantly different (p=0.11) from blood
glucose measurements obtained from aged rats (4.613 £+ 0.4893; n=10) (Figure 3.1A).
IOP was also not significantly different (p=0.22) between young (19.39 + 0.4893; n=10)
and aged rats (18.56 + 0.4196; n=10) (Figure 3.1B). Similarly, systolic (129.0 + 2.04;
n=10) and diastolic (89.86 + 2.837; n=10) blood pressure in young rats did not differ
significantly from from systolic (135.5 = 2.71; n=10) (p=0.08) or diastolic (3.80 £1.773;

n=10) (p=0.26) blood pressure in aged rats (Figure 3.1C).

3.2 Retinal Vascular Measurements in Young and Aged Retina

Retinal vasculature was then examined in young and aged animals that had
undergone baseline physiological measurements (See Section 3.1). Figure 3.2A and B
shows young and aged ADPase-stained flat-mount retinas, respectively. Reduced ADPase
staining seen in the aged retina is suggestive of alterations in vascular morphology with

age. The bar graph in figure 3.2C shows that the density of pixels/mm? in the aged retina
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Figure 3.1 Aging did not Impact Physiological Baseline Parameters

A. Bar graph depicting mean values for blood glucose levels obtained in young (n=10)
and aged animals (n=10) (p=0.11). B. Bar graph illustrating mean intraocular pressure
(IOP) for young (n=10) and aged (n=10) rats (p=0.22). C. Bar Graph depicting mean
systolic blood pressure (p=0.08) and diastolic blood pressure (p=0.26) in young (n=10)
and aged (n=10) rats.
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Figure 3.2 Age-Related Effects on Retinal Vasculature

A. and B. Photomicrograph of ADPase-stained flat-mounted young and aged retina. A
decrease in staining in the left quadrant and the periphery of the aged retina is indicated
with an arrow. C. Bar graph representing ADPase-stained artery and arteriole staining
density in young (n=8) and aged (n=10) rats (p=0.22). D. Bar graph representing lectin-
stained capillary intersection density in young and aged retina from varying distance of 1,
2 and 3 mm from the optic disk in young (n=9) and aged (n=9) rat retinal capillaries.
Scale Bar =1mm
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(2.929 £+ 0.8662; n=10) appears to be reduced in comparison to the young retina (4.810 +
1.617; n=7) although this was not statistically significant (p=0.22). When the capillary
intersection density was measured at 1, 2 and 3 mm from the ONH, there was a
significant reduction with age at all distances. Mean capillary intersection density in
young retina at 1 mm from the optic disk (25.3 £ 0.69; n=9) was significantly greater
(p<0.001) than that of the aged retina (16.17 + 1.35; n=9). A similar effect was seen at 2
mm from the optic disk where the density of mean capillary intersections (23.0 £+ 0.73;
n=9) in young retina was significantly higher (p<0.001) than those in the aged retina
(12.334£2.23; n=9). This pattern of reduced capillary intersection density in aged retina
(5.67£1.23; n=9) compared to the young retina (23.5 +1.26; n=9) was also seen at 3 mm
from the optic disk (p<0.001). Figures 3.3A-C and 3.4A-C show representative
photomicrographs of retinal vasculature stained with ADPase or lectin, respectively. At 1
mm (Figure 3.3A) and 2 mm (Figure 3.3B) from the optic disk, there is an overall
reduction in ADPase staining in the aged retina compared to capillaries from the young
retina. Aged capillaries appear to branch less often, have more area between capillaries
and there is an overall reduction in staining in comparison to young retina. The most
drastic effects of age are observed 3 mm from the optic disk where large areas of reduced
staining make the capillaries difficult to visualize, and those that are visible, display an
erratic branching pattern in comparison to the young ADPase-stained retina (Figure
3.3C). Lectin staining of capillaries at 1 mm from the optic disk showed broad capillary
branching, with capillaries spread further from one another in aged retina in comparison

to young retina (Figure 3.4A). Lectin-stained capillaries at 2 mm from the optic disk also
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Figure 3.3 Aged Rat Retinal Capillaries Show Differences in ADPase-Staining
Compared to Young

A.-C. Photomicrographs of young and aged flat-mounted ADPase-stained retinal
capillaries at 1, 2 and 3 mm from the optic disk in young and aged rat retina. The aged
retina shows fewer retinal capillaries that branch more erratically than those in the young
rat retina.

Scale bar = 20 um
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Figure 3.4 Aged Rat Retinal Capillaries Show Differences in Lectin-Staining
Compared to Young

A.-C. Photomicrographs of flat-mounted young and aged lectin-stained retinal capillaries
at 1, 2 and 3mm from the optic disk. Compared to young vessels, aged capillaries look
thinner, less organized and overall reduced capillary density. Scale bar = 20 um
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showed broader capillaries with large areas without capillary branching in aged retina
features that were not observed in the young (Figure 3.4B). Similar to results observed in
ADPase stained retinas, the most drastic effects of age were observed at 3 mm from the
optic disk. Lectin-stained capillaries showed reduced staining and erratic capillary

patterns in aged retina in comparison to capillaries from the young retina (Figure 3.4C).

