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Abstract

Progesterone as a Neuroprotective Treatment in the Retina
By Rachael Stewart Allen

The neurosteroid progesterone has been shown to have protective effects in a number of
injury models, including traumatic brain injury and stroke. Progesterone has been shown
to reduce inflammation and infarct size in the brain and improve behavioral outcomes
after middle cerebral artery occlusion (MCAO), a stroke model thought to affect the
retina as well as the brain. Here, the functional, morphological, and inflammatory
responses of the retina after MCAO were examined and compared with responses in the
brain. While the retina was found to exhibit similar responses to the brain, it showed a
reduced susceptibility to the ischemic injury induced by MCAO. Next, we examined
progesterone administration in two models of rodent ocular ischemia: the anterior
ischemic optic neuropathy model, which causes monocular optic nerve stroke, and the
MCAO model, which we showed caused retinal damage, inflammation, and functional
deficits in conjunction with cerebral ischemia. Protective effects with progesterone
treatment were observed in the retina following MCAO but not anterior ischemic optic
neuropathy. While progesterone treatment was protective in both brain and retina after
MCAQO, greater reductions in inflammation were observed in the brain versus the retina
and greater improvements were observed in brain function-based behavioral tasks than in
the retina-based electroretinogram. Levels of progesterone receptor were assessed in
retina and brain to confirm expression of progesterone receptor at the protein level in the
retina. After MCAO, progesterone receptors were upregulated in brain and
downregulated in retina, suggesting a potential mechanism for greater progesterone
protection in brain over retina. These results demonstrate the promise of progesterone
treatment in retinal ischemia and illustrate the importance of progesterone receptors in
how injured tissue responds to progesterone treatment.
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Chapter 1:

Introduction

This chapter presents work to be published within:

Rachael S. Allen and Donald G. Stein. Progesterone as a neuroprotective treatment in the

retina. Review, Expert Opinion on Investigational Drugs. 2014.



GENERAL INTRODUCTION
Retinal Anatomy and Visual Processing

The eye has been called the window to the brain. Other neural tissue can be
difficult to access, but the retina can be visualized easily and non-invasively. For
example, it is the only tissue in which arteriolar blood vessels can be visualized. Due to
the eye’s unique anatomical characteristics, the retina allows us a glimpse into a portion
of both the cardiovascular and central nervous systems (Sharma & Ehinger, 2002).
Neuro-ophthalmologists can diagnose diseases by looking at the fundus (Stanford et al.,
1978). For instance, the pathophysiological deposits that characterize Alzheimer’s
disease have also been observed in age-related macular degeneration (Dentchev et al.,
2003). In diabetes, high blood glucose levels can lead to damaged blood vessels in the
eye (diabetic retinopathy), and retinopathy has been shown to indicate future
cardiovascular problems (Gerstein et al., 2013). Additionally, visual deficits are often a
warning sign of impending stroke (Falke et al., 1991, Helenius et al., 2012). The unique
accessibility of retinal neurons for imaging and functional analysis and the similarities
between retina and brain make the retina a useful tool in studying diseases that affect

both the eye and brain.

Anatomy and structure

Both the brain and retina derive from neuroectoderm during embryonic
development, and both tissues continue to develop well after birth. Both tissues are
composed of neurons and glia with specialized functions, with the retina specialized to

convert light stimuli into electrical signals that are carried to the brain and also to perform



preliminary visual processing. Light passes through the cornea and pupil and is focused
by both the cornea and lens onto the retina (Fig. 1-1A). The photoreceptor cells (rods and
cones) contain light sensitive photopigments that allow them to transduce photons of light
into graded changes in membrane potential. These signals are processed and modified by
the cells of the inner nuclear layer (bipolar, amacrine, and horizontal cells) before they
are passed to the retinal ganglion cells (Sharma & Ehinger, 2002) (Fig. 1-1C). Retinal
ganglion cell axons form the optic nerve and carry signals from the retina to the brain.
Ninety percent of these axons project to the lateral geniculate nucleus of the thalamus,
which passes the signal to the primary visual cortex for higher level visual processing,
while a smaller number project to the pretectum, superior colliculus, and suprachiasmatic
nucleus of the hypothalamus (Wurtz & Kandel, 2000).

In addition to its diverse neuronal cells, the retina and optic nerve also contain
four types of glial cells (Fig. 1-1B, C). 1) Glial cells myelinate ganglion cell axons in the
optic nerve (Sharma & Ehinger, 2002). 2) Microglia, as in brain, are normally dormant
but become phagocytic in response to retinal injury and cell death. Retinal microglia are
located primarily in the nerve fiber layer under normal conditions, but migrate to other
retinal layers during times of retinal trauma (Sharma & Ehinger, 2002). Additionally,
other microglia that originate outside the retina can migrate to the retina in response to
injury (Boycott and Hopkins, 1981). 3) Astrocytes are found primarily in the nerve fiber
layer. As in brain, retinal astrocytes are star-shaped, express GFAP abundantly, and send
out processes that wrap around nerve fibers and capillaries. Retinal astrocytes provide
support and homeostatic function for retinal ganglion cells and, along with Miiller cells,

form the inner blood retinal barrier (Sharma & Ehinger, 2002). Similarly, brain astrocytes



also play a role in support, homeostasis, and blood brain barrier formation (Kandel,
2000). 4) Miiller cells are a specialized type of glial cell found only in the retina (Fig. 1-
1B). They span most of the retina, from photoreceptor to nerve fiber layer, providing
structural support and performing functions that are performed by oligodendrocytes and
astrocytes in the brain. Miiller cell processes extend to retinal synapses and nerve fibers
to provide homeostatic support, and Miiller cell endfeet extend to retinal blood vessels as
part of the inner blood retinal barrier (Sharma & Ehinger, 2002). Miiller cells exhibit
diverse responses to retinal stress and injury, including upregulation of GFAP, which is
not visualized in Miiller cells under normal conditions (Bringmann et al., 2009). Miiller
cells also remove extracellular glutamate under normal and pathologic conditions, and
strongly express glutamine synthetase, an enzyme that converts glutamate to glutamine

(Pow and Barnett, 1999, Bringmann et al., 2009).
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Figure 1-1. Basic ocular and retinal anatomy. A) Anatomy of the eye. Image modified from: National
Eye Institutes, National Institues of Health (NEA04) with permission. B) Miiller cell morphology. M,
Miiller cell. Image modified from http://webvision.med.utah.edu/book/part-ii-anatomy-and-physiology-of-
the-retina with permission, made available through Creative Commons. C) Retinal anatomy and circuitry.
R, rod; C, cone; RB, rod bipolar cell; CB, cone bipolar cell; H, horizontal cell; A, amacrine cell; As,
Astrocyte; G, ganglion cell; M, microglia. Image modified from http://webvision.med.utah.edu/book/part-
vi-development-of-cell-types-and-synaptic-connections-in-the-retina and
http://webvision.med.utah.edu/book/part-xii-cell-biology-of-retinal-degenerations with permission, made
available through Creative Commons.




Neurotransmitters

Glutamate is the major excitatory neurotransmitter in both retina and brain
(Schwartz, 2000, Sharma & Ehinger, 2002). As the neurotransmitter used by
photoreceptor, bipolar, and ganglion cells, glutamate is essential for proper signal
conduction in the retina (Massey and Redburn, 1987) (Brust, 2000)(Fig. 1-2A). After
glutamate activates receptors, it must be cleared from the extracellular space quickly to
avoid constant activation. Glutamate transporters take up the extracellular glutamate into
surrounding glial cells, where it can be broken down by enzymes (Schwartz, 2000). In the
retina, the Miiller-specific glutamate transporter, GLAST (GLutamate ASpartate
Transporter) takes up extracellular glutamate into the cell where it is converted to
glutamine by glutamine synthetase (Pow and Barnett, 1999) (Fig. 1-2B).

Gamma-aminobutyric acid (GABA), the major inhibitory neurotransmitter in the
brain (Schwartz, 2000) is also present in the retina. Horizontal cells and approximately
40% of amacrine cells use GABA as their neurotransmitter and play a role in fine-tuning
the visual signal (Sharma & Ehinger, 2002) (Fig. 1-2A).

A variety of other neuroactive substances have been detected in retinal neurons as
well, including cholingergic and dopaminergic amacrine cells, among others (Sharma &

Ehinger, 2002).
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Figure 1-2. Glutamate in the retina. A) Diagram of retinal neurons. Photoreceptor, bipolar, and
ganglion cells make up the vertical pathway and are glutamatergic. Amacrine and horizontal cells modulate
the pathway and are often GABAergic. B) Glutamatergic synapse in retina. Glutamate released by the
presynaptic neuron is removed from the extracellular space by GLAST and converted to glutamine by

glutamine synthetase. Images modified from http://webvision.med.utah.edu/book/part-v-phototransduction-
in-rods-and-cones with permission, made available through Creative Commons.




Blood Supply and Blood Barriers in the Brain and Retina

Two major artery systems supply blood to the central nervous system. The
internal carotid arteries carry blood to other arteries that branch to the anterior portion of
the brain and also the eye. The vertebral arteries supply blood to the posterior portion of
the brain. The internal carotid gives rise to the anterior cerebral and middle cerebral
arteries, which, along with other arteries, form a ring called the Circle of Willis at the
base of the brain (Fig. 1-3A). The primary blood supply for the cerebral hemispheres and
subcortical structures is provided by the anterior cerebral, middle cerebral, and posterior
cerebral arteries (Brust, 2000). The ophthalmic artery also branches from the internal
carotid and ultimately provides the blood supply for the entire eye, branching into the
central retinal artery and posterior ciliary arteries to supply blood to the retina (Smith et
al., 2002) (Fig. 1-3B). In both brain and retina, arteries continue to form progressively
smaller branches leading to capillary networks. In both tissues, a tight barrier between
blood and neural tissue is critical to proper function. Despite these similarities, the retina
has seven times the metabolic needs of the brain (Rodieck, 1998).

The inner retina, including the retinal ganglion cells, is supplied blood by
capillaries that ultimately branch from the central retinal artery, while the outer retina is
supplied by the blood vessel rich choroid layer (Fig 1-3C). The blood brain barrier, inner
blood retinal barrier, and outer blood retinal barrier have similar molecular compositions
in terms of barrier proteins like occludin, ZO-1, and cell adhesion proteins. All three
barriers involve tight junctions, share immunological features, and have similar
pharmacological characteristics (Cunha-Vaz et al., 1966, Shlosshauer, 2007). Blood brain

and blood retinal barriers also exhibit similar transport characteristics, including



expression of p-Glycoprotein (P-gp), an efflux pump that removes cytotoxic and
xenobiotic substances (Bauer et al., 2004, Zhang et al., 2012b).

The blood retinal barrier for the inner retina is nearly identical in structure to the
blood brain barrier (Fig. 1-3D). Both originate from mesoderm and follow a similar
pattern of development. Both form new capillaries through angiogenesis. Both barriers
are composed of continuous endothelial cells with tight junctions resulting in non-
fenestrated capillaries. Both are in direct contact with glial cells and both have a high
transendothelial resistance. However, the inner blood retinal barrier is composed of
Miiller processes in addition to astrocytic processes and has a greater density of inter-
endothelial cell junctions (Cunha-Vaz et al., 1966, Schlosshauer, 2007). Additionally,
pericytes cover a greater portion of retinal capillary circumference compared with brain
(Frank et al., 1990).

The outer blood retinal barrier differs more from the other two barriers (Fig. 1-
3E). The retinal pigment epithelium is a sheet of cells with tight junctions that forms the
interface between the neural retina and fenestrated choroidal vessels (Steuer et al., 2005,
Schlosshauer, 2007). The openings in choroidal vessels allow more substances to pass
through the capillaries, and in greater amounts, with the retinal pigment epithelium
providing the barrier. Additionally, choriocapillaries are larger, allowing a higher rate of
blood flow and an increased concentration of oxygen (Rodieck, 1998). In contrast to the
blood brain barrier and the inner blood retinal barrier, the outer blood retinal barrier
originates from neuroectoderm, is composed of epithelial rather than endothelial cells,
and has a resistance that is approximately one-fourth that of the other barriers. The retinal

pigment epithelium also has additional properties, for example, supportive functions for
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photoreceptor cells, that neither the blood brain barrier or inner blood retinal barrier have
(Steuer et al., 2005, Schlosshauer., 2007).

There are also regions of the blood brain and blood retinal barriers that can be
thought of as “weak spots” or “defects,” areas that are more permeable due to their
structural composition. In the retina, one such weak spot occurs where the optic nerve
exits the retina. As a result, the anterior portion of the optic nerve is more permeable to
substances that diffuse from the choroid (Cioffi GA, 2002). This permeability increase
could contribute to the enhanced susceptibility of the retinal ganglion cells and optic
nerve observed in some diseases and animal models, including multiple sclerosis and
experimental allergic encephalomyelitis (Schlosshauer, 2007). Brain areas with similar
increased permeability due to incomplete blood brain barrier exhibit an earlier
susceptibility to inflammation in experimental allergic encephalomyelitis (Schlosshauer,
2007).

Glial and vascular differences between the retina and brain are especially
interesting because they could explain differences in how the brain and retina respond to

injuries and drug treatment.
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This figure was removed due to lack of copyright permission. If you are interesting in viewing this figure,
please contact rachaelstewartallen@gmail.com.

Figure 1-3. Blood supply and blood barriers in the brain and retina. A) Cerebral blood supply. Image
modified from http://www.webmd.com/brain/blood-supply-to-the-brain. B) Ocular blood supply. CAs,
Ciliary Arteries; CRA, Central Retinal Artery; OphA, Ophthalmic Artery. C) Retinal and choroidal
vasculature. Image modified from (Sim and Fruttiger, 2013). D) Visceral capillary (left) vs. capillary in
brain and inner retina (right). In capillaries without a blood barrier (for example, the visceral capillary
shown in D), the fenestrated endothelium and intercellular clefts allow for nonselective diffusion.
Conversely, capillaries in the brain and inner retina are composed of nonfenestrated endothelium connected
by tight junctions, creating a selective barrier between blood supply and neural tissue. Image modified from
(Laterra, 2000). E) Outer Blood Retinal Barrier. Choriocapillaries are fenestrated, allowing diffusion across
Bruch’s membrane. The tight junctions of the retinal pigment epithelium (RPE) provide the barrier between
blood supply and photoreceptor cells. Image modified from (Shechter et al., 2013).
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Systemic and Brain Diseases that Involve the Retina

A number of systemic diseases are known to affect the retina. Stroke and diabetes
have well-established retinal components. More recently, research has shown that
changes in the retina also accompany diseases historically thought of as “brain diseases,”
including Alzheimer’s disease, Parkinson’s disease, and schizophrenia. Here, I review
evidence of changes in retinal morphology and function in a variety diseases affecting the
brain and/or the whole system. The information presented on diabetes, Alzheimer’s
disease, Parkinson’s disease, and schizophrenia demonstrates the importance of assessing
retinal components in disease and injury in general, while the section on ischemic injury
in the brain and retina is of particular importance as this topic is a focus of this

dissertation.