3.3 Retinal Ganglion Cell Density in Vehicle- and URB597-treated Young and Aged
Retina Following 1 and 2 Weeks of Axotomy

RGC density was examined after axotomy in animals treated with vehicle only, or
with the FAAH inhibitor, URB597, to increase levels of the endocannabinoid, AEA.
Animals were previously labelled from the SC using FG at 7 days prior to axotomy. All
animals underwent axotomy in only one eye, and the contralateral eye was used as a
control. Figure 3.5A-D shows representative photomicrographs of FG-labelled RGCs in
young and aged vehicle-treated retina and young and aged URB597-treated retina at 1
week after axotomy. Upon analysis, it was found that at 1 week post-axotomy RGC
density (2155 + 38.46; n=5) in young control retina was significantly higher (p<0.001)
than RGC density in young vehicle-treated retina (1097 + 75.31; n=6) and young
URBS597-treated (15774 98.17; n=6) retina (Figure 3.5F). Vehicle-treated retina had
significantly less surviving RGCs following 1 week of axotomy than URB597-treated
retinas (p<0.001) in young animals (Figure 3.5A-B; Figure 3.5F). After 2 weeks of
axotomy RGC density (2205 £ 34.58; n=5) in young control retina was significantly

higher (p<0.001) than RGC density in both young vehicle-treated (388.70 &+ 17.68; n=6)
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Figure 3.5 URB597 Provides Neuroprotection in Young Retina but not in Aged
Retina Following 1 and 2 week Axotomy

A.-D. Photomicrographs of FG-labelled RGC and phagocytotic MG (arrows) in flat-
mounted, young and aged vehicle-treated, young and aged URB597-treated retina
following 1 week (1W) of axotomy in rat retina. E. Schematic surgical timeline of young
animals that under went retrograde labelling from the SC prior to 1W or 2 weeks (2W) of
axotomy. F. Bar graphs representing RGC density of young control (n=5), young 1W
vehicle-treated (n=6), young 1W URB597-treated (n=6), young 2W vehicle-treated
(n=6) and young 2W URB597-treated (n=6) retina following axotomy. G. Schematic
surgical timeline showing aged animals that underwent retrograde labelling from the
optic nerve stump at the time of axotomy. H. Bar graph representing mean RGC density
following 1W of axotomy in aged control (n=6), aged vehicle-treated (n=5) and aged
URBS597-treated (n=5) retina (p=0.164). The bar graph also shows mean RGC density
following 2 weeks of axotomy in aged vehicle-treated (n=5) and aged URB597-treated
(n=4) retina (p=0.788).

Scale Bar=20 pum; **=(p<0.01) ***=(p<0.001)
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and young URB597-treated retina (867.7 + 104.7; n=6) (Figure 3.5F). Similar to the
results obtained after 1 week of axotomy in young URB597-treated retina, RGC density
was significantly higher than in young vehicle-treated retina following 2 weeks of
axotomy (p<0.01) (Figure 3.5).

Since aged rats were too frail to undergo retrogradely labelling from the SC as
mortality with multiple surgeries was significantly higher in aged animals than young, the
axotomized eye was retrogradely labelled from the optic nerve stump in each animal.
Therefore, in the aged animals, vehicle-treated non-axotomized retina's were used as the
axotomy controls, as apposed to the contralateral non-axotomized eye. At 1 week post-
axotomy aged control rat retina (1833 + 33.84; n=6) had significantly higher (p<0.001)
RGC density than aged vehicle-treated retina (759.0 £ 120.7; n=5) and aged URB597-
treated retinas (1043 £+ 119.9; n=5). Although there appeared to be a trend for increased
RGC density in aged animals treated with URB597 following 1 week of axotomy, this
was not found to be significantly different (p=0.164) (Figure 3.5H). Two weeks post-
axotomy RGC density in the aged control retina (1833 = 33.84; n=6) was significantly
higher than RGC density in both aged vehicle-treated (355.8 = 50.10; n=5), and aged
URBS597-treated retinas ( 338.5 £ 16.41; n=4) (p<0.001) (Figure 3.5H). RGC density in
aged vehicle-treated and aged URB597-treated retina were comparable (p=0.788)

following 2 weeks of axotomy (Figure 3.5H).
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Figure 3.6 URB597 Reduces Phagocytotic Microglia Density After 2 Weeks Axotomy
in Young but not Aged Retina

A.-D. Photomicrograph of FG-labelled RGC and phagocytotic MG (arrows) in flat-mount
retina following 2W of axotomy in young and aged vehicle-treated, and young and aged
URBS597-treated retina. E. Bar graph representing mean phagocytotic MG density in
young vehicle-treated retina (n=6) and young URB597-treated retina (n=6) following 1W
of axotomy (p=0.90). The bar graph also shows young vehicle-treated rat retina (n=6) and
young URB597-treated retina (n=6) following 2W of axotomy. F. Bar graph represents
aged 1W phagocytotic MG densities after axotomy in aged vehicle-treated (n=5) and
aged URB597-treated retina (n=5), (p=0.23). The bar graph also shows aged vehicle-
treated phagocytotic MG density (n=5) and aged URB597-treated retinas (n=4) following
2W of axotomy (p=0.134).

Scale Bar=20 um; **=(p<0.01) ***=(p<0.001)
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3.4 Phagocytotic Microglia Density in Vehicle- and URB597-treated Young and Aged
Retina Following 1 and 2 Weeks of Axotomy.

Phagocytotic MG were not observed in the retinas of young or aged, vehicle-
treated control or URB597-treated control retina (data not shown). Figure 3.6A-D
showsrepresentative photomicrographs of FG-labelled phagocytotic MG at two weeks
post-axotomy in young and aged vehicle-treated and young and aged URB597-treated
retina. Vehicle-treated young retina at 1 week after axotomy had a mean phagocytotic
MG density of 135 £+ 26.98 (n=6), which was not significantly different ( p=0.90) from
young URB597-treated retina at 1 week post-axotomy, 140 £+ 20.65 (n=6), (Figure 3.6E).
After 2 weeks of axotomy, phagocytotic MG density was significantly reduced (p<0.01)
in young URB597-treated retina (351 + 6.083; n=6) compared to young vehicle-treated
retina (469 + 6.36; n=6) (Figure 3.6A-B; Figure 3.6E).

Phagocytotic MG density in the aged rat retina following 1 week of axotomy was
not significantly different (p=0.921) in vehicle-treated (111.3 = 25.71; n=5) and URB597-
treated aged retina (108.5 + 13.98; n=5) (Figure 3.6F). Although there did appear to be a
trend of reduced phagocytotic MG density in the aged retina with URB597 treatment
after 2 weeks of axotomy, aged vehicle-treated (220 +15; n=5) and aged URB597-treated
phagocytotic MG density (290 + 38.11; n=4) were not significantly different (p=0.172)
(Figure 3.6C-D; Figure 3.6F).

Phagocytotic MG are activated MG, yet not all activated MG are phagocytotic.
Therefore, we utilized an activated MG specific antibody, Ibal, to examine activated MG

following axotomy (Figure 3.7). Young control retinas did not exhibit any Ibal staining

70



Figure 3.7 URB597 Localized Ibal Staining of Activated Microglia to the Ganglion

Cell Layer in Young Rat Retina Following 1 Week of Axotomy

A.-C. Photomicrographs of sagittal sections of the retina stained with Ibal for activated

MG in young control, vehicle- and URB597-treated retina following 1 week of axotomy.
Scale Bar=20 um * indicates GCL
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(Figure 3.7A). However, there was a marked increased in activated MG staining with
Ibal after 1 week of axotomy in young vehicle-treated axotomized retinas (Figure 3.7B).
This increase in Ibal-positive MG was also seen in young URB597-treated retinas
following 1 week of axotomy (3.7C). However, while there appeared to be similar
activated MG densities in both vehicle- and URB597-treated retinas, vehicle-treated Ibal
staining showed more activated MG throughout the inner retinal layers (Figure 3.7B),
while in URB597-treated retina Ibal staining demonstrated that activated MG remained

localized within the GCL (Figure 3.7C).

3.5 Capillary Intersection Density in Vehicle- and URB597-treated Young and Aged
Retina Following 2 Weeks of Axotomy

URBS597 produces vasorelaxant effects on microvasculature (Ho and Randall,
2007), suggesting that a URB597-mediated increase in AEA could exert neuroprotective
effects by promoting increased blood-flow to the eye or perhaps improving retinal
microcirculation during ischemia or following tissue damage. Therefore, we examined
the effects of axotomy plus and minus URB597 treatment on retinal vasculature to
determine whether any axotomy-induced vascular changes could be identified that were
mitigated by URB597 treatment. To determine alterations in retinal vascular morphology,
we examined capillary intersection density at 1, 2 and 3 mm from the optic disk using
lectin to visualize the capillaries. Figure 3.8A-D shows representative photomicrographs
of lectin-labelled capillaries in young and aged vehicle-treated, and URB597-treated

retina at 2 weeks post-axotomy. Young vehicle-treated and URB597-treated retina at 2

73



Figure 3.8 Age, Not Axotomy, Produces a Significant Effect on Capillary
Intersection Density

A.-D. Photomicrographs of lectin-stained retinal capillaries in flat-mount young and aged
vehicle-treated, and young aged URB597-treated retina following 2 weeks of axotomy. E.
Bar graph representing mean capillary intersection density in young vehicle-treated
control (n=5), young URB597-treated control (n=5), young 2W vehicle-treated
axotomized (n=6), 2W URB597-treated axotomized (n=6), aged vehicle-treated control
(n=5), aged URB597-treated control (n=5), 2W aged vehicle-treated axotomized (n=5)
and 2W URBS597-treated axotomized retina (n=4).

Scale Bar=20 pum; ***=(p<0.001)
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weeks of axotomy both show a similar capillary branching pattern with no obvious
differences between experimental groups (Figure 3.8 A-B). However, in contrast to young
control retina, both vehicle- and URB597-treated retina post-axotomy exhibited a
reduction in capillaries, and an erratic branching pattern that was similar between the two
groups (Figure 3.8C-D).

Upon analysis, retinal vessel density in young vehicle-treated control eyes (76.22
+ 3.14; n=5) was not significantly different from that measured in young URB597-treated
control eyes (70.00 £ 1.53; n=5), young 2 week vehicle-treated axotomized eyes (71.67 +
2.91; n=6), or young 2 week URB597-treated axotomized eyes (69.5 £+ 3.50; n=6) (Figure
3.8E). Retinas from aged vehicle-treated control eyes had a capillary intersection density
0of44.10 £ 1.00 (n=5), with similar vessel density in URB597-treated control retina, 42.33
+ 1.095 (n=5). Two weeks after axotomy capillary intersection density in aged vehicle-
treated retinas (46.00 £+ 2.00; n=5) and aged URB597-treated retinas (42.3 = 2.00; n=4)
were not significantly different from vehicle and URB597-treated control retinas
(p>0.05). Taken together, no significant effect of axotomy on capillary intersections was
found in either young or aged retina despite the fact that a significant difference in

capillary density was found between young and aged control and axotomized retinas

(p<0.001) (Figure 3.8E).

3.6 Retinal Ganglion Cell and Phagocytotic Microglia Density in Vehicle- and
URB3597-treated Young and Aged Retina after Ischemia-Reperfusion

The transient model of ischemia followed by 2 weeks of reperfusion did not
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Figure 3.9 URB597 Does Not Alter Retinal Ganglion or Microglia Cell Density in
Young and Aged Rat Retina Following Transient Ischemia-Reperfusion

A.-D. Photomicrographs of FG labelled flat-mounted young and aged vehicle-treated,
and young and aged URB597-treated retina following I-R. E. Bar graph representing
mean RGC densities in young control (n=7), young vehicle-treated (n=4), young
URB597-treated (n=5), aged control (n=6), aged vehicle-treated (n=4) and aged
URBS597-treated RGC density (n=3) following 2W of I-R. F. Bar graph representing
mean phagocytotic MG densities in young vehicle-treated retina (n=4), young URB597-
treated retinas (n=5), aged vehicle-treated retinas (n=4) and aged URB597-treated retinas
(n=3) following 2W of I-R. G. Schematic surgical timeline showing all animals
underwent retrograde labelling from the SC prior to I-R.