Ischemic Injury in the Brain and Retina

Ocular ischemia can occur independently of brain damage or as part of a larger
injury, such as cerebral stroke or arthrosclerosis. In fact, subclinical visual field defects
occur in 57% of minor strokes (Falke et al., 1991), and visual deficits commonly present
as a first symptom in stroke and arthrosclerosis (Benavente et al., 2001, Mead et al.,
2002). Chronic reductions in ocular blood supply, usually due to severe carotid artery
obstruction, can lead to vision loss, as is the case in ocular ischemic syndrome (Sturrock
and Mueller, 1984). Other types of ischemia are eye-specific, including retinal artery
occlusion (Rumelt et al., 1999) and anterior ischemic optic neuropathy (Johnson and

Arnold, 1994), which cause ischemia in the retina and optic nerve, respectively.
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During ischemic stroke, reduced arterial blood flow deprives tissue of oxygen and
nutrients, leading to injury and cell death (depending on the duration of ischemia)
(Kalogeris et al., 2012). There is substantial overlap between mechanisms involved in
cerebral stroke and mechanisms involved in strokes of the retina and optic nerve:

- including increases in extracellular glutamate and calcium influx resulting

in excitotoxicity (Hillered et al., 1989, Kalloniatis, 1995, Perlman et al.,
1996, Kalogeris et al., 2012)

- oxidative stress (Yang et al., 1996, Facchinetti et al., 1998, Liu et al.,
2012b)

- altered aquaporin expression (Iandiev et al., 2006, Zador et al., 2009)

- increases in pro-apoptotic and decreases in anti-apoptotic markers
(Schmidt-Kastner et al., 2000, Zhang et al., 2005b)

- increases in inflammation, including NF-xB pathway activation
(Schneider et al., 1999, Dvoriantchikova et al., 2009), increased levels of
inflammatory cytokines (IL-6, TNF-a, etc.) (Hangai et al., 1996, Hill et
al., 1999), and increased activation of glial cells and macrophages
(Zhang et al., 2005a, Gronberg et al., 2013).

Due to the degree of common mechanisms in cerebral and ocular stroke,

treatments that are effective in one system could prove beneficial in the other system.

While the brain and retina exhibit similar pathologies in response to ischemia, it is
interesting that their susceptibilities to ischemic injury differ. Differential susceptibility to
ischemia is observed in a variety of organs, with the brain being the most sensitive in

terms of tolerance time (the point at which ischemia causes irreversible damage)
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(Kalogeris et al., 2012) (Table 1-1). Irreversible brain damage occurs after less than 20
minutes of ischemia (Ordy et al., 1993), with some studies reporting tolerance times as
low as 3-7 minutes (Weinberger L, 1940, Kabat H, 1941, Brock, 1956). Conversely, the
retina exhibits tolerance times that vary from less than 30 minutes to as long as 98
minutes (Reinecke et al., 1962, Fujino and Hamasaki, 1967, Hayreh and Weingeist, 1980,
Faberowski et al., 1989, Lafuente et al., 2001, Zhu et al., 2002). Several factors can
contribute to tissue susceptibility, including greater vascularization, low levels of
antioxidant activity, and high metabolic demand (Kalogeris et al., 2012). However, the
retina’s metabolic demand is seven times that of the brain (Rodieck, 1998). Perhaps the
retina is more resilient because it can rely on stores of glucose and glycogen in the
vitreous and the retina itself, whereas the brain is dependent on cerebral vasculature for
nutrients. Greater ease of reflow through occluded vasculature in retina vs. brain could
also contribute to the retina’s resiliency after ischemia (Hayreh and Weingeist, 1980).
Transient vision loss in one or both eyes, a phenomenon known as amaurosis
fugax, occurs due to temporary retinal ischemia and is often a sign of systemic
cardiovascular disease and impending stroke (Slepyan et al., 1975). In addition to visual
symptoms, transient ischemic attacks can also include temporary numbness, weakness,
and paralysis, among other symptoms. Although symptoms usually resolve in less than an
hour (Johnston, 2002), neurological imaging shows that 1 in 4 patients with transient
retinal ischemia currently has an acute brain infarct (Helenius et al., 2012). Fundus
photography is already used to help diagnose whether patients with visual symptoms
have carotid disease and would benefit from endarterectomy (a surgery to remove plaque

from an artery) (Stanford et al., 1978). Other research shows that retinal examination
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prior to vision loss contributes valuable information in terms of diagnosis and disease
prediction. Fundus abnormalities have been found to be the greatest risk factor for
cerebral thrombosis (Okada et al., 1976). Changes in retinal vasculature have been
correlated with microvascular lesions in the brain (Qiu et al., 2009). And hypertensive
retinopathy is associated with organ damage and risk of stroke and heart failure
(Bhargava et al., 2012). Clearly, the retina is affected during systemic cardiovascular
disease and injury. Information on retinal health and visual function can provide

additional information on disease risk and pathogenesis.
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Tolerance
Organ Time Species Reference
Brain <20 minutes Rat Ordy et al., 1993
6 minutes Dog Kabat et al., 1941
Weinberger et al.,
3.5 minutes Cat 1940
3 minutes Human Brock, 1956
Heart 20 minutes Rat Boengler et al., 2009
Kidney 30 minutes Human McDougal, 1988
Intestines 30-60 minutes | Rat Ikeda et al., 1998
Retina 97-98 minutes | Monkey (Central | Hayreh and Weingeist,
retinal artery 1980
occluson)
60-90 minutes | Monkey (elevated | Fujino and Hamasaki,
IOP) 1967
<90 minutes Cat (elevated Reinecke et al., 1962
IOP)
<60 minutes Rat (optic nerve Faberowski et al.,
bundle occlusion) | 1989
<30 minutes Mouse (elevated | Zhu et al., 2002
IOP)
<30 minutes Rat (Ophthalmic | Lafuente et al., 2002
vessel ligation)
Skeletal
muscle 1.5-2 hours Human Sapega et al., 1985

Table 1-1. Tolerance times of various organs to ischemic injury. Retinal tolerance times adapted from

(Hayreh and Weingeist, 1980, Osborne et al., 2004).
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Diabetes and Diabetic Retinopathy

Diabetes mellitus is characterized by high glucose levels due to insulin resistance
and/or an inability to produce insulin. Diabetes has effects in multiple organ systems,
including microvascular complications in the peripheral nervous system (neuropathy),
renal system (nephropathy), and retina (retinopathy) (Beisswenger, 1976).
Hyperglycemia and duration of disease are risk factors associated with all three
complications, (Engerman et al., 1977, Cohen et al., 1987, Engerman and Kern, 1987)
and retinal complications are the most common (Deshpande et al., 2008). Early signs of
diabetic retinopathy include microaneurysms, intraretinal hemorrhages, and fluid leakage
and exudate formation due to increased permeability of retinal vessels. As retinopathy
becomes more severe, hemorrhages and vessel occlusions become progressively worse.
Retinal ischemia becomes more severe, leading to neovascularization and vision loss
(Deshpande et al., 2008).

Interestingly, the diabetic complications of neuropathy, nephropathy, and
retinopathy have been found to be significantly associated (Dyck et al., 1993).
Microvascular disease can occur in the brain with diabetes as well, and is thought to be
the cause of cognitive deficits in diabetic patients (van Duinkerken et al., 2009). The
presence of diabetic retinopathy is associated with cognitive deficits and greater amounts
of ischemia in brain (Haan et al., 2012). Diabetic patients with one or more complications
were also found to have reduced performance on a battery of cognitive tests (Ryan et al.,
1993). Early signs of diabetic retinopathy (which may indicate chronic hyperglycemia)
were associated with structural changes in brain as well as cognitive deficits, including

deficits in fluid intelligence, attention and concentration, and information processing
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(Ferguson et al., 2003). Additionally, patients with advanced diabetic retinopathy showed
increased cortical atrophy as measured by MRI (Wessels et al., 2006), and diabetic
retinopathy may be associated with accelerated cognitive decline with age, particularly in
men (Ding et al., 2010). These studies show that diabetic retinopathy is indicative of
microvascular disease, and the association between retinopathy and cerebral
microvascular disease means that retinopathy could be used as a marker or predictor for
pathology elsewhere in the nervous system. Additional support for the retina as an early
marker in diabetes is the finding that patients with prediabetes show early signs of

diabetic retinopathy (Chen et al., 2012, Tabak et al., 2012).

Alzheimer’s Disease and Age-related Macular Degeneration

In addition to diseases that are more commonly thought of to have a retinal
component, the retina has also been shown to be involved in a wide spectrum of disorders
that we don’t generally think of as “eye-related.” Alzheimer’s disease is the most
common cause of dementia in older adults and is characterized by progressive memory
impairment and cognitive disturbances (Seligman et al., 2001a). While the precise cause
of Alzheimer’s disease is not known, neurofibrillary tangles (tau protein fibers that
accumulate inside neurons) and plaques (deposits of the amyloid beta protein fragment
that build up between nerve cells) are both believed to contribute to neuronal dysfunction
and death in Alzheimer’s disease pathogenesis (Seligman et al., 2001a).

More recently, amyloid beta has been identified in drusen in patients with age-
related macular degeneration (Dentchev et al., 2003). Age-related macular degeneration

is the leading cause of irreversible blindness in older adults (Klein et al., 1995). Like
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Alzheimer’s disease, age-related macular degeneration is progressive, characterized by
accumulation of drusen in the macula and a continuous decline in visual function
(Penfold et al., 2001). Both diseases share the major risk factors of advanced age, a diet
high in fat and cholesterol, and the APOE4 allele (Seddon et al., 2003, Mattson, 2004,
Baird et al., 2006, Jager et al., 2008). Both are associated with deposits in the
extracellular space that consist of AP peptides, apoE protein, complement, and other
components (Ding et al., 2011). Treatments that use antibodies or vaccines to target
amyloid beta in APP mouse models of Alzheimer’s disease also decrease amyloid beta
plaques and improve cognitive behavior (Hardy and Selkoe, 2002). Treatment with anti-
amyloid beta therapy has also been tested in the APOE4-high fat/cholesterol mouse
model, a rodent model of age-related macular degeneration that also results in plaque
accumulation in the brain. With anti-amyloid beta treatment, amyloid beta deposits were
greatly reduced in both retina and brain, and retinal pathology and visual function loss
were reduced as well (Ding et al., 2008, Ding et al., 2011).

In addition to the potential for using Alzheimer’s disease therapies in the
treatment of age-related macular degeneration, retinal imaging and functional analyses
may prove useful in identifying Alzheimer’s disease and tracking its progression.
Alzheimer’s patients have been shown to have deficits in motion detection (Gilmore et
al., 1994, Duffy et al., 2000) and contrast sensitivity (Cronin-Golomb et al., 1991), as
well as visual field defects (Trick et al., 1995, Armstrong, 1996). Alzheimer’s disease has
been shown to cause damage to the lateral geniculate nucleus (Leuba and Saini, 1995),
and visual cortex (Hof and Morrison, 1990, Gupta et al., 2006) early on in disease

pathogenesis, and visual association areas may exhibit damage even before the
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hippocampus and other areas involved in memory (McKee et al., 2006). Damage to
visual areas may be the reason for loss of retinal ganglion cells (Sadun and Bassi, 1990,
Blanks et al., 1996) and loss of nerve fiber layer tissue (Berisha et al., 2007, Paquet et al.,
2007, Valenti, 2007, Bouet et al., 2009, Lu et al., 2010) in Alzheimer’s disease.
Importantly, nerve fiber layer loss has also been detected by optical coherence
tomography in patients with mild cognitive impairment (thought to be a pre-Alzheimer’s
stage) (Paquet et al., 2007) , which may allow retina and optic nerve health to be used as

a diagnostic tool in Alzheimer’s disease prior to the onset of memory loss (Valenti,

2011).

Parkinson’s Disease and the Retina

Parkinson’s disease is a neurodegenerative disorder characterized by motor
disturbances (tremor, rigidity, bradykinesia) that are caused by the progressive
degeneration of dopaminergic neurons in the basal ganglia (Parkinson, 2002, Kempster et
al., 2007). Parkinson’s disease has historically been viewed as a disease of the motor
system, but more recent research shows that Parkinson’s disease is a systemic disorder
with diverse effects in the body, including changes in the retina and visual function
(Archibald et al., 2009). Reduced concentrations of retinal dopamine and reduced
immunostaining in amacrine cells by tyrosine hydroxylase (the enzyme that synthesizes
dopamine, a marker for dopaminergic cells) have been found in retinas from Parkinson’s
patients (Nguyen-Legros, 1988, Harnois and Di Paolo, 1990). These changes are
ameliorated by dopamine treatment in animal models of Parkinson’s disease (Tatton et

al., 1990, Naarendorp et al., 1993).
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Patients with Parkinson’s disease also show abnormalities in visual function,
including:

- Reduced contrast sensitivity, which improves after treatment with L-DOPA, the
precursor to dopamine (Bulens et al., 1988, Hutton et al., 1993).

- Reduced visual acuity (clinically very important as it is a risk factor for
Parkinson’s disease-associated visual hallucinations) (Holroyd et al., 2001, Matsui et al.,
2006).

- Deficits in color vision (Silva et al., 2005).

- Deficits in motor perception (Trick et al., 1994, Mosimann et al., 2004).

- Delays in visual-evoked potential (Fig. 1-4B) latency (Bodis-Wollner and Yabhr,
1978, Ikeda et al., 1994), that are reversed by treatment with L-DOPA (Onoftj et al.,
1986).

- Deficits in pattern electroretinogram (Fig. 1-4A) amplitude and latency that are
progressive (Ikeda et al., 1994) and improve with L-DOPA treatment (Peppe et al.,
1995).

In addition to functional changes, structural abnormalities in the retina have been
observed in Parkinson’s patients, including swelling of photoreceptor and retinal
ganglion cells (Devos et al., 2005) and retinal nerve fiber layer thinning as detected by

optical coherence tomography (Inzelberg et al., 2004, Altintas et al., 2008).

Schizophrenia and the Retina
Schizophrenia is a psychological disorder that involves impaired understanding of

reality and disturbances in thought, emotion, communication, perception, or psychomotor
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behavior (Seligman et al., 2001b). It is well known that patients with schizophrenia see
the world differently from other people, but recent research shows that these differences
are evident even at the level of the retina. Reduced a- wave amplitudes were detected in
patients with schizophrenia during the acute stage of the disease (a period of time, usually
lasting several weeks, during which positive symptoms like hallucinations manifest) and
a significant inverse correlation was observed between positive symptoms and a- wave
amplitude (Balogh et al., 2008). Patients with schizophrenia also show magnocellular
pathway deficits (the pathway from the retina to the lateral geniculate nucleus that carries
information involving motion detection) (Keri et al., 2004), deficits in smooth pursuit eye
movements (Thaker et al., 2003), and differential crossing of foveal projections in the
optic chiasm (Korn, 2002). Schizophrenia is generally thought of as a disease of
dopamine excess (Seligman et al., 2001b), and it would be interesting to know how
dopaminergic amacrine cell function in patients with schizophrenia compares to that in
patients with Parkinson’s disease.

Additionally, retinal examination may prove useful in predicting schizophrenia
and monitoring its progression. Patients with schizophrenia exhibit microvascular
abnormalities in both brain and retina. Using retinal imaging techniques, it was shown
that not only do schizophrenic patients have wider retinal venules, but these vascular
abnormalities may present early in life and are observed even when psychotic symptoms
are currently below the threshold of clinical diagnosis (Meier et al., 2013). Patients with
schizophrenia also show reduced thickness of the nerve fiber layer and macula and
reduced macula volume as measured by optical coherence tomography. These reductions

were greater when the disease progression had reached the chronic phase, and duration of
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illness was correlated with retinal pathology (Lee et al., 2013). Finally, reductions in rod
electroretinogram (in the absence of a cone electroretinogram deficit) were observed in
currently healthy children of patients with neuropsychiatric disorders. Following up with
the psychiatric health of these children may allow the prediction of schizophrenia based

on the retina’s response to light (Hebert et al., 2010).

Summary

Based on the research presented here, retinal examination (imaging and functional
testing) could contribute to our understanding of non-ocular disease pathogenesis and
potentially lead to earlier diagnosis. Fundus examinations can be used in the diagnosis
and prediction of stroke (Okada et al., 1976, Stanford et al., 1978, Bhargava et al., 2012)
and in the assessment of diabetic retinopathy, which exists in early stages even in
prediabetic patients (Chen et al., 2012, Tabak et al., 2012). Pupillary responses enable
physicians to identify lesions in the optic nerve and optic tract and the visual cortex.
Optical coherence tomography can be used to detect changes in retinal morphology in
conjunction with diabetes (Abdelkader, 2013), multiple sclerosis (Parisi et al., 1999),
Parkinson’s disease (Inzelberg et al., 2004, Altintas et al., 2008), Alzheimer’s disease
(Iseri et al., 2006), and schizophrenia (Lee et al., 2013). Electroretinogram abnormalities
have been reported in diabetes (Abdelkader, 2013), Parkinson’s disease (Ikeda et al.,
1994), schizophrenia and potentially pre-schizophrenic children (Balogh et al., 2008,
Hebert et al., 2010), and patients with seasonal affective disorder, autism, and drug
addiction (Lavoie et al., 2014). For many of these diseases, more research is needed to
determine the earliest point that retinal changes occur and whether the retina is more or

less susceptible than the brain or other affected tissues to the disease.
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In most major diseases, multiple systems are affected and could change in
response to treatment. For example, treatment with -secretase in a mouse model of
Alzheimer’s disease improves pathology in the brain but induces choroidal
neovascularization in the retina (Cai et al., 2012). The entire body’s response to disease
and injury should be considered, with the focus on fixing the whole person rather than
just treating symptoms. The retina represents an additional avenue for better

understanding and predicting diseases that affect the brain and other systems.
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PROGESTERONE AS A NEUROPROTECTIVE TREATMENT IN THE RETINA
Abstract

Introduction: Diseases and injury that affect the eye and cause vision loss are a serious
problem worldwide, both in terms of economic impact and patient quality of life. Few
effective treatments currently exist to address this significant unmet need.

Areas covered: Here we review research on progesterone treatment in traumatic brain
injury and stroke that indicates it is a successful neuroprotective treatment in a variety of
animal models. We also review the ocular disorders that we think are the best candidates
for progesterone treatment, treatments currently available, and research relevant to
bringing progesterone treatment to the eye, including evidence of progesterone and its
receptors in the eye, overlap between mechanisms involved in retinal diseases and
mechanisms modulated by progesterone, and research on progesterone in the eye thus far.
Expert opinion: Progesterone’s pleiotropic properties and its success in pre-clinical
models of traumatic brain injury and stroke make it an attractive candidate for the
treatment of disorders affecting the retina. This review discusses progesterone as a

potential neuroprotective treatment in the retina and optic nerve.
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Introduction

Diseases and injury that cause retinal and optic nerve cell death and loss of visual
function are a serious problem worldwide, with adult vision problems costing more than
$50 billion per year in the United States alone (Prevent Blindness America website). The
issue of ocular disease and injury is especially important given our aging population —
more than 2.9 million older adults in the United States suffer from some form of visual
impairment (CDC). Ocular disorders come in a variety of forms, including acute injuries,
such as ocular trauma and retinal and optic nerve ischemias, as well as chronic diseases,
such as glaucoma and retinal degeneration. While these diseases take a huge toll in terms
of patient quality of life and economic impact, most are without effective (restorative)

treatment.

Ocular Trauma

Ocular trauma can be localized to the eye but it often occurs in conjunction with a
larger traumatic injury. Most injuries with an ocular trauma component are the result of
automobile accidents, sports injuries, and blast injuries (Morley et al., 2010, Dunkin et
al., 2011). Approximately 3% of emergency room visits in the United States are due to
ocular trauma (Dunkin et al., 2011), with 2.4 million eye injuries occurring annually in
1986 (Parver, 1986). The issue of ocular trauma is especially important with the increase
in blast injury incidence due to terrorist attacks and military service. Eye injury occurs in
as many as 28% of blast injury survivors of terrorist attacks (Morley et al., 2010) and in

6% of injured veterans returning from Operations Iraqi Freedom and Enduring Freedom.
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While eye injuries sustained during peacetime generally affect only one eye, 15-20% of

wartime eye injuries are bilateral, some resulting in total blindness (Scott, 2011).

Retinal and Optic Nerve Ischemias

Clinically, ocular ischemia can occur on its own or alongside cerebral stroke or
arthrosclerosis of the ophthalmic or carotid arteries, and visual function deficits often
present as a first symptom in these systemic diseases (Benavente et al., 2001, Mead et al.,
2002). In fact, visual field defects accompany 57% of minor strokes (Falke et al., 1991).
Ocular ischemic syndrome, which is usually the result of severe carotid artery
obstruction, is characterized by chronic reduction in blood flow to the eye that causes
vision loss and has an estimated prevalence of 7.5 cases per million people per year
(Sturrock and Mueller, 1984). Ocular ischemia occurs independently of cerebral damage,
as well. Among these pathologies are retinal artery occlusion, with an incidence of 8.5
cases per million people per year (Rumelt et al., 1999), and anterior ischemic optic
neuropathy (AION), which involves sudden vision loss due to stroke in the optic nerve
(Hayreh, 1974) and has an incidence of 23 to 102 cases per million people per year

(Johnson and Arnold, 1994).

Retinal Degenerations such as Retinitis Pigmentosa

Retinitis Pigmentosa is a family of hereditary degenerative retinal diseases in
which rod and cone photoreceptor cell loss occurs over time (Hartong et al., 2006). Over
one million people worldwide are affected by retinitis pigmentosa. Patients begin losing

night vision and peripheral vision relatively early in life with central vision deficits
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appearing later. By age 40, most patients with retinitis pigmentosa are legally blind

(Hartong et al., 2006).

Glaucoma

Glaucoma is the second most common cause of blindness, affecting
approximately 2.65% of the over 40 population and 60.5 million people worldwide in
2010, 4.5 million of which are bilaterally blind (Varma et al., 2011). Glaucoma is
characterized by progressive degeneration of the optic nerve and retinal ganglion cells,
leading to loss of visual field and eventual blindness (Schwartz, 2005, Pang and Clark,
2007). The degeneration often occurs without pain or symptoms, prompting glaucoma's
nickname as the 'sneak thief of sight' (Adatia and Damji, 2005). The direct cost of
glaucoma to US citizens is an estimated $2.9 billion, and these costs would likely be
much higher but approximately half of glaucoma patients have no idea they have the
disease (Varma et al., 2011). Glaucoma also has a substantial impact on patient quality of
life as the disease progresses and patients lose their ability to drive, read, and perform

everyday activities (Varma et al., 2011).

Few Effective Treatments
Despite the impact of ocular injury and disease and the unmet needs for patients,
relatively few neuroprotective treatment options exist for any of the aforementioned

disorders.

Ocular Trauma
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In treating ocular trauma, surgery must be performed as soon as possible (for
example, to remove fragments after a blast injury) (Parke et al., 2013). Visual
rehabilitation and/or implantation of sensory substitution devices can be performed much
later (Scott, 2011), but there is currently no clinical standard for treatment with a
neuroprotective drug or other type of intervention immediately after injury. Systemic
corticosteroids and surgical decompression have been used to treat ocular trauma,
however, these therapies have not been proven to be effective, and in fact, corticosteroids

may worsen outcomes (McClenaghan et al., 2011).

Retinal and Optic Nerve Ischemias

Treatment options for ischemia of the retina and optic nerve include aspirin (for
AION (Hayreh, 2009, 2011), CRVO — central retinal vein occlusion (London and Brown,
2011)), thrombolytic agents (for CRAO — central retinal artery occlusion (Hayreh,
2011)), vascular endothelial growth factor inhibitors (for AION (Hayreh, 2009), for
CRVO (London and Brown, 2011)), laser photocoagulation (for CRVO (London and
Brown, 2011)), and systemic corticosteroids (for AION (Hayreh, 2009, 2011), for CRVO
(London and Brown, 2011)). A recent clinical trial showed visual acuity improvement in
AION with corticosteroid treatment, however the use of corticosteroids in AION is a
controversial topic, as most clinicians maintain that corticosteroid treatment is ineffectual
(Hayreh, 2011). And while thrombolytic agents are currently the most popular option for
CRAQO, a recent clinical trial has shown no benefit, and in fact, saw an increase in

adverse reactions (Hayreh, 2011).
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Retinal Degenerations such as Retinitis Pigmentosa

Currently, retinal degenerative diseases like retinitis pigmentosa are being treated
with dietary supplements like Vitamin A, lutein, and omega-3, which have been shown to
slow the course of the disease in clinical trials (Hartong et al., 2006). Other areas of
treatment research include stem cells, retinal prosthetics, neurotrophic factors,
transcorneal electrostimulation, and neuroprotective drugs (Hartong et al., 2006, Ofri and
Narfstrom, 2007). Additionally, a big success in this field was in using gene therapy
treatments to restore vision in dogs and mice with RPE65 mutations (Acland et al., 2001,
Dejneka et al., 2004), although this requires that patients have some remaining

photoreceptors prior to treatment (Jacobson et al., 2005).

Glaucoma

While the cause of glaucoma is not yet known, elevated intraocular pressure is the
major risk factor in the most common type of glaucoma. The current clinical treatments
of medication and surgery focus on reducing intraocular pressure (Schwartz, 2005),
however, these treatments are not always successful and compliance rates are low
(McKinnon et al., 2008). Additionally, even after treatment, secondary retinal ganglion
cell degeneration and visual field loss can continue to occur, and in normal tension
glaucoma, retinal ganglion cell death occurs even though the patients have normal
intraocular pressure (Acland et al., 2001, Schwartz, 2005). Strategies that target
secondary degeneration alone or in conjunction with intraocular pressure are lacking and

need to be developed (Acland et al., 2001, Schwartz, 2005, McKinnon et al., 2008).
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Research has been conducted on several potential neuroprotective treatments in
glaucoma, including memantine, alpha 2 adrenergic agonists, neurotrophins like BDNF,
anti-apoptotics, antioxidants, stem cells, and nitric oxide synthase inhibitors (Hartwick,
2001, Schwartz, 2005, Danesh-Meyer, 2011). However, while initial preclinical research
was promising, these agents have yet to be proven protective clinically. Memantine, for
example, was said to be protective in its first Phase III clinical trial, but a second trial

failed to replicate these results (Danesh-Meyer, 2011).

The Nature of the Problem

The bottom line is that while there have been some successes, for most ocular
disorders, we are a long way from cures or definitive treatments, and more research into
neuroprotection needs to be done.

Due to the complex nature of these disorders, it is unlikely that a treatment that
targets any one mechanism would prove effective in even one of these disorders, let alone
more than one. Table 1-2 illustrates the many mechanisms involved in each of these
disorders as well as which mechanisms have been shown to be modulated by

progesterone in other disease models.
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Table 1-2. Overlap between mechanisms involved in ocular disorders and mechanisms modulated by

progesterone.
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Progesterone as a Candidate for Neuroprotective Treatment of the Retina

The neurosteroid hormone progesterone represents a new avenue of treatment for
ocular diseases. While progesterone treatment in the eye has only been investigated in a
handful of preliminary studies (discussed in the following section), progesterone’s
impressive track record in other models and its ability to modulate multiple mechanisms
(Schumacher et al., 2007, Sayeed and Stein, 2009, Stein and Wright, 2010) make it an

attractive candidate for treatment of eye diseases and injury (Table 1-2).

Progesterone’s Effectiveness in Non-Ocular Disease Models

Progesterone synthesis takes place in the brains of both males and females (Baulieu
and Robel, 1990, Cherradi et al., 1995, Tsutsui et al., 2000, Tsutsui, 2006) and
progesterone is involved in early brain development (Lopez and Wagner, 2009). It may
be that progesterone’s neuroprotective properties are due its having evolved to protect the
fetus during gestation (Stein and Wright, 2010). Progesterone’s ability as a
neuroprotectant was discovered when female rats were observed to have reduced brain
edema and enhanced recovery after traumatic brain injury. The neuroprotective effect in
females was found to be caused by increased endogenous progesterone levels (Attella et
al., 1987). Since then, exogenous progesterone administration has been tested in
traumatic brain injury in both male and female rats with findings of reduced edema,
increased neuronal survival, and better functional outcomes (Roof et al., 1992, Roof et
al., 1994).