Scale Bar=20 pm;
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produce significant retinal RGC loss; mean RGC densities in young control retinas (2112
+ 18.36; n=7), in vehicle-treated retinas (1392 + 181; n=4), and in URB597-treated
retinas (1354 + 404; n=5), were not found to be significantly different from one another
(3.9A-B; Figure 3.9E). When RGC loss in aged retina was examined, the results mirrored
those found in the young retina. RGC density in aged control retina (1833 + 33.84; n=60),
aged vehicle-treated RGC density (1232 + 336; n=4), and aged URB597-treated RGC
density (1087 £ 201.9; n= 3), were not significantly different from one another (Figure
3.9C-D; Figure 3.9E). Analysis of RGC density between young and aged retina following
I-R did not show a significant effect of age or drug (Figure 3.9A-D; Figure 3.9E). As seen
in the axotomy groups, phagocytotic MG were not present in control eyes (not shown).
However, at 1 week after I-R increased phagocytotic MG densities were found in young
vehicle-treated retina (18.5 £+ 3.175; n=4) and URB597-treated retinas, (14.20 + 5.401;
n=5), although MG densities between vehicle and URB597 treated groups were not
significantly different (p=0.53) following I-R (Figure 3.9A-B; Figure 3.9F). Similar
results were also seen in the aged rat retina; phagocytotic MG density in aged vehicle-
treated retinas (16.2 = 2.035; n=4) were not significantly different (p=0.83) from
URBS597-treated aged retinas (16.75 = 1.109; n=3) (Figure 3.9C-D; Figure 3.9F)

following I-R.

3.7 Capillary Intersections in Vehicle- and URB597-treated Young and Aged Retina
Following 2 Weeks of Ischemia-Reperfusion Injury.

Figure 3.10A-D shows representative photomicrographs of lectin-labelled retinal
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Figure 3.10 Transient Ischemia-Reperfusion Does Not Produce an Effect on
Capillary Intersection Density

A.-D. Photomicrograph of lectin-stained retinal capillaries in flat-mount retina in young
and aged vehicle-treated and young and aged URB597-treated retinas following 2W I-R.
E. Bar graph representing mean capillary intersection density in young control (n=7),
young vehicle-treated (n=4), young URB597-treated (n=5), aged control (n=6), aged
vehicle-treated (n=4), and aged URB597-treated (n=3) retina following 2W of I-R.
Scale Bar=20 pum; *=(p<0.05)
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capillaries in young and aged vehicle- and URB597-treated retina following post-I-R.
When capillary intersection density was analysed in young control, vehicle- and
URBS597-treated retinas at 2 weeks following I-R, there was no significant difference
between these experimental groups; young control retinas had a capillary intersection
density of 76.22 &+ 3.135 (n=7), while young vehicle-and URB597-treated retinas had
densities of 60.00+6.14 (n=4), and 58.5+£10.04 (n=5), respectively. Similarly, there was
no effect on capillary intersection density between experimental groups in the aged rats;
capillary intersection density was 44.00 = 0.577 (n=6) in aged control retinas, 42.33+1.76
(n=4) in aged vehicle-treated retina, and 44.15+1.16 (n=3) in aged URB597-treated
retinas (Figure 3.10E). Taken together, only age, not drug or I-R, had a significant effect

on capillary intersection density (p<0.05).

3.8 Retinal Ganglion, Phagocytotic Microglia and Capillary Intersection Density
Following Chronic Ischemia in Young Retina

RGC loss was also examined in a chronic model of ischemia in the young retina
using BCCAO in which the common carotid arteries were permanently tied off to
produce global chronic hypoperfusion. Figure 3.11A-B shows photomicrographs of FG-
labelled young vehicle- and URB597-treated retinas following 1 week of BCCAO. Upon
analysis, young control retina RGC density was reduced from 2117 &+ 56.92 (n=5) to 1209
+137.9 (n=5) (p<0.001) and, 1706 = 197.3 (n=5) (p<0.01) in vehicle-treated and
URBS597-treated retinas, respectively, following 1 week of BCCAO (Figure 3.11D).

However, comparison of vehicle- and URB597-treated retinas revealed that, as seen with
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Figure 3.11 URB597 Provides Neuroprotection Following Chronic Ishcmia in Young
Rat Retina

A.-B Photomicrographs of FG labelled flat-mounted retina of young vehicle- and
URBS597-treated retina following 1W of BCCAO. C. Surgical timeline depicting
retrograde labelling from the SC one week prior to BCCAO. Animals were injected with
0.3mg/kg or vehicle 1 hour prior to BCCAO then daily thereafter. D. Bar graph
representing mean RGC density of young control retina (n=5), young vehicle-treated
(n=5) and young URB597-treated retinas (n=5) following 1W BCCAO.

Scale Bar=20 um; **=(p<0.01) ***=(p<0.001)
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Figure 3.12 URBS597 Reduces Phagocytotic Microglia in Young Rat Retina
Following Chronic Ischemia

A. Bar graph representing mean phagocytotic MG densities in vehicle-treated retina
(n=5) and URB597-treated retina (n=5) following 1W BCCAO. B.-D. Photomicrograph
of Ibal-stained sagittal sections of young control, vehicle- and URB597-treated retinal
sections following 1W of bilateral common carotid artery occlusion BCCAO where *
indicates GCL.