Progesterone’s neuroprotective capabilities in treating traumatic brain injury have

been studied for over two decades. Progesterone’s protective effects have been reported
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in over 250 articles by 40 different laboratories in 22+ different animal models.
Progesterone has been shown to be protective in two Phase II clinical trials in traumatic
brain injury, but Phase III trials have not yet been shown to be effective. In the ProTECT
(Progesterone for Traumatic Brain Injury, Experimental Clinical Treatment) trial,
traumatic brain injury patients treated with progesterone showed a 50% decrease in
mortality (Wright et al., 2007). A separate clinical trial by Xiao et al. (2008) studied
traumatic brain injured patients for an extended period of time and found that functional
outcomes were significantly improved in addition to mortality rates with progesterone
treatment (Xiao et al., 2008). Phase III trials are currently being evaluated and the results
will be known in the Spring of 2014.

Progesterone has been shown to exert its protective effects through multiple
mechanisms. For example, progesterone upregulates BDNF after spinal cord injury
(Gonzalez et al., 2004), promotes myelination in culture (Chan et al., 1998, Ghoumari et
al., 2003) and in vivo (Ibanez et al., 2004), and restores impaired axonal transport in a
mouse model of motoneuron disease (Gonzalez Deniselle et al., 2005). After traumatic
brain injury, progesterone reduces aquaporin 4 expression in astrocytes around the wound
site and nearby lateral ventricles, while increasing aquaporin 4 expression in areas distal
from the injury, which may act to siphon fluid away from the wound site, thus reducing
edema (Guo et al., 2006). Progesterone and/or its metabolites protect neurons against
excitotoxicity by upregulating GABA4 receptor expression (Puia and Belelli, 2001), by
positively modulating the GABA, receptor (Reddy et al., 2005), and by inhibiting the
NMDA response (Monnet et al., 1995). After traumatic brain injury, progesterone

reduces expression of pro-apoptotic proteins Bax, Bad, and caspase-3 and increases
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expression of anti-apoptotic proteins Bcl-2 and Bcel-xL (Djebaili et al., 2005, Yao et al.,
2005). In microglial cells progesterone reduces TNF-a production and also reduces NO
production by inhibiting iNOS (Drew and Chavis, 2000). Progesterone also reduces TNF-
a production in macrophages (Miller and Hunt, 1998). Following traumatic brain injury,
progesterone reduces levels of IL-1p, TNF-a, IL-6, COX-2, and the p65 NF-kB subunit,
a marker of inflammatory NF-kB activity, while increasing levels of the [kB inhibitor
protein, a marker of NF-kB pathway suppression (Cutler et al., 2007).

There is substantial overlap between mechanisms involved in ocular injury and
disease and mechanisms modulated by progesterone (Table 1-2). Progesterone’s
pleiotropic effects, along with its proven history of success in other animal models of
injury, its safety profile, and its ease of delivery lead us to recommend progesterone as an

option for neuroprotective treatment in injury and disease of the eye.

Progesterone in the Retina
Progesterone Research in Models of Ocular Disease and Injury
Positive Results

While the research is not extensive, the use of progesterone as a neuroprotective
agent in ocular disorders has been investigated previously.

Doonan et al. (2011) used Norgestrel, a synthetic progestin, in two animal models
that involve severe photoreceptor cell death, a light induced retinal degeneration (LIRD)
model and the rd10 genetic model of retinal degeneration. Light induced retinal
degeneration mice treated with intraperitoneal injections of Norgestrel (100 mg/kg) 1

hour before and every 3 days after exposure to toxic levels of bright light showed
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significantly reduced photoreceptor cell death compared with vehicle-treated controls.
rd10 mice treated with intraperitoneal injections of Norgestrel (100 mg/kg) every other
day beginning at P18 showed delayed photoreceptor cell death, improved morphology,
and decreased retinal function deficits (Doonan et al., 2011).

Neumann et al. (2010) applied steroids to retinal explants from a high intraocular
pressure model of ischemia-reperfusion and the STZ model of Type 1 diabetes.
Progesterone was found to inhibit glial swelling in the retina, suggesting that it might
decrease retinal edema (Neumann et al., 2010).

Similarly, Lu et al. (2008) found protective effects of progesterone in a pressure-
induced model of retinal ischemia-reperfusion in vivo. Using intraperitoneal injections of
progesterone (4 mg/kg) at 30 minutes before and 2 hours after retinal ischemia in rats,
they observed decreases in cellular pathology and reduced thinning of the inner retinal
and nerve fiber layers in progesterone-treated animals compared with vehicle-treated
controls (Lu et al., 2008).

A few presentations at the Association for Research in Vision and Ophthalmology
annual meetings report protective effects of progesterone in the eye as well. Sanchez-
vallejo et al. (2013) treated rd1 mice with progesterone (5 mg/kg, oral dose) every other
day starting at P5 and found reduced retinal degeneration-induced increases in glutamate
concentration in rd1 retinas (Sanchez-vallejo et al., 2013). Cubilla et al. (2012) treated
light induced retinal degeneration mice with progesterone (1 mg/kg) and found
significant protection, including no TUNEL positive nuclei and no morphological
abnormalities in the outer nuclear layer (Cubilla et al., 2012). Araiz et al. (2012) treated

rd1 mice with progesterone (5 mg/kg, oral dose) every other day from P5 to P11 and
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found that progesterone reduced cell death in the periphery of the retina but did not have

an effect on oxidative damage (Araiz et al., 2012).

Negative Results

A few papers report negative results with progesterone treatment in eye disease.
Nakazawa et al. (2006) found that following optic nerve transection, ovariectomized rats
showed significant decreases in surviving RGC numbers. Intravitreal injection 15
minutes prior to optic nerve transection of 17B-estradiol but not progesterone (100 uM)
protected against retinal ganglion cell death (Nakazawa et al., 2006).

Kaldi and Berta did not find differences in ERG deficit or outer nuclear layer
thickness with progesterone treatment in a light induced retinal degeneration model in
rats using intraperitoneal injections of progesterone (60 mg/kg). However, timing could
be an issue, as three of their injections were given prior to light damage and the fourth
was given immediately after (Kaldi and Berta, 2004). A second study by O’Steen failed
to find a protective effect of progesterone in a rat model of light induced retinal
degeneration. Using 2.5 mg of progesterone or progesterone plus estradiol, rats were
treated during 14 days of continuous light exposure (route unspecified, precise treatment
regimen unspecified), and no significant rescue of retinal thicknesses was observed.
Additionally, ovariectomized rats showed reduced light damage (O'Steen, 1977). Yu et
al. found protective effects of estradiol but not progesterone in vitro using a hydrogen
peroxide model of retinal degeneration (Yu et al., 2004). However, another group has
shown that the progesterone receptor functions in intact retina but not cell culture, so this

could be the reason (Li et al., 1997).
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Dose, timing, and tapering of dose are all critical in successful progesterone
treatment, and these issues could be responsible for the negative results mentioned above.
We know that pre-treating with progesterone and then abruptly stopping treatment the
day of injury actually exacerbates stroke injury caused by middle cerebral artery
occlusion (Murphy et al., 2000), a model where progesterone treatment has been shown
to be protective in multiple studies (Sayeed et al., 2007, Ishrat et al., 2009, Ishrat et al.,
2012, Won et al., 2013, Yousuf et al., 2013a, Yousuf et al., 2013b). Additionally,
traumatic brain injured rats that received 5 days of progesterone treatment with
progressively halved dosing on days 6 and 7 showed less inflammation, decreased lesion
size, and enhanced behavioral recovery compared with rats who received progesterone

treatment with acute withdrawal (Cutler et al., 2005, Cutler et al., 2006).

Evidence of progesterone, progesterone receptors, and progesterone synthesis in the
retina

Another line of support for progesterone treatment in the eye can be found in
studies that show progesterone, progesterone receptors, and progesterone synthesis in the
eye and retina. Progesterone itself was found in larger quantities in rat retina than in
plasma (Lanthier and Patwardhan, 1987), and in human retina, optic nerve, and occipital
cortex for both males and females (Lanthier and Patwardhan, 1986) but not vitreous
(Chong and Aw, 1986).

Wickham et al. (2000) found progesterone, androgen, and estrogen receptor
mRNA in, among other structures, retina/uvea samples in rats, retina/choroid samples in

rabbits, and retinal pigmented epithelium samples in humans. Progesterone receptor
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mRNA was found in samples from both males and females, although gender and tissue
specific differences were observed (Wickham et al., 2000). Koulen et al. found
progesterone receptor expression at the protein level in mouse rod bipolar cells that had
been dissociated from the rest of the retina (they did not look at other cell types) (Koulen
et al., 2008). Both of the above studies looked at classical progesterone receptors (the
classical pathway being that progesterone receptors translocate to the nucleus) (Wickham
et al., 2000, Koulen et al., 2008). A third study by Swiatek-De Lange et al., demonstrated
expression of membrane-associated progesterone receptor component 1 (PGRMCI1,
which also goes by the name 25-Dx) in Miiller cells and retinal pigmented epithelial cells
and showed that progesterone could act through this receptor in addition to classical
receptors (Swiatek-De Lange et al., 2007). Not only is the progesterone receptor present
in retina, it has been shown to be capable of functioning in intact retina but not primary
cultures of Miiller cells (Li et al., 1997).

In addition to acting through progesterone receptors, progesterone has been
shown to act through other receptors and mechanisms. Progesterone increases the rate of
dissociation of glucocorticoids from glucocorticoid receptors (Svec et al., 1980) by
binding at a site separate from the agonist (Svec et al., 1989). Progesterone directly
influences the activity of the nicotinic acetylcholine receptor (Valera et al., 1992).
Progesterone’s metabolite allopregnanolone binds to the GABA, receptor complex and
acts as a positive allosteric modulator resulting in increased CI” influx and reduced
excitability (Reddy et al., 2005). Additionally, progesterone itself upregulates GABA4
receptor expression (Puia and Belelli, 2001). Progesterone acts as an antagonist at the

Sigma-1 receptor (Maurice et al., 1998), which colocalizes with the IP3 receptor in the
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endoplasmic reticulum to decrease Ca”" release (Su and Hayashi, 2003) and inhibit
NMDA-evoked [*H] norepinephrine release (Monnet et al., 1995). Finally, progesterone,
pregnenolone (its precursor), and allopregnanolone (its metabolite) activate the pregnane
X receptor (PXR) (Kliewer et al., 1998, Langmade et al., 2006), which activates p-
Glycoprotein (P-gp), an efflux pump in the blood brain barrier and the retinal pigmented
epithelium that removes cytotoxic and xenobiotic substances (Zhang et al., 2012b).
Several studies have shown evidence of progesterone and other neurosteroid
synthesis in the retina (Fig. 1-5). Cascio et al. (2007) found that tagged pregnenolone (a
precursor to progesterone) gets converted to radiolabled progesterone in the rat retina
(Cascio et al., 2007). An in vitro study in rat retina did not find pregnenolone conversion
to progesterone, but this could be due to an in vitro/in vivo difference (Lanthier and
Patwardhan, 1988). mRNA for the 17pB-hydroxysteroid dehydrogenases, a family of
enzymes that plays a role in the synthesis and deactivation of steroid hormones, including
the conversion of 20a-hydroxyprogesterone into progesterone has been found in human
retina (Coca-Prados et al., 2003). 3-3-HSD, another enzyme family that catalyzes diverse
reactions, including progesterone from pregnenolone, has been found to be expressed by
both retinal ganglion cells and a sub-population of amacrine cells in zebrafish retina
(Sakamoto et al., 2001a). Additionally, the actions of Sa-reductase (converts
progesterone to the intermediate between progesterone and allopregnanolone) and 3a-
hydroxysteroid dehydrogenase (converts the intermediate to allopregnanolone) have been
indirectly shown by the conversion of progesterone to Sa-dihydroprogesterone (the
intermediate) and then to allopregnanolone (Lanthier and Patwardhan, 1988, Guarneri et

al., 1994).
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In addition to the research covered above, progesterone has been found to inhibit
the activity of enzymes involved in retinoid cycling (Kaschula et al., 2006, Muniz et al.,
2006, Muniz et al., 2009), to affect photoreceptor cell excitability in crayfish (Hernandez-
Falcon et al., 1997), and to increase retinal ganglion cell survival in culture in the absence
of an insult (Lindsey and Weinreb, 1994). We also know that progesterone binds to
glucocorticoid receptors in the chick retina with high affinity, possibly acting as an
inhibitor (Lippman et al., 1974). Additionally, progesterone’s metabolite,
allopregnanolone has been shown to increase GABA-activated chloride currents in mouse
retinal ganglion cells (Bahring et al., 1994). Clearly, progesterone is capable of playing

diverse roles in the retina and may prove to be a valuable neuroprotective treatment.
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Figure 1-5. Progesterone synthesis and metabolism. Every substance and enzyme in the progesterone
pathway has been identified in the retina.

42



43

Human Studies and Anecdotal Evidence

Exogenous progesterone has been shown to affect intraocular pressure (Obal,
1950, Posthumus, 1952), lacrimal gland function (Suzuki et al., 2006, Sullivan et al.,
2009), and lens permeability (Lambert, 1968). Additionally, a host of ocular changes take
place during times of endogenous hormone fluctuation, such as menopause, pregnancy,
and the menstrual cycle (Ziai et al., 1994, Yucel et al., 2005, Avitabile et al., 2007, Errera
et al., 2013, Grant and Chung, 2013, Panchami et al., 2013). Further, gender differences
have been observed in a number of ocular pathologies, including glaucoma, age-related
macular degeneration, dry eye, cataracts, and diabetic retinopathy (Wickham et al.,
2000).