Scale Bar=20 pum; *=(p<0.05) **=(p<0.01) ***=(p<0.001)
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Examination of FG-labelled phagocytotic MG densities in young vehicle- and
URBS597-treated retina following 1 week of chronic BCCAO (Figure 3.12A) revealed a
significant (p<0.05) reduction in phagocytotic MG with URB597 treatment (42.25 +
5.977; n=5) compared to vehicle-treated retina (60.08 + 7.27; n=5). When the effects of
URBS597 on activated MG were examined using Ibal staining of retinal sections, it was
found that, in comparison to control retina where there was no Ibal staining (Figure
3.12B), there was a dramatic increase in activated MG in young vehicle-treated retina
following BCCAO (Figure 3.12C). This increase in activated MG did not appear to be
substantially different in URB597-treated retina (Figure 3.12D). However, similar to
those results observed after 1 week of axotomy, Ibal staining of activated MG after 1
week of BCCAO plus URB597 treatment appears to have more localized staining pattern;
activated MG appeared to be segregated to the GCL in comparison to vehicle-treated
retinas where activated MG staining projected throughout the inner retina (Figure 3.12B-
O).

Figure 3.13A-B shows lectin-labelled capillaries in vehicle- and URB597-treated
young retina following 1 week of BCCAO. In vehicle-treated retinas, capillaries were
thinner and showed erratic branching patterns (Figure 3.13A) while in URB597-treated
retina, capillaries appeared to have a more normal and thicker profile suggesting that
URBS597 was capable of reducing retinal vasculature pathology following 1 week of
chronic ischemia. Upon analysis, no significant difference (p>0.05) in capillary
Figure 3.13 URBS597 Promotes Retinal Capillary Stability Following Chronic
Ischemia

A.-B. Photomicrograph of lectin-stained young vehicle- and URB597-treated flat-mount
retina following 1W of BCCAO. C. Bar graph representing mean capillary intersection
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density in young control (n=5), young vehicle-treated (n=5) and young URB597-treated
retina (n=5) following 1W BCCAO.
Scale Bar=20 um
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intersection density was found between control (73.11 £ 2.09; n=5), vehicle-treated,

(69.00 + 5.370; n=5), or URB597-treated retina, (63.44 + 2.88; n=5) (Figure 3.13C).
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Chapter 4
Discussion
4.1 Overview of Findings

A number of progressive eye-diseases have both age and vascular dysregulation as
major risk factors, suggesting that alterations that occur with age may make the aged eye
more susceptible to ischemic and retinal damage. However, in order to identify
appropriate therapies for these diseases, it is essential to understand the interaction of
vascular damage and neuronal cell loss in age-appropriate models. My work used several
different experimental models of retinal damage in order to examine effects on both
neurons and vasculature. This included a model of axon injury (primarily neuronal
insult) and two different models of vascular insult (transient retinal ischemia-reperfusion
and chronic global retinal ischemia). These models were carried out in both young and
aged animals in order to gain insight into differences between the response of young and
aged retina to insult, and to identify novel therapeutic targets for treating age-related eye
disease.

The eCB system has been shown to have an integral role in regulating ocular
functions including regulation of vascular tone, IOP and retinal neuron activity (Adams et
al., 1978; Straiker et al., 1999a; Straicker et al., 1999b; Song and Slowey, 2000; Stamer et
al., 2001; Plange et al., 2007). Therefore this study investigated whether increasing levels
of the endocannabinoid, AEA, would be beneficial after axotomy or retinal ischemia in
both our young and aged experimental models. However, as AEA has a limited duration

of action, the enzyme inhibitor, URB597, was used. URB597 inhibits degradation of
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AEA by FAAH and thus can promote physiologically relevant concentrations of AEA on-
demand at the site of action. The objectives of this project were: 1) to evaluate changes
present with aging in the retina, 2) to determine whether the aging retina is more
susceptible to insult (eg. ischemia, axotomy), and 3) to investigate whether modulation of
the eCBs can provide retinal neurovascular protection in young and aged models of
retinal damage (eg. ischemia, axotomy).

The results of this study showed that there was an age-related reduction in retinal
capillary density throughout the retina that appeared to be independent of alterations in
other physiological factors such as blood pressure, blood glucose and IOP. In comparison
to the young retina, there was greater RGC loss in the aged retina following 1 week, but
not 2 weeks of axotomy. URB597, was able to promote RGC survival following both 1
and 2 weeks of axotomy in young retina. However, although there was a trend toward
increased RGC survival after 1 week of axotomy, URB597 did not produce significant
survival effects on RGC densities in the aged retina post-axotomy. In addition to
increasing RGC survival, URB597, was also able to reduce phagocytotic FG-positive
MG following 2 weeks of axotomy in young retina and, while not significant, there was a
trend of reduced phagocytotic MG in the aged retina with URB597 treatment following 2
weeks of axotomy. Activated MG, labelled by Ibal, like FG-positive MG, were
dramatically increased following 1 week of axotomy, and while URB597 did not appear
to decrease the total number of activated MG, URB597 was able to reduce migration of
activated MG into other layers of the young retina post-axotomy. While phagocytotic MG

density in vehicle-treated young and aged retina following 1 week of axotomy was
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comparable, phagocytotic FG-positive MG were reduced in the aged retina following 2
weeks of axotomy compared to the young retina. There were no significant effects of
axotomy or URB597 on retinal capillary density in young or aged retina, only an age-
related reduction in retinal capillary density was observed.

In contrast to axotomy, experimental results from the model of transient I-R
produced no significant effect on RGCs, phagocytotic MG or capillary density in either
young or aged retina, and neither drug nor age had a significant effect on any of these
parameters. On the contrary, 1 week of chronic BCCAO produced a significant reduction
in RGC density, increased phagocytotic MG and disturbed retinal capillary integrity in
the young retina. As seen with axotomy, URB597 treatment increased RGC cell survival,
reduced phagocytotic FG-positive MG, inhibited the migration of activated MG within
the retina, and reduced retinal capillary damage; URB597-treated retinal vasculature 1

week after BCCAO were indistinguishable from controls.

4.2 Impact of Age and URB597 treatment on the Response of Retinal Neurons, Glia
and Vasculature to Axotomy and Ischemic Insult
4.2.1. Retinal Vasculature

A number of age-related alterations have been reported in the retinal vasculature
that occur independent of alterations in systemic blood pressure, blood glucose and IOP
(Hughes et al., 2006). These include a loss of retinal capillaries which is most pronounced
in the periphery of the retina and has been shown to correlate with age-related RGC loss

(Lai et al., 1978). As blood pressure and other physiological parameters in this study
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remained unchanged between young and aged animals, the decrease in retinal capillary
density seen in aged retina may result from impaired retinal blood-flow autoregulatory
mechanisms (Hughes et al., 2006). In support of this, other studies have demonstrated
that impaired retinal blood flow autoregulation and loss of capillaries precedes
development of retinopathy (Mizutani et al., 1996; Kern et al., 2000) and can trigger
vascular occlusive events (Kern et al., 2000), both of which increase in frequency with
age.
4.2.2 RGCs

Age-related alterations in retinal blood flow autoregulation and capillary loss may
contribute to the increased RGC loss seen in this study following 1 week of axotomy in
the aged retina, compared to the young retina. A well established pattern of RGC loss has
been reported in the young adult retina following axotomy; RGC death is delayed until
3-5 days post-axotomy (Berkelaar et al., 1994; Rabacchi et al., 1994; Cellerino et al.,
2000; Cordeiro et al., 2004), with peak apoptosis of RGCs occurring at 7 days, at which
time 50% of all RGCs are lost (Cordeiro et al., 2004). By 2 weeks post-axotomy, RGC
density is reduced to approximately 10% of controls (Berkelaar et al., 1994). In this
study, increased RGC loss was found in the aged retina following 1 week of axotomy.
However, by 2 weeks of axotomy, RGC loss in aged retina was comparable to that seen in
the young retina, suggesting an accelerated pattern of cell loss at the initial onset of
damage that then appears to plateau.

In contrast to axotomy, age-related accelerated cell loss was not observed in the

model of transient I-R. However, as RGC loss in both young and aged animals was
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extremely variable in this model, it was difficult to definitively determine any age-related
differences in RGC survival in the response to I-R injury. A number of groups have also
indicated that problems inherent in this I-R model such as high mortality rates,
inconsistent infarct volume due to surgical skill, animal strain and collateral blood flow
reduce the reliability of this model (Connolly et al., 1996; Tsuchiya et al., 2003; Barber et
al., 2004; Tureyen et al., 2005).

Chronic BCCAO however, produced a significant reduction in RGC density with
cell loss reaching approximately 40-60% of controls within 1 week of ischemia
(Yamamoto et al., 2006; Kalensnykas et al., 2008). Other studies have also reported that
RGC loss after BCCAO appears to maximize at 1 week with no further cell loss at 2
weeks and up to 6 months of chronic ischemia (Yamamoto et al., 2006). This arrest in the
degenerative process with chronic BCCAO is thought to be due to arteriole remodelling,
as the initial reduction in blood flow to the brain has been shown to gradually recover
with time (Otori et al., 2003).

This study showed that URB597 was able to increase RGC survival to a similar
extent following both axotomy and chronic BCCAO. While the primary insult differs
between these retinal injury models, it is possible that the observed URB597-mediated
neuroprotection may involve common drug targets. For example, axon damage and
ischemia activates excitotoxic cascades in retina that involve excessive local glutamate
release and pathological increases in intracellular Ca**. This leads to subsequent
activation of pro-apoptotic protein pathways and results in neuronal apoptosis (Sucher et

al., 1991; Coyle and Puttfarcken, 1993; Dreyer et al., 1996). In keeping with a central
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role for glutamate in mediating RGC apoptosis, NMDA antagonists have been shown to
produce neuroprotective effects in several different models of RGC damage, including
axotomy, high IOP-induced ischemia and glaucoma models (Sucher et al., 1997; Adachi
et al., 1998; Yoles and Schwartz, 1998; Nucci et al., 2005). The neuroprotective effects
of URB597 following axotomy and ischemia in this study may be mediated via decreased
glutamatergic signalling; endocannabinoids, including AEA, can act on presynaptic CB1
receptors to modify the activity of neuronal voltage-dependent Ca** channels and K*
channels (Deadwyler et al., 1995; Gomez del Pulgar et al., 2000; Galve-Roperh et al.,
2002; Karanian et al., 2005; Molina-Holgado et al., 2005; Karanian et al., 2007), resulting
in a decrease in neurotransmitter release. Consistent with this, increases in AEA have
been shown to promote neuronal survival by reducing hippocampal excitotoxicity
(Coomber et al., 2008). AEA administration also provided neuroprotection in a model of
high IOP-induced ischemia where increased AEA levels resulted in decreased glutamate
levels (Nucci et al., 2007). In addition to inhibition of neurotransmitter release,
endocannabinoid-mediated decreases in intracellular Ca*" via direct action on voltage-
dependent ion channels following injury may also contribute to neuroprotection by
decreasing Ca**-dependent pro-apoptotic signalling cascades (Currie et al., 2008; Liu et
al., 2009; Ryan et al., 2009). Therefore, as URB597 increases levels of AEA, the
neuroprotective effects associated with this drug may occur directly through a reduction
of neuronal intracellular Ca®" (via inhibition of Ca** influx) and by CB1-mediated
inhibition of glutamate release. However, other mechanisms of neuroprotection may also

include a reduction of oxidative free radicals, increased retinal blood flow and
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modulatory effects on MG cells (Hampson et al., 1998; Chen and Buck, 2000; Jackson et
al., 2005; Oltmanns et al., 2008; Stella, 2010).
4.2.3 MG