Much of the human research on the effects of hormones on ocular function and
disorders is contradictory and/or uses small sample sizes. Additionally, progesterone and
its synthetics are often used without discrimination in studies using oral contraceptives
and hormone replacement therapy. For example, one study claimed that progesterone
increased the risk for glaucoma, but the compound tested in the study was actually the
progestin medroxyprogesterone acetate (Thomas et al., 2003). Progestins are compounds
that mimic the effect of natural progesterone in the reproductive system. However,
progestins differ from progesterone and from other progestins in chemical structure,
metabolism, pharmacokinetics, potency, and biological effects (Thomas et al., 2007).
While these synthetics may bind classical progesterone receptors, they do not to bind to a
membrane progesterone receptor (Thomas et al., 2007) nor metabolize to
allopregnanolone, which has a variety of effects including binding to GABA 4 receptor to

reduce excitotoxicity (Reddy et al., 2005). Further, their actions in neurons and



44

vasculature are very different. For example, medroxyprogesterone acetate, the synthetic
progesterone most commonly used in hormone replacement therapy, was shown to cause
endothelial disruption, monocyte accumulation in the vessel wall, activation of platelets,
and formation of clots, while natural progesterone did not (Thomas et al., 2003).
Additionally, medroxyprogesterone acetate has been shown to exacerbate rather than
protect against excitotoxitcity (Nilsen et al., 2006) and to reduce the protective effects of
other neurosteroids (Nilsen and Brinton, 2002, Littleton-Kearney et al., 2005). While sex
hormones clearly have effects in human ocular function and disorders, additional research
needs to done to determine the precise role each neurosteroid plays and to tease out the

actions of progesterone vs. progestins.

Conclusion

There is now substantial literature showing that progesterone acts via multiple
mechanisms to reduce cell death and enhance recovery after a variety of injuries.
Progesterone’s success in injury and disease in both animal models and humans make it a

promising candidate for treatment in the eye.

Expert Opinion

In this review, we chose to highlight four ocular disorders in which we think
progesterone treatment would prove most promising. Ocular trauma and stroke are
natural choices because of progesterone’s success in trauma and stroke in the brain (He et
al., 2004a, Cutler et al., 2005, Djebaili et al., 2005, Gibson et al., 2005, Yao et al., 2005,

Guo et al., 2006, Cutler et al., 2007, Sayeed et al., 2007, Wright et al., 2007, Cai et al.,
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2008, Xiao et al., 2008, Ishrat et al., 2009, Ishrat et al., 2010, Liu et al., 2012a, Won et al.,
2013, Yousuf et al., 2013a). We discussed retinal degeneration because most of the
results showing protective effects of progesterone in the eye have been in retinal
degeneration models (Doonan et al., 2011, Araiz et al., 2012, Cubilla et al., 2012,
Sanchez-vallejo et al., 2013). Finally, we chose to highlight glaucoma because secondary
degeneration is such a prominent issue in glaucoma (Schwartz, 2005, Ofri and Narfstrom,
2007, McKinnon et al., 2008) and progesterone has been shown to reduce secondary
degeneration (Schumacher et al., 2007, Sayeed and Stein, 2009). We also discussed
glaucoma because of progesterone’s potential to act as both a neuroprotectant and an
intraocular pressure-reducer (Obal, 1950, Posthumus, 1952, Ziai et al., 1994, Panchami et
al., 2013). For all of the disorders discussed there is substantial overlap between
mechanisms implicated in the disorder and mechanisms shown to be modulated by
progesterone in other non-ocular disease and injury models (Table 1-2).

There are important considerations as research on progesterone in the eye moves
forward. First, the progesterone dose must be titrated specifically for the eye and for each
disorder. In the brain, a 16 mg/kg dose has been shown to be most effective in traumatic
brain injury (Cutler et al., 2007), while an 8 mg/kg dose was most effective in stroke
(Wali et al., 2014). Additionally, we know progesterone crosses the blood brain barrier
(Sar and Stumpf, 1973), so we believe it crosses the blood retinal barrier as well, but
local treatment may be necessary if systemic treatment is not effective. Second, some of
the retinal disorders discussed above are acute, while others would require more long-
term treatment. Long-term treatment with progesterone is currently being studied in other

diseases, including models of Alzheimer’s and multiple sclerosis (Nilsen and Brinton,
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2002, Wang et al., 2010b, Chen et al., 2011, Hussain et al., 2011, Singh et al., 2012), but
would need to be studied in the retina as well.

Third, while progesterone is a promising treatment for the ocular disorders discussed
here, more research needs to be done before testing progesterone in retinal diseases that
involve increases in VEGF and choroidal neovascularization. Progesterone has been
reported to increase VEGF and neovascularization in the brain (Li et al., 2012b, Yousuf
et al., 2013b). However, recent studies reveal that increases in VEGF with progesterone
may be time point specific (Ishrat et al., 2012) and that at other time points progesterone
treatment reduces VEGF (Won et al., 2013). Preliminary research shows that
progesterone does not cause growth of new vasculature, but merely prevents existing
vasculature from dying after injury (unpublished Stein Lab data). These distinctions are
not minor. Teasing out progesterone’s actions on VEGF and neovascularization would be
very important before testing progesterone in diabetic retinopathy or age-related macular
degeneration.

While there have been a handful of studies on progesterone treatment in eye
disorders, much work remains to be done before we can bring progesterone treatment of
ocular disorders to the clinic. If progesterone is successful in animal models of ocular
injury and disease, it is something that could easily be easily translated to the clinic.
Progesterone has shown success in Phase II clinical trials although Phase III results are
yet to be determined. It is safe, FDA approved, and can be delivered systemically via a
number of routes (Stein and Wright, 2010). The great deal of overlap in mechanisms
modulated by progesterone and mechanisms involved in disorders of the eye make

progesterone a promising candidate for treatment. Disorders of the eye represent an
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exciting new branch of progesterone research that could result in a new neuroprotective

treatment for injuries and diseases with few clinical options.
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SPECIFIC AIMS OF THIS DISSERTATION

By viewing diseases of the brain and retina as separate entities, we miss an
opportunity to expand our knowledge of mechanisms of disease, to translate treatments
from one system to the other, and to optimize treatments based on a comparison of their
performance in both systems. Thus, in the area of cerebral and retinal stroke, my work
aims to investigate the common mechanism of inflammation in a stroke model thought to
affect both the brain and eye. In addition, I examined whether progesterone, a drug that
has been shown to have neuroprotective effects in cerebral stroke, reduces inflammation
and preserves function in retinal stroke as well.

To address these questions, I used the transient middle cerebral artery occlusion
(MCAOQO) model, a rodent model commonly used in cerebral ischemia research and
thought to cause retinal ischemia as well (Fig. 1-6). In Chapter 2, I report the retinal
deficits caused by the transient MCAO model across time. I hypothesized that occlusion
of the ophthalmic artery (ocular stroke) during MCAO will cause retinal damage
and retinal function deficits that will correlate with neurological damage in the
brain. To investigate this hypothesis, I assessed retinal function using the
electroretinogram (Fig. 1-4A) in adult male rats 2 and 9 days after MCAO surgery. |
correlated retinal function with behavioral function, as measured using neuroscores. |
also examined retinal cell death and changes in GFAP and glutamine synthetase in the
retina after MCAO as well as infarct size in the brain.

In Chapters 3 and 4, I investigated the effects of progesterone treatment in

ischemic injury in both brain and retina. In Chapter 3, I used two animal models: one
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that causes ischemia in both the brain and the eye (the MCAO model) and one that causes
ischemia in the eye alone (the rodent anterior ischemic optic neuropathy or rAION
model, Fig. 1-7). My first hypothesis was that following MCAQ, progesterone-treated
animals will exhibit reduced retinal function deficits, which will accompany
improvements in behavioral outcomes and reduced brain damage. To test this
hypothesis, MCAO rats were treated systemically with progesterone or vehicle. Retinal
function was assessed using electroretinogram and compared with behavioral function, as
measured using neuroscores, sticky-tape task, and grip strength (Fig. 1-8). I also
examined retinal cell death, retinal changes in GFAP and glutamine synthetase, and
infarct size in brain. My second hypothesis in Chapter 3 was that progesterone will
protect retinal ganglion cells from ischemic injury in the rAION (Rose Bengal)
model, resulting in preserved visual function. To test this hypothesis, AION rats were
treated systemically with progesterone or vehicle. I assessed optic nerve pathology using
fundus photography and ganglion cell function using visual evoked potentials (Fig. 1-
4B). Retinal ganglion cells were stained with Brn3a, a retinal ganglion cell specific
marker, in flat mounts and counted automatically (Fig. 1-9).

In Chapter 4, I investigated the hypotheses that a) levels of NF-x B and
downstream inflammatory cytokines will increase in the retina after MCAQ as they
do in the brain, and b) progesterone will reduce inflammation in the retina as it does
in the brain following MCAQ. To test these hypotheses, I examined levels of NF-xB
pathway and other inflammatory markers in brains and retinas from MCAO rats treated
systemically with progesterone or vehicle compared with shams. Levels of cytosolic NF-

kB (pathway suppressed) vs. levels of nuclear NF-kB and phosphorylated NF-xB
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(pathway active) were assessed in retinas and brains at 24 and 48 hours using western
blots. Levels of IL-6, TNF-a,, CD11b, Progesterone receptor A and B, and pregnane X
receptor were measured as well.

In summary, the findings outlined in this dissertation have important clinical
implications in optimizing progesterone treatment in retinal ischemia and other ocular
diseases. Additionally, this work highlights differences in brain and retinal responses to

ischemia that could inform future research in these areas.
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Figure 1-4. ERG and VEP sample waveforms. Light stimuli are delivered by a series of Ganzfeld strobe
flashes. Retinal and cortical responses are recorded by electrodes placed on the cornea and over the visual
cortex, respectively. A) A sample ERG waveform (top) and filtered oscillatory potentials (bottom)
from an adult rat. ERGs measure the retinal response to light stimuli. Amplitudes and implicit times are
measured for a-waves (baseline to trough, representative of photoreceptor cell function, (Penn and Hagins,
1969, Hood and Birch, 1990), b-waves (trough to peak, representative of bipolar cell function)(Robson and
Frishman, 1998), and oscillatory potentials (wavelets which likely represent amacrine and ganglion cell
function)(Wachtmeister, 1998). This portion of the figure was created by Dr. Machelle Pardue and
reproduced with her permission. OP = oscillatory potential. B) A sample VEP waveform from an adult
rat. VEPs measure visual cortex activity in response to visual stimuli. Amplitudes and implicit times are
measured for P1 (baseline to peak) and N1 (peak to trough). While VEP results are highly correlated with
retinal ganglion cell and optic nerve morphology, unlike ERG components, the components of a VEP cannot
be mapped to specific retinal ganglion cell populations.
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Figure 1-6. Diagram of MCAO filament placement. A) The filament is fed through the external carotid
artery (ECA) and into position along the internal carotid artery (ICA) to block the middle cerebral artery
(MCA). Note the close proximity of the ophthalmic artery (OphA). CAs, Ciliary Arteries; CRA, Central
Retinal Artery; ACA, Anterior Cerebral Artery; PCA, Posterior Cerebral Artery; BA, Basilar Artery; CCA,
Common Carotid Artery. B & C) Retinal images following MCAO + injection of fluorescent microspheres
into the femoral vein. B) MCAO retina. C) Contralateral retina. Images modified from (Steele et al., 2008)
with permission.
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Figure 1-7. Induction of monocular optic nerve stroke using the rodent anterior ischemic optic
neuropathy (rAION) model. rAION is induced in anesthetized animals by injecting the tail vein
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intravenously with Rose Bengal (2.5 mM), and then illuminating the optic nerve with a green wavelength
laser (532 nm, 500 um diameter). The laser photoactivates the dye causing a stroke inside the optic nerve.
The advantage of the rAION model is that it actually causes thrombosis of the optic nerve, whereas other

models use crush surgeries or pressure to mimic thrombotic damage. Additionally, the surgery is less
stressful for the animals (Bernstein et al., 2003). Image modified from: National Eye Institutes, National

Institues of Health (NEA04) with permission.
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Figure 1-8. Behavioral tests for functional assessment post-MCAO. A) Grip strength task. Rats grip
the bar and are gently pulled by the tail until they release. Grip strength is assessed in rats before and after
MCAUO. B) Sticky-tape task, a measure of sensorimotor deficits. A glue dot is adhered to the front paw,
and rats are placed in an open field. The time it takes to notice the dot and remove the dot is recorded.
Image modified from (Bouet et al., 2009) with permission.
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Figure 1-9. Immunohistochemistry with Brn3a, a retinal ganglion cell specific marker. A)
Representative flat mount of a control retina stained with Brn3a. B) Close up of a control flat mount

showing retinal ganglion cells stained with Brn3a (left) as identified using a cell counting protocol in Image
Pro (right).
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Chapter 2:
Retina is less susceptible than brain to ischemic injury caused by middle cerebral artery

occlusion

This chapter presents, with permission, work published within:
Rachael S. Allen, Igbal Sayeed, Heather A. Cale, Katherine C. Morrison, Jeffrey H.
Boatright, Machelle T. Pardue, Donald G. Stein. Severity of middle cerebral artery

occlusion determines retinal deficits in rats. Experimental Neurology. 2014.
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ABSTRACT

Middle cerebral artery occlusion (MCAO) using the intraluminal suture technique
is a common model used to study cerebral ischemia in rodents. Due to the proximity of
the ophthalmic artery to the middle cerebral artery, MCAO blocks both arteries, causing
both cerebral and retinal ischemia. While previous studies have shown retinal dysfunction
at 48 hours post-MCAO, we investigated whether these retinal function deficits persist
until 9 days and whether they correlate with central neurological deficits.

Rats received 90 minutes of transient MCAO followed by electroretinography at 2
and 9 days to assess retinal function. Retinal damage was assessed with cresyl violet
staining, immunohistochemistry for glial fibrillary acidic protein (GFAP) and glutamine
synthetase, and TUNEL staining.

Rats showed behavioral deficits as assessed with neuroscore that correlated with
cerebral infarct size and retinal function at 2 days. Two days after surgery, rats with
moderate MCAO (neuroscore < 5) exhibited delays in electroretinogram implicit time,
while rats with severe MCAO (neuroscore > 5) exhibited reductions in amplitude.
Glutamine synthetase was upregulated in Miiller cells 3 days after MCAO in both severe
and moderate animals, however, retinal ganglion cell death was only observed in MCAO
retinas from severe animals. By 9 days after MCAO, both glutamine synthetase labeling
and electroretinograms had returned to normal levels in moderate animals.

Early retinal function deficits correlated with behavioral deficits. However, retinal
function decreases were transient and selective retinal cell loss was observed only with
severe ischemia, suggesting that the retina is less susceptible to MCAO than the brain.