Microglia, resident immune cells present in the retina, undergo a variety of
structural changes based on their location, and signals from the surrounding tissue that
recruit them from resting, to immunoreactive cells (Langmann, 2007). The role of
activated phagocytotic MG are to enhance scavenger function and remove damaged cells
and their associated debris (Langmann, 2007). Axotomy and chronic BCCAO produced
an increase in phagocytotic MG in the retina after 1 week post-injury in both young and
aged animals. This increase in MG was not observed following transient I-R. Also of note
from our study was the observation that despite additional RGC loss at two weeks post-
axotomy in aged retina, we did not find a corresponding increase in phagocytotic MG. In
contrast, in young animals increased RGC loss at two weeks post-injury resulted in a
reciprocal increase in phagocytotic MG. Furthermore, aged animals had fewer
phagocytotic MG overall than found in the young retina. Alterations in MG activity with
aging have been examined in several other studies which have demonstrated that aged
retinal MG have reduced phagocytotic abilities (Njie et al., 2010), and abnormalities in
MG cytoplasmic structures are increased throughout age (Streit et al., 2004). These
results suggest that aged animals may have impaired MG responses in comparison to
young animals, reflecting alterations in immune function with age (Xu et al., 2008).

AEA has been demonstrated to inhibit immune cell migration (Joseph et al., 2004;

Oka et al., 2004). Consistent with this, URB597 administration successfully reduced
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phagocytotic MG density and inhibited MG migration after both axotomy and BCCAO;
sections taken from young animals treated with URB597 after 1 week of axotomy or
BCCAO both showed reduced MG infiltration of retinal layers. In models where
URBS597 had no effect on RGC survival, such as in transient I-R, there were no
significant effects on phagocytotic MG density. This may indicate that URB597 treatment
alters MG response to injury to promote increased cell survival in the retina.

There is controversy surrounding the role of MG in neuronal degeneration
(Langmann, 2007; Xu et al., 2008). MG are vital to digesting dying cellular debris,
thereby preventing their exposure to surviving cells and also release trophic factors
important to cell survival (Streit, 2002; Kohl et al., 2003; Simard et al., 2006;). However,
MG are also associated with releasing neurotoxic compounds including the cytokine,
tumour necrosis factor alpha (TNFa). In addition to effects on MG, AEA has reported to
reduce levels of TNFa (Sawada et al.,1989; Munro et al.,1993; Moss and Bates, 2001;
Streit, 2002; Facchinetti et al., 2003). Supporting an inhibitory action of AEA on MG
activation, our results show that inhibition of both phagocytotic MG and MG infiltration
are associated with increased cell survival this suggests that AEA may exert
neuroprotective effects in the retina as a modulator of immune cell (MG) function.
4.2.3.4 Vasculature

There was no significant retinal microvasculature pathology observed following
axotomy or transient I-R in either young or aged retina. However, chronic BCCAO in
young retina produced qualitative alterations of capillary morphology after 1 week that

were reduced with the administration of URB597. The findings from this study are
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consistent with other reports that showed that axotomy did not produce significant
alterations in retinal vasculature (Baumbach et al., 1978; Bain et al., 2001), although a
few studies have identified transient vascular changes following optic nerve transection
(Kiernan, 1985). The lack of significant retinal vascular changes reported in these studies
and in the experimental models used in this study, may reflect the post-injury time-course
used; neuronal loss or ischemic vascular damage leading to vascular modifications may
require an extended time-course to observe alterations (Baumbach et al., 1978; Bain et
al., 2001).

Pathophysiological alterations in retinal capillaries, however, were present
following chronic BCCAO. In this experimental model, capillaries exhibited thinning and
a more erratic branching pattern. While we did not observe a reduction in global retinal
capillary density, morphological abnormalities such as tortuosity of vessels and increased
presence of microaneurysms were present in the retina after BCCAO. Other studies in the
retina have shown that RGC loss precedes such vasculature alterations (Feit-Leichman et
al., 2005; Zheng et al., 2007; Chen et al., 2009). The thinning of capillaries and more
erratic pattern observed with chronic BCCAO was similar to findings reported for retinal
arteries and arteriole alterations within hours of occluding the optic nerve sheath in a
model of retinal vascular injury (Hirose et al., 2004). Thinning of the capillary wall in
both clinical and experimental observations is thought to result in a reduction of blood-
flow due to increase resistance. This decrease in blood flow would likely have more
profound effects on vasculature over time (Steiner et al., 1965).

AEA has vasoactive actions in various different vascular beds, including those of
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the eye, and increases in AEA have been associated with vasodilation and increased blood
flow (Pate et al., 1995; Romano and Lograno, 2006). Of our vascular models, we
observed beneficial effects of URB597 on retinal vasculature only in our chronic
BCCAO model and not in the transient [-R model. Transient I-R is a model that reflects
damage caused by reperfusion of blood flow resulting in an increase in oxidative free
radicals and a decrease in the ability of the tissue to detoxify these compounds (Filho et
al., 2004). In contrast, BCCAO involves a chronic reduction in blood flow to the retina.
Therefore, it is possible that in the BCCAO model of retinal ischemic damage, URB597
is able to provide increased RGC survival and decreased vascular pathology through an
AEA-mediated increase in blood-flow, thus reducing the impact of the chronic
hypoperfusion that occurs in BCCAO. As I-R damage is primarily related to reperfusion
injury, this might explain why URB597 was found to be more efficacious after BCCAO
yet ineffective following I-R. However, this study also shows that URB597 is able to
provide neuroprotection following axotomy, a model that does not appear to involve
significant vascular dysregulation ( Baumbach et al., 1978; Kiernan, 1985), suggesting
that URB597-mediated neuroprotection must also involve additional mechanisms

independent of vascular targets.