Temporary retinal deficits caused by MCAO are likely due to ischemia-induced increases



in extracellular glutamate that impair signal conduction, but resolve by 9 days after

MCAO.
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INTRODUCTION

Clinically, ocular ischemia can occur in conjunction with cerebral stroke or
arthrosclerosis of the carotid or ophthalmic arteries. Indeed, visual impairments are often
a first symptom in these pathologies (Benavente et al., 2001, Mead et al., 2002), and 57%
of minor strokes are accompanied by subclinical visual field defects (Falke et al., 1991).
Ocular ischemic syndrome, usually caused by severe obstruction of the carotid artery,
involves vision loss due to chronically reduced arterial blood flow to the eye (Sturrock
and Mueller, 1984). Ocular ischemia can also occur independently of cerebral damage, as
is the case in retinal artery occlusion (Rumelt et al., 1999) and anterior ischemic optic
neuropathy (Johnson and Arnold, 1994).

Middle cerebral artery occlusion (MCAO) in rodents is a common technique used
to study mechanisms and potential treatments of cerebral ischemia. In this model, a
filament is inserted into the internal carotid to block the middle cerebral artery (Longa et
al., 1989). Due to the proximity of the ophthalmic artery to the middle cerebral artery in
rats (Fig. 2-1), the filament blocks both arteries. The ophthalmic artery branches into the
ciliary arteries, which provide blood supply to the outer retina via the choroid, and the
central retinal artery, which provides blood supply to the inner retina. Since the
ophthalmic artery ultimately provides the blood supply for the entire eye (Smith et al.,
2002), it is not surprising that several studies have presented evidence of retinal deficits
following MCAO in rodents (Block et al., 1997, Kaja et al., 2003, Cheung et al., 2007,
Kalesnykas et al., 2008, Steele et al., 2008, Li et al., 2009). Since common behavioral
assessments of MCAO in rodents (i.e., Morris water maze (Andersen et al., 1999); radial

arm maze (Lee et al., 2003)) depend on successful interpretation of visual cues and can
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be affected by visual function deficits (Wong and Brown, 2007), it is imperative to
understand how MCAO impacts visual function beyond one week post-ischemia when
most behavioral testing is performed.

Block et al. (1997) reported decreased retinal function as measured by
electroretinogram (ERG) a- and b-wave amplitudes and delayed b-wave implicit times
during MCAO in rats, with reduced b-wave amplitudes persisting to 48 hours after
reperfusion. Additionally, glial fibrillary acidic protein (GFAP) expression (a marker for
retinal glial cell reactivity) increased in Miiller cells following MCAO in rats (Block et
al., 1997, Kalesnykas et al., 2008). However, the eyes of these rats did not show cell loss
or changes in retinal thickness with Nissl staining (Block et al., 1997, Kalesnykas et al.,
2008), although a few apoptotic cells were found with TUNEL staining in the rat retinal
ganglion cell layer (Kaja et al., 2003).

It is interesting that there is no cell death in the inner nuclear layer of the rat retina
given that 1) the MCAO model causes a ~50% reduction in bipolar cell function as
measured by ERG b-wave at 2 days post-MCAO, and 2) MCAO causes extensive cell
death in the brain (Longa et al., 1989). The absence of retinal cell death suggests that
functional deficits may recover. This idea is supported by the findings of Block et al.
(1997) that photoreceptor dysfunction recovers at 2 days post-MCAOQO as shown by a-
wave amplitude recovery (Block et al., 1997).

Thus, we hypothesized that the retina will exhibit reduced susceptibility to
MCAO, with retinal function recovering across time. To test this hypothesis, we
investigated the temporal response of the retina to injury and whether retinal function and

structure correlate with the severity of brain injury as determined by behavioral deficits.
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These studies are important in determining whether visual deficits confound behavioral
assessments in MCAO rats and in comparing the retinal versus cortical neuron response

to MCAO injury.
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ICA

Figure 2-1. Diagram of MCAO filament placement. The filament is fed through the external carotid
artery (ECA) and into position along the internal carotid artery (ICA) to block the middle cerebral artery
(MCA). Note the close proximity of the ophthalmic artery (OphA). CAs, Ciliary Arteries; CRA, Central
Retinal Artery; ACA, Anterior Cerebral Artery; PCA, Posterior Cerebral Artery; BA, Basilar Artery; CCA,
Common Carotid Artery. Modified from Steele et al., 2008 with permission.



63

MATERIALS AND METHODS
Animals

Adult male Sprague-Dawley rats (n = 31) from Charles River Laboratories were
used in this study. Rats were approximately 60 days of age (290-330 grams) at the time
of surgery. Littermates that did not receive surgery were used as controls. All animal
procedures were approved by the Institutional Animal Care and Use Committee (Emory
University protocol #251-2008) and performed in accordance with NIH guidelines and
the Association for Research in Vision and Ophthalmology Statement for the Use of
Animals in Ophthalmic and Vision Research. Rats were housed under a 12:12 reverse
light:dark cycle with water and food ad libitum and handled daily for at least 5 days prior
to surgery. One rat died during surgery, one was excluded due to an incomplete

reperfusion, and one control rat was excluded because of functional abnormalities.

MCAO surgery

MCAQO surgery was performed with minor modifications to the previous
description (Longa et al., 1989). Briefly, animals were initially anesthetized via
inhalation of 5% isoflurane (in a N»/O, 70%/30% mixture) and remained sedated with
inhalation of 2% isoflurane. A pulse oximeter (SurgiVet, model V3304; Waukesha, WI,
USA) was used to analyze and sustain blood oxygen saturation (SpO,) at 90%. Body
temperature was monitored via rectal probe and sustained between 36.5°C and 37.5°C
with a heating lamp. A laser-Doppler flowmetry (LDF) probe (Moor Instruments,
Wilmington, Delaware, USA), an established and reliable system for monitoring changes

in cerebral blood flow due to induction of focal cerebral ischemia (Dirnagl et al., 1989),
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was used to monitor cerebral blood flow for 5 minutes prior to occlusion through 5
minutes after reperfusion. Because we wanted to investigate correlation between the brain
and retina over a range of severities, we did not exclude animals with low % occlusions
even though this is a practice commonly used to reduce variability (Sayeed et al., 2006).
A midline incision was made at the ventral surface of the neck, and a 6-0 silk suture
was used to separate and ligate the right common carotid arteries. Next, a microvascular
clip was used to temporarily occlude the internal carotid and pterygopalatine arteries
while a 4-0 silicon-coated monofilament (0.35-0.40 mm long) (Doccol Co.,
Albuquerque, NM, USA) was inserted through the cut in the external carotid artery and
into the internal carotid artery. This filament was pushed an estimated 20 mm distal to the
carotid bifurcation to block the opening of the middle cerebral artery and the adjacent
ophthalmic artery (Fig. 2-1) and remained in place for 90 minutes, followed by
reperfusion. Upon removal of the filament, the wound was sutured, and each rat was

transferred to a heating blanket to recover from anesthesia.

Neurological assessment

Neurological deficit scores (herein referred to as neuroscore) were determined as
described (Xia et al., 2006). Briefly, scores ranging from 0 (no neurological deficit) to 8
(stroke-related death) were used to assess neurological deficits at 24 and 72 hours post-
occlusion. Neuroscores are presented here as an average of both scores. Animals with a
neuroscore of less than 5 were classified as “moderate” (n = 11), while animals with a
neuroscore of 5 or more were classified as “severe” (n = 5). Moderate animals were

euthanized at 3 (n = 6) and 9 (n = 5) days post-MCAO, while all severe animals were
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euthanized at 3 days due to IACUC-required endpoints. Animals with a score of 5 “circle
or walk spontaneously only to the left” (Xia et al., 2006) and were more likely to be
euthanized due to ITACUC endpoint requirements.

For rats euthanized at 3 days, brain slices were stained with 2% 2,3,5-
triphenyltetrazolium chloride (TTC; Sigma, St. Louis, MO, USA), which differentiates
between metabolically active and stroke tissue. Brains were removed and placed in ice-
cold saline. Using a rat brain matrix (Harvard Apparatus, Holliston, MA, USA) and
beginning 1 mm posterior to the anterior pole, brains were sliced into 7 serial coronal
sections (2 mm thick). Slices were stained with 2% TTC in saline for 15 min at 37°C in
the dark and then fixed in 10% buffered formalin. Metabolically active tissue reduces
TTC to form a red product, while stroke tissue remains white because its metabolic
enzymes are compromised. Stained sections were scanned using a high-resolution

scanner (Epson Perfection 2400 Photo).

Electroretinogram (ERG)

ERGs were used to measure the retinal response to light stimuli. Rats were dark-adapted
overnight and then anesthetized (ketamine 80 mg/kg and xylazine 16 mg/kg). The corneal
surface was anesthetized with proparacaine (1%), and the pupils dilated with tropicamide
(1%) and phenylephrine hydrochloride (2.5%). Retinal responses were recorded by
placing a DTL fiber in contact with the corneal surface of each eye through a layer of
methylcellulose. Platinum needle reference and ground electrodes were placed in the
cheek below the eye and in the tail, respectively. Using a commercial amplifier and

acquisition system (UTAS-E3000, LKC, Gaithersburg, MD, USA), dark-adapted ERG
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responses were recorded to a series of Ganzfeld strobe flashes (with intensities increasing
from 0.00039 to 137 cd s/m?). Interstimulus time increased from 10 to 60 s as light
intensity increased, and 3 to 10 responses were averaged per flash stimulus. Amplitudes
and implicit times were measured for a-waves (baseline to trough, representative of
photoreceptor cell function (Penn and Hagins, 1969, Hood and Birch, 1990), b-waves
(trough to peak, representative of bipolar cell function (Robson and Frishman, 1998), and
oscillatory potentials (wavelets which likely represent amacrine and ganglion cell
function), (Wachtmeister, 1998). Oscillatory potential amplitudes and implicit times are
presented as the sum of all 6 oscillatory potentials for each flash stimulus. Reported

amplitude averages are for the brightest flash stimulus.

Retinal morphology and immunohistochemistry

Rats were euthanized and their eyes removed. Eyes were fixed in 10% buffered
formalin, processed through a series of graded ethanols, and embedded in paraffin.
Sections (5 wm) were cut on a rotary microtome. Every 6™ slide was stained with 0.1%
cresyl violet. Images were captured and inspected for pyknotic nuclei, and counts of total
cells (number of cells in the retinal ganglion cell and inner nuclear layers and number of
rows of photoreceptor nuclei in the outer nuclear layer) were made in retinal sections
containing optic nerve. Three sections were counted and averaged per eye, and 6 fields
were counted per section (3 on either side of the optic nerve, spaced approximately 100
microns apart).

To label GFAP and glutamine synthetase (GS) in Miiller cells, sections were

blocked for 30 minutes in 0.1 M Tris-buffered saline (TBS; pH 7.4) containing 3%
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normal serum, then incubated in primary antibodies diluted in the blocking serum
overnight at 4°C. Primary antibodies included rabbit anti-GFAP (1:500; Millipore;
Billarica, MA, USA; AB5804) and mouse anti-GS (1:1000; Millipore; MAB302). For
double labeling, primary and secondary antibodies from different species were used
simultaneously. Sections were rinsed 3 times with 0.1 M TBS following primary
antibody incubation, then incubated for 1 hour at room temperature with the
corresponding fluorophore-conjugated secondary antibody solution (goat anti-rabbit;
1:500; Alexa Fluor 546; A11071 and goat anti-mouse; 1:500; Alexa Fluor 488; A11001;
Invitrogen, Grand Island, NY, USA). Sections were then rinsed with 0.1 M TBS,
mounted with a DAPI mounting medium, and coverslipped. One image per retina,
superior to the optic nerve was acquired. GS images were analyzed using the histogram
tool of commercial imaging software (Image Pro©, Media Cybernetics; Rockville, MD,
USA) to quantify GS labeling intensity. Measurements were normalized to the brightness
of the background for each micrograph.

Fluorescent terminal deoxynucleotidyl transferase-mediated 2’deoxyuridine 5'-
triphosphate-biotin nick end labeling (TUNEL) staining was used to assess apoptosis in
the retina. Briefly, retinal sections were incubated with TUNEL using a DeadEnd
Fluorometric TUNEL kit (Promega; Madison, WI, USA) and counter-stained with a
mounting medium containing propidium iodide. A fluorescent microscope (Olympus
BX41, Olympus America Inc.) was used to acquire all images and staining intensity was

quantified using Photoshop.

Statistical analysis
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Results are expressed as mean =+ standard error of the mean (SEM). ERG, GS
expression, and cell count results were analyzed using a two-way repeated measures
analysis of variance (ANOVA) followed by Tukey’s test for individual comparisons. All

correlations were analyzed using Pearson’s correlation.

RESULTS
Retinal function deficits in MCAQ animals are transient and correlate with
behavioral deficits

Neuroscores ranging from 1 to 7 (mean = 3.9, SEM = 0.4) were observed in
MCADO rats. To demonstrate how the behavioral scores compare to neurological damage,
Figure 2-2 shows representative brain slices stained with TTC from MCAO rats assigned
a score of 3 (Fig. 2-2A) or 6 (Fig. 2-2B). Behavioral deficits measured with the
neuroscore were positively correlated with infarct size (R* = 0.805, p < 0.005) (Fig. 2-
2C). ). Occlusions were designated as severe or moderate based on neuroscore, with
animals with a neuroscore of less than 5 being classified as “moderate” and animals with
a neuroscore of 5 or greater being classified as “severe”. Additionally, % occlusion as

measured by LDF was, on average, 15% higher in the severe group versus the moderate

group.
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Figure 2-2. Correlation of infarct size with behavioral responses. Representative sequential coronal
slices of MCAO brains treated with TTC in an animal that received a neuroscore of 3 (A) or 6 (B). The

infarct (white tissue) is larger in animals with higher neuroscores. C) Neuroscores showed a significant
positive correlation with infarct size (R* = 0.805, p < 0.005).
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We observed different retinal function responses in moderate versus severe stroke
animals. Figure 2-3 shows representative ERG and oscillatory potential waveforms from
MCAO and control rats 2 days after surgery. Moderate animals showed delays in latency
in MCAO eyes, while severe animals showed decreases in amplitude in both MCAO and
contralateral eyes.

ERG quantification 2 days after MCAO surgery revealed that rats with severe
MCAO showed a trend for reductions (38%) in dark-adapted a-wave amplitudes in
MCAO eyes (317 = 87 uV) and contralateral eyes (388 = 113 uV), while both moderate
MCAO (462 + 46 uV) and contralateral eyes (476 = 41 uV) showed similar levels to
controls (510 = 43 uV) [Repeated measures ANOVA, F(4, 114) =2.131, p <0.01] (Fig.
2-4A). Amplitude changes at 2 days after surgery were accompanied by significant
delays in a-wave implicit time in MCAO eyes from the moderate group and a trend for
delay in MCAO eyes from the severe group compared with all other groups [Repeated
measures ANOVA main effect, F(4, 111) = 5.650, p <0.001](Fig. 2-4B).

Both MCAO (584 + 106 uwV) and contralateral eyes (644 + 144 uV) from severe
rats had significant reductions in dark-adapted b-wave amplitudes (49% and 43%,
respectively) compared with control (1146 + 84 uV) and moderate contralateral eyes
(1106 =99 uV) [Repeated measures ANOVA interaction effect, F(4, 156) =5.117,p <
0.002] (Fig. 2-4C). For moderate animals, a trend for a decrease (21%) in amplitude was
observed in MCAO eyes (911 = 123 uV) but not contralateral eyes (Fig. 2-4C). For b-
wave implicit times, we observed a trend for delay in contralateral and MCAO eyes from

the moderate group (Fig. 2-4D).
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For dark-adapted summed oscillatory potentials, severe MCAO eyes (502 = 101
uV) showed significant reductions (43%) in amplitude compared with control eyes (885
+ 70 uwV) and moderate contralateral eyes (953 + 104 uwV) while severe contralateral and
moderate MCAO eyes showed a trend for a reduction in amplitude [Repeated measures
ANOV A main effect, F(4, 156) =4.166, p < 0.007](Fig. 2-4E). For summed oscillatory
potential implicit times, we observed a significant delay in moderate MCAO eyes versus
control and severe contralateral eyes [Repeated measures ANOV A main effect, F(4,153)
=7.422, p <0.001](Fig. 2-4F). Delays in light-adapted b-wave implicit times were
observed in moderate MCAO eyes as well (data not shown).

By 9 days after surgery, we observed a complete recovery of function in the
moderate group (data not shown). There were no significant differences in any ERG
parameters at this time point.

A significant correlation was observed between the neuroscore and retinal
function measured with the ERG b-wave amplitude to the brightest flash intensity (137
cd s/m?; R? = -0.478, p < 0.05)(Fig. 2-5), with more reduced b-wave amplitudes

occurring in animals with higher (worse) neuroscores.
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Figure 2-3. Representative waveforms from moderate and severe MCAO eyes, contralateral eyes,
and naive controls at 2 days post-MCAO. For both ERG and oscillatory potential waveforms, severe
animals showed decreases in amplitude in both MCAO and contralateral eyes, while moderate animals
showed delays in latency in MCAO eyes. A) ERG waveforms in response to 137 cd s/m* flash stimuli. The
two gray lines mark the control a- wave and b- wave, respectively. Arrows indicate delayed responses. B)
Oscillatory potentials (OPs) from filtered ERGs in response to 137 cd s/m” flash stimuli. The gray line
marks OP4 for the control trace. Arrows indicate delayed responses.
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Figure 2-4. Mean ERG results at 2 days post-MCAO. A) A trend for reduction in dark-adapted a-wave
amplitudes was observed in severe MCAO and contralateral eyes [Repeated measures ANOVA, F(4, 114)
=2.131, p <0.01]. B) Significant delays were observed in a-wave implicit time in moderate MCAO eyes
with a trend for delay in severe MCAO eyes [Repeated measures ANOVA, F(4, 111) =5.650, p <0.001].
C) A significant reduction in dark-adapted b-wave amplitudes was observed for severe MCAO and
contralateral eyes while a trend for reduction in amplitude was observed in moderate MCAO eyes
[Repeated measures ANOVA, F(4, 156) =5.117, p < 0.002]. D) For b-wave implicit times, a trend for
delay was observed in contralateral and MCAO eyes from the moderate group. E) A significant reduction
in dark-adapted oscillatory potential amplitudes was observed in severe MCAO eyes with a trend for a
decrease in severe contralateral and moderate MCAO eyes [Repeated measures ANOVA, F(4, 156) =
4.166, p < 0.007]. F) For oscillatory potential implicit times, we observed a significant delay in moderate
MCAUO eyes versus control and severe contralateral eyes [Repeated measures ANOVA, F(4,153)=7.422,p
<0.001].
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Figure 2-5. Correlation between ERG and neurological deficit scores. ERG b-wave responses at the
brightest flash stimulus (137 cd s/m?) showed a significant correlation with neurological deficit scores (R?
=-0.478, p <0.05).
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Selective apoptosis in retinal ganglion cells from severe MCAQ animals

As shown in Figure 2-6, cresyl violet staining revealed no differences in
morphology, no pyknotic cells, and no differences in cell numbers between groups in the
outer nuclear layer (Fig. 2-6A) or the inner nuclear layer (Fig. 2-6B). However, there was
a significant reduction in retinal ganglion cells (Fig. 2-6C) in severe MCAO eyes versus
moderate contralateral and control eyes [Repeated measures ANOV A main effect, F(4,
180) =2.940, p < 0.05]. Like control eyes, MCAO and contralateral eyes from both
moderate and severe MCAO groups all contained a few scattered TUNEL positive cells

with no significant differences between groups (data not shown).
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Figure 2-6. Cell counts and representative micrographs from sections stained with cresyl violet. A-C)
No significant differences were observed in number of rows of photoreceptor nuclei in the outer nuclear
layer (A) or in cell counts in the inner nuclear layer (B). C) A significant reduction in retinal ganglion cells
was observed in severe MCAO retinas versus moderate contralateral and controls [Repeated measures
ANOVA, F(4, 180) = 2.940, p < 0.05]; ON, optic nerve. D) Representative micrographs of cresyl violet
staining in a control retina, a moderate MCAO retina, and a severe MCAO.
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Upregulation of GFAP and Glutamine Synthetase (GS) in MCAO retinas

GFAP and GS were upregulated in the retina following MCAO (Fig. 2-7). GFAP
labeling was observed in Miiller cells in severe and some moderate MCAO retinas 3 days
after surgery. In 9-day MCAO and contralateral eyes and intact controls, GFAP staining
was observed only in the nerve fiber layer, where GFAP-expressing astrocytes typically
present (Fig. 2-7).

A significant increase in GS intensity was observed between MCAO eyes and
contralateral eyes in the moderate 3-day (n = 6) and severe groups (n = 5) but not the
moderate 9-day group (n = 5) [Repeated measures ANOVA interaction effect, F(2, 13) =
8.006, p <0.005] (Fig. 2-8A). GS intensity was significantly increased in severe MCAO
eyes compared with 9-day moderate MCAO eyes and in severe contralateral eyes
compared with 3-day moderate contralateral eyes. Additionally, there was a significant
inverse correlation between GS staining intensity and ERG max b- wave (R* = -0.627, p

<0.05) (Fig. 2-8B).
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Figure 2-7. Representative micrographs from sections immunostained for GS and GFAP. GFAP and
GS were upregulated in the retina following MCAO. GFAP labeling was observed in Miiller cells in severe
and some moderate MCAO retinas at 3 days. In all other groups, GFAP staining was observed only in the
nerve fiber layer (NFL), where GFAP-expressing astrocytes typically present. Increased GS labeling was
observed in severe MCAO and severe contralateral eyes and in moderate MCAO eyes at 3 days. Moderate
contralateral at 3 days and moderate MCAO and contralateral at 9 days showed levels similar to controls.
GCL, Ganglion Cell Layer; IPL, Inner Plexiform Layer; INL, Inner Nuclear Layer; OPL, Outer Plexiform
Layer; ONL, Outer Nuclear Layer; IS, Inner Segments; OS, Outer Segments.
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Figure 2-8. Mean GS immunolabeling intensity as percent of naive control for severe and moderate
MCAO eyes vs. contralateral eyes. A) A significant increase in GS intensity was observed between
MCAUO eyes and contralateral eyes within the severe group and moderate 3-day group but not the moderate
9-day group. Comparisons between severity and time points revealed that GS intensity was significantly
increased in severe MCAO eyes compared with 9-day moderate MCAO eyes and in severe contralateral
eyes compared with 3-day moderate contralateral eyes [Repeated measures ANOVA interaction effect, F(2,
13) =8.006, p < 0.005]. B) A significant inverse correlation was observed between GS staining intensity
and ERG b- wave at the bright flash stimulus (137 c¢d s/m* R* = -0.627, p < 0.05).



81

DISCUSSION

To determine whether neurons in the retina and brain respond similarly to
MCAO, and whether MCAO resulted in sustained visual deficits, we investigated retinal
function and structure at different times after MCAO with varying severity of stroke and

the correlation with brain injury and behavioral deficits.

Retinal dysfunction without cell death with moderate MCAO

We found retinal deficits are dependent upon the severity of the occlusion at 2
days — such that moderate injuries resulted in ERG delays, while severe occlusions
caused ERG amplitude reductions. Our observations extended the findings of others
(Block et al., 1997, Kaja et al., 2003, Cheung et al., 2007, Kalesnykas et al., 2008, Steele
et al., 2008, Li et al., 2009) who found that MCAO surgery resulted in retinal
dysfunction, such as decreased ERG amplitude (Block et al., 1997). The Block et al.
(1997) study showed recovery of photoreceptor cell function as measured by the a-wave
by 2 days after MCAO, while we observed the additional recovery of the b-wave (bipolar
cell function) and oscillatory potentials (amacrine and ganglion cell function) by 9 days
(i.e., a full ERG recovery) in moderate animals.

While large amounts of pyknotic cells, cell loss, and TUNEL positive cells have
been observed in both the retinal ganglion cell and inner nuclear layers in the mouse
retina at 1 day following MCAO (Cheung et al., 2007, Steele et al., 2008, Li et al., 2009),
rat retinas consistently showed no cell death, no major morphological changes with Nissl
staining (Block et al., 1997, Kalesnykas et al., 2008), and very few, if any, TUNEL

positive cells in the inner nuclear and photoreceptor layers (Kaja et al., 2003, Kalesnykas
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et al., 2008), even in studies showing retinal function deficits (Block et al., 1997).
Similarly, in our study the functional and morphological differences following MCAO
were not accompanied by retinal cell death in the inner and outer nuclear layers, which
are responsible for generating the b- wave and a- wave respectively. We did, however,
observe cell loss in the retinal ganglion cell layer in severe MCAO retinas. In addition to
differences in retinal cell loss, mice differ from rats in cerebral response after MCAO,
requiring greatly reduced occlusion times (30 minutes vs. 90-120 minutes in rats) to
induce a comparable cerebral infarct (Carmichael, 2005). These results suggest important
species differences in response to ischemia in both the retina and the brain, with mice
showing more susceptibility to ischemia in both tissues. Such differences could inform
interpretations of studies designed to evaluate the outcome of neuroprotective agents

given in the acute stage of an ischemic brain injury.

Transient retinal function deficits may be caused by sub-lethal increases in
extracellular glutamate

By investigating retinal function in MCAO rats across time, we were able to show
that retinal function deficits following MCAO are transient and recover by 9 days in
animals with moderate stroke injury. Since cell death was not detected in the
photoreceptor or inner nuclear layers, it appears that these neurons may undergo a
transient dysfunctional state. We were unable to examine retinal morphology of the
severe group at 9 days, but given that no cell death was detected at 3 days in the

photoreceptor or inner nuclear layers, which contain neurons that generate the ERG, it is
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likely that the severe group would have experienced an eventual recovery of function as
well.

Although retinal cell death did not occur in the inner and outer nuclear layer
following MCAO, we observed increases in GFAP at 3 days post-MCAOQO, which is a
general sign of retinal stress and pathology (Bringmann et al., 2009). Increases in GFAP
have been observed previously in both rat retinas at 2 and 5 days post-MCAO and mouse
retinas at 1 day post-MCAO (Block et al., 1997, Cheung et al., 2007, Kalesnykas et al.,
2008). Additionally, we observed increases in GS, a more specific response that occurs
following retinal injuries that involve changes in levels of extracellular glutamate
(Bringmann et al., 2009). Glutamate is the neurotransmitter used by photoreceptors,
bipolar cells, and retinal ganglion cells (Massey and Redburn, 1987), and increased levels
of extracellular glutamate could affect the function and/or signal conduction of these cells
(Kalloniatis, 1995). When retinal neurons fire, they release glutamate into the synapse.
This extracellular glutamate is taken up by nearby Miiller cells via the Miiller-specific
glutamate transporter, GLAST (GLutamate ASpartate Transporter). Then GS, a substrate-
regulated enzyme present in Miiller cells, converts glutamate to glutamine (Pow and
Barnett, 1999).

Ischemia has been shown to induce increases in extracellular glutamate in both
the brain (Hillered et al., 1989) and the retina (Perlman et al., 1996) that if uncontrolled
can result in excitotoxicity (Beal, 1992, Kalloniatis, 1995). MCAO may cause increased
levels of extracellular glutamate in the retina, and the Miiller cells respond by
upregulating GS, as shown in other retinal injury models that involve increased

extracellular glutamate (Bringmann et al., 2009). We hypothesize that even with these
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increased levels of GS, enough glutamate remains in the extracellular space to impair
signal conduction, resulting in decreased retinal function, but not cell death.

The effects of sub-lethal levels of glutamate on ERG function have been
documented previously (Barnett and Pow, 2000). When GLAST is inhibited,
extracellular glutamate is increased due to the lack of Miiller cell uptake. The result is
decreased ERG responses yet no cell death. We postulate that a similar increase in
glutamate occurs at 2 days post-MCAO as evidenced by the increased GS. By 9 days
post-MCAO, GS levels returned to normal, suggesting that GS may clear all of the excess
glutamate and allow for recovery of retinal function.

Similarly, increases in GS have been observed from 3 hours to 3 days after
cerebral ischemia (Petito et al., 1992, Tanaka et al., 1992, Hoshi et al., 2006, Verma
et al.,, 2010), and these increases appear to be transient, returning to baseline levels
by 5 days (Tanaka et al., 1992). Additionally, treatments that enhance the activity of
glutamate transporter (Verma et al.,, 2010) and GS (Zhang et al., 2011) have been
shown to reduce brain injury in ischemia-reperfusion models, providing further
support for a protective role of GS in reducing levels of extracellular glutamate after
ischemic injury.