4.3 Limitations and Future Directions
The major limitations of this study were the ability to obtain enough surviving
aged animals in each of the experimental model groups to obtain significance for the drug

treatment and vascular analysis. Increased frailty and attrition of the aged animals prior to
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experimental induction, limited the tissue available for multiple time-points and reduced
animal numbers in each group of aged animals. In addition, the costs associated with the
development and maintenance of an aging colony, and the time restraints on initiating
experimental procedures in order to ensure appropriate aging of animals, limited the
number of animals that were available for these studies.

Future experiments that would improve the significance of these findings should
include increasing the power of the study for the aged experimental groups as well as
providing a vascular measure of eCB levels in young and aged animals before and after
URBS597 treatment. Various behavioural studies in vivo have now shown that 0.3 mg/kg
of URB597 is sufficient to inhibit FAAH, and prolong AEA levels sufficiently to alter
various behavioural parameters such as anxiety and pain threshold (Kathuria et al., 2003).
Therefore, although we observed neuroprotection in our young models of axotomy and
BCCAO, we do not know the exact tissue levels of AEA in our animals. Since FAAH has
been shown to be up-regulated in aged animals (Maccarrone et al., 2001) and drug
transport may be impaired with age, it is vital to understand if the lack of URB597
neuroprotection in aged animals reflects this increased activity of FAAH; the dose of
URBS597 used in this study may not sufficiently reduce FAAH and/or the neuroprotective
actions of AEA may no be longer sufficient for preserving RGCs in the aged retina.

Identifying the receptor targets through which AEA exert its effects is paramount
to identifying novel therapeutic targets. As URB597 may provide neuroprotection
through multiple pathways ie. CB1, TRPV1 and CBx, the use of antagonists to these

receptors may provide insight into which pathways are responsible for URB597-mediated
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cell survival. The CB1 antagonist, AM251, has been shown in vivo to block certain AEA
effects, while other actions of AEA are only inhibited with O-1918 administration
(Koztowska et al., 2007; Zakrzeska et al., 2010). O-1918 is a specific antagonist to CBx,
the Abn-CBD-sensitive vascular cannabinoid receptor. A combination of both O-1918
and AM251 may help differentiate components of AEA neuroprotection in each model of
injury.

As many cannabinoids have antioxidant abilities it has also been suggested that
neuroprotective effects of URB597-mediated eCB increase may be due to antioxidant
effects (Hampson et al., 1998; Chen and Buck 2000). AEA administration has been
shown to increase anti-oxidant markers in a rat model of I-R (Beheshtian et al., 2008),
therefore examination of anti-oxidant components such as malondialdhyde, an indicator
of oxidative stress, and glutathione levels, a measure of intrinsic antioxidant capabilities
of cells (Dilsiz et al., 2006) in axotomy and chronic BCCAO may provide more

information on eCB antioxidant effects.

4.4 Clinical Implications and the Potential of URB597 as a Therapeutic Agent

The endocannabinoid system has been shown in experimental and clinical studies
to provide protection against insult and injury, making this system a strong candidate for
novel therapeutic intervention for a number of disorders (Mackie, 2008; Pacher and
Hasko 2008; Vemuri et al., 2008; Janero and Makriyannis 2009). This work showed that
URB597, an inhibitor of the FAAH enzyme, has the ability to prevent RGC death in

models of retinal ischemia and optic nerve injury and illustrates the potential of
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increasing the eCBs activity to reduce pathophysiology. In support of this approach, work
in transgenic FAAH" mice and pharmacological blockade has shown potential in
management of multiple sclerosis (Benito et al., 2007), spinal cord injury (Garcia-
Ovejero et al., 2009) and high IOP-induced ischemia (Nucci et al., 2007). Enhancement
of AEA has also been shown to decrease seizure severity (Karanian et al., 2007), and has
been indicated in a number of age-related diseases including Alzheimer's, Parkinson's
and Huntington's disease (Benito et al., 2003; Maccarrone et al., 2003; Ramirez et al.,
2005; Micale et al., 2007; Bisogno and Di Marzo, 2008). Given that FAAH inhibitors are
devoid of cataleptic effects (Beltramo et al., 2000; Arizzi et al., 2004; Karanian et al.,
2007), do not carry an abuse potential (Justinova et al., 2008; Hwang et al., 2010), and
increased AEA is produced on-demand at the site of action with actions at multiple
targets, suggest that FAAH inhibitors may be safe therapeutic candidates to treat a variety
of disease states. In addition, since a number of FAAH inhibitors display varied potency
over time and exhibit different binding characteristics, this may provide further
opportunities to regulate AEA levels and avoid off-target effects (Zhang et al., 2007;

Seierstad and Breitenbucher, 2008; Hwang et al., 2010).

4.5 Conclusion

The FAAH enzyme inhibitor, URB597, showed neuroprotective potential in
several models of damage in the young retina. Our results suggest that URB597-mediated
neuroprotection may occur through a number of different cellular targets; URB597 had

effects on RGCs, MG and retinal vasculature. In contrast, URB597 did not produce any
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significant neuroprotective effects in the aged retina although some differences were
apparent compared to vehicle treated controls. This illustrates the importance of
understanding the mechanisms by which URB597 provides neuroprotection and how
these are altered with age. Given that URB597 was able to provide neuroprotection in the
young retina but had reduced efficacy in the older animals, it suggest that URB597 may
only be an appropriate therapeutic compound in treatment of retinal disease in aged

animals when combined with other therapies.
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