We also observed increased GS and decreased retinal function in contralateral
eyes as well as MCAO eyes. This result could be an example of diaschisis, that is, the
undamaged neural tissue is losing function due to damage to distant, but connected,
neural tissue (Stein et al., 1983, Feeney and Baron, 1986). Additionally, the decreased
function and increased retinal glutamate in contralateral eyes could be due to indirect

effects of the cerebral infarct, such as increased systemic levels of glutamate, which have
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been shown to be 3-fold higher after permanent MCAO, a model that causes a less severe
stroke than our transient MCAO model (Puig et al., 2000). Furthermore, in the permanent
occlusion model, which involves permanent occlusion at a point distal to the internal
carotid such that the middle cerebral artery alone is blocked and the ophthalmic artery is
unaffected, changes in the retina (i.e., a slight upregulation of HIF-1a) were still detected
(Kalesnykas et al., 2008). The fact that retinal changes were observed independent of
ophthalmic artery occlusion, coupled with the fact that we observed retinal function
deficits in both the occluded and contralateral eye in MCAO rats, suggests that the retinal
injury caused by MCAO is at least partially systemic in nature.

Our finding of increased GS and decreased retinal function in the contralateral eye
has interesting clinical implications because while it is unlikely that a clot would block
both the middle cerebral and ophthalmic arteries in humans, it is possible that increased
systemic levels of glutamate are the cause of the transient vision loss that often

accompanies stroke in people (Mead et al., 2002).

The retina is less susceptible to MCAO although early retinal function
deficits correlate with deficits in brain function

Utilizing a range of stroke severity allowed us to investigate the correlation
between retinal function and brain function. We observed a significant correlation
between retinal function responses at 2 days and neuroscores (Fig. 2-2), which clearly
established similar ischemic effects after MCAO at this early time point. However, while
retinal function recovers by 9 days, we know that neurological deficits after MCAO are

more lasting (Modo et al., 2000). Further, we showed that cell death occurred in brains
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from both moderate and severe animals but only in the retinal ganglion cell layer in
retinas from severe animals. Therefore, it appears that the retina (particularly the inner
and outer nuclear layers) shows less susceptibility than the brain to the ischemic injury
caused by MCAO. 1t is also possible that the brain and the retina receive different levels
of occlusion. One limitation of this study is that we only took laser-Doppler readings
from the MCA but not the ophthalmic artery. However, Steele et al. (2008) showed that
almost no retinal perfusion occurs during MCAO in the mouse. Future work should
compare perfusion to the brain and retina during MCAO in rats.

The retina has been shown to have more or less susceptibility to injury than the
brain depending on the type of insult. The endothelial cells of the retina have been shown
to be more susceptible than brain-derived endothelial cells to oxidative stress and
increased vascular permeability, as measured by glutathione peroxidase activity,
superoxide production and superoxide dismutase levels, and junctional protein levels in
bovine endothelial cell cultures (Grammas and Riden, 2003). The retina is also more
sensitive than either the brain or liver to dietary changes in lipid levels, with the retina but
not the brain showing an incorporation of trans DHA (Docosahexaenoic acid) and a
reduction in cis DHA as well as ERG defects following a diet high in trans fatty acids
(Acar et al., 2006). In the event of ischemia, however, the retina is less susceptible than
the brain, showing a much greater tolerance time to ischemic injury. In the brain,
permanent damage is caused by 3-7 minutes of global ischemia in both animal models
and humans (Weinberger L, 1940, Kabat H, 1941, Brock, 1956, Meyer, 1956), while full
retinal recovery is found in monkeys with occlusion of the central retinal artery for 97-98

minutes (Hayreh and Weingeist, 1980) and rodents receiving 8 minutes of increased
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intraocular pressure as ischemic preconditioning (Stowell et al., 2010). This resilience
could be because the retina and the vitreous have stores of glucose and glycogen while
the brain relies on the cerebral vasculature or because reflow through occluded
vasculature happens more readily in the retina than the brain (Hayreh and Weingeist,
1980).

We observed a difference in susceptibility among the cell types within the retina
as well. Retinal cell types have been shown to have differential susceptibilities
previously, with retinal ganglion cells showing more cell death with aging than either
photoreceptors or cells of the inner nuclear layer (Lei et al., 2011). It is interesting that
retinal ganglion cells, like the cells of the brain, show death in the MCAO model given
that the blood supply and blood retinal barrier for retinal ganglion cells is more similar to
that of the brain, while the photoreceptors rely on the choroid for blood supply and the

retinal pigmented epithelium for blood retina barrier (Cunha-Vaz, 1976).

Conclusions

The transient MCAO model provides a unique opportunity to investigate cerebral
and retinal ischemia simultaneously due to the functional deficits that occur in both brain
and retina. Moreover, it creates a useful model for the study of mechanisms and
treatments of ocular ischemic syndrome in rats. Retinal function deficits occur at 2 days
post-MCAO and correlate with behavioral deficits. Decreased b-wave amplitudes
occurred in both MCAO and contralateral eyes in severe animals, suggesting the injury is
at least partially systemic. With the addition of the 9-day post-injury evaluations, we

were able to show that the retinal function deficit following MCAO is transient and
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recovers by 9 days with moderate occlusion. This finding suggests that behavioral testing
at this time is not confounded by visual deficits.

We have also provided data suggesting that ischemia-induced increases in
extracellular glutamate may be the mechanism behind the temporary retinal function
reduction after MCAO in rats and this represents a potential mechanism behind
temporary retinal function deficits that occur following stroke in humans. Recovery of
function may be explained by the transient increase in GS, which may act to overturn

sub-lethal levels of extracellular glutamate.
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ABSTRACT

Purpose: To determine whether the neurosteroid progesterone, which has been
shown to have protective effects in animal models of traumatic brain injury, stroke, and
spinal cord injury, is also protective in animal models that cause ocular ischemia.

Methods: Progesterone treatment was tested in two models of ocular ischemia in
rats: the rodent anterior ischemic optic neuropathy (rAION) model, which induces
monocular optic nerve stroke, and the middle cerebral artery occlusion (MCAQO) model,
which causes ischemia in both the retina and brain due to a filament that blocks the
ophthalmic and middle cerebral arteries. Visual function and retinal histology were
assessed to determine whether progesterone attenuated ischemic injury in the eye in both
models. Additionally, behavioral testing and TTC staining in brains were used to
compare progesterone’s effectiveness in retina versus brain in the MCAO model.

Results: Progesterone treatment showed no effect on ischemia-induced VEP
reduction and retinal ganglion cell loss in the rAION model. In the MCAO model,
progesterone treatment reduced ERG deficits, MCAO-induced upregulation of GS and
GFAP, and retinal ganglion cell loss. As expected, progesterone treatment also showed
significant protective effects in behavioral tests and a reduction in infarct size in the
brain.

Conclusions: Progesterone treatment showed protective effects in the retina
following MCAO but not rAION injury. Additionally, progesterone had greater
protective effects in brain compared with retina in the MCAO model, which could

suggest different mechanisms of action by progesterone in different neural tissue.
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INTRODUCTION

Clinically, ocular ischemia occurs both as a component of cerebral and systemic
disease and as a separate event. Visual impairments often present as a first symptom in
cerebral stroke or arthrosclerosis of the carotid or ophthalmic arteries (Benavente et al.,
2001, Mead et al., 2002). These visual impairments occur due to temporary retinal
ischemia and commonly take the form of transient vision loss in one or both eyes, a
phenomenon known as amaurosis fugax. Transient vision loss is often a sign of
impending stroke or systemic cardiovascular disease (Slepyan et al., 1975), and
neurological imaging shows that an acute brain infarct is present in 1 in 4 patients with
transient retinal ischemia (Helenius et al., 2012). Ocular ischemia also occurs
independently of cerebral damage. Anterior ischemic optic neuropathy involves retinal
ganglion cell death caused by optic nerve stroke (Hayreh, 1974) and is the leading cause
of sudden vision loss related to optic nerve dysfunction in older adults (Miller, 1982). No
effective treatment currently exists (Fazzone et al., 2003).

During ischemic stroke, reductions in arterial blood flow prevent an adequate
supply of oxygen and nutrients to neural tissue, leading to injury and cell death
(Kalogeris et al., 2012). The overlap between mechanisms involved in cerebral stroke and
in retinal and optic nerve strokes is substantial. Both injuries involve excitotoxicity due to
increases in extracellular glutamate and calcium influx (Hillered et al., 1989, Kalloniatis,
1995, Perlman et al., 1996). Other common mechanisms include altered aquaporin
expression (landiev et al., 2006, Zador et al., 2009), oxidative stress (Yang et al., 1996,
Liu et al., 2012b), increases in pro-apoptotic and decreases in anti-apoptotic markers

(Schmidt-Kastner et al., 2000, Zhang et al., 2005b), and increases in inflammation,
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including increased activation of glial cells and macrophages (Zhang et al., 2005a,
Gronberg et al., 2013), increased levels of inflammatory cytokines (IL-6, TNF-a., etc.)
(Hangai et al., 1996, Hill et al., 1999), and NF-kB pathway activation (Schneider et al.,
1999, Dvoriantchikova et al., 2009). The high degree of overlap in mechanisms involved
in cerebral ischemia and retinal and optic nerve ischemia could allow for treatments to be
effective in both tissues.

The neurosteroid progesterone has been shown to provide protection against cell
death and behavioral impairment in several animal models, including stroke, traumatic
brain injury, and spinal cord injury (Cutler et al., 2007, Schumacher et al., 2007, Sayeed
and Stein, 2009, Ishrat et al., 2010, Stein and Wright, 2010). Progesterone was also
shown to be protective in traumatic brain injury in Phase II clinical trials (Wright et al.,
2007, Xiao et al., 2008). In cerebral ischemia models, progesterone has been shown to
reduce infarct volume and enhance functional recovery (Sayeed et al., 2007, Ishrat et al.,
2009, Wang et al., 2010a, Yousuf et al., 2013b). Progesterone has been shown to act on
many of the mechanisms involved in ischemic injury to the brain, retina, and optic nerve.
Progesterone treatment following cerebral ischemia has been shown to reduce glial
activation (Yousuf et al., 2013b) and to reduce both cerebral (Ishrat et al., 2010) and
systemic inflammation (Yousuf et al., 2013a). Progesterone also modulates aquaporin
expression (Wang et al., 2013), reduces oxidative stress (Ozacmak and Sayan, 2009, Li et
al., 2012a) and apoptotic markers (Ishrat et al., 2012, Espinosa-Garcia et al., 2013), and
reduces edema and blood brain barrier permeability after cerebral ischemia (Wang et al.,
2013, Won et al., 2013). Finally, progesterone has been shown to reduce NMDA-

mediated calcium influx after ischemia (Cai et al., 2008) and, through its metabolite,
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allopregnanolone, to reduce toxic neurotransmitter release by modulating the GABA
receptor in adult animals (Ardeshiri et al., 2006, Knight et al., 2012). The substantial
overlap between mechanisms involved in ocular ischemia and mechanisms modulated by
progesterone suggest that progesterone treatment could prove protective in ocular as well
as cerebral ischemia.

To determine whether progesterone is neuroprotective after ocular ischemia as it
is after cerebral ischemia, we tested progesterone treatment in the rAION model, which
causes thrombosis of the optic nerve and subsequent retinal ganglion cell death and
vision loss (Bernstein et al., 2003), and the transient MCAO model, which has been
shown to cause retinal damage and functional deficits in conjunction with cerebral

ischemia (Chapter 2) (Block et al., 1997, Steele et al., 2008).

MATERIALS AND METHODS
Animals

Adult male Sprague-Dawley rats (n = 105) from Charles River Laboratories were
used in this study. At the time of surgery, rats were approximately 48 days of age for
rAION surgery (210-250 grams) and 60 days of age (290-330 grams) for MCAO surgery.
Littermates that did not receive surgery were used as controls for rAION. Littermates that
received sham surgery (incisions in the scalp and neck + vehicle injections) were used as
controls for MCAO. All animal procedures were approved by the Institutional Animal
Care and Use Committee (Emory University protocols #20001517 and 279-2008) and
performed in accordance with NIH guidelines and the Association for Research in Vision

and Ophthalmology Statement for the Use of Animals in Ophthalmic and Vision
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Research. Rats were housed under a 12:12 reverse light:dark cycle with water and food
ad libitum and handled daily for at least 5 days prior to surgery. For the rAION
experiment, three animals were excluded prior to laser treatment due to poor Rose Bengal
injection. For the MCAO experiment, two rats died prior to behavioral testing at 24

hours.

Progesterone preparation and dosing

An 8 mg/kg progesterone dose, previously shown to be most protective after stroke (Wali
et al., 2014), was made using 2-hydroxypropyl-B-cyclodextrin (HBC; 25% w/v solution in
H,0O; a non-toxic aqueous solution that dissolves progesterone) as the solvent. For rAION
rats, progesterone and vehicle treatments were administered intraperitoneally at 1 hour
post injury, and then subcutaneously at 6, 24, 48, 72, 96, and 120 hours post-surgery.
Doses delivered at 96 and 120 hours were tapered (cut in half over a 2-day period), which
has previously been shown to be beneficial (Cutler et al., 2005, Cutler et al., 2006). Rats
were euthanized at 21 days post-surgery. For MCAO rats, progesterone and vehicle
treatments were administered intraperitoneally at 1 hour post injury, and then
subcutaneously at 6, 24, and 48 hours, with rats being euthanized at 3 days post-MCAO.
In all experiments, the rats’ group identity was coded with regard to surgery and treatment

to prevent experimenter bias.

Methods used in rAION experiments
rAION surgery

Monocular rAION surgery was performed with minor modifications to the previous
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description (Bernstein et al., 2003). Briefly, in anesthetized rats (isoflurane: 5% induction,
2% maintenance, 700mm N,O, 300mm O), the corneal surface was anesthetized with
proparacaine (1%), and the pupils dilated with tropicamide (1%) and phenylephrine
hydrochloride (2.5%). Immediately following injection of the tail vein with 1 ml/kg
animal weight of Rose Bengal (2.5 mM in PBS), a trained retinal surgeon (TWO) applied
12 seconds of laser energy directly to the optic nerve using 50 mW of 532 nm wavelength
laser using the indirect ophthalmoscope (Novus Varia, Lumenis, Salt Lake City, UT,
USA) and a 78 diopter condensing lens. Laser applications were consistent and
repeatable. The spot size completely covered the optic nerve, and the presence of rose-

bengal dye was reliably observed during the laser application.

Fundus Photographs

Fundus photographs are used to visualize posterior structures of the eye, including
the optic nerve, retina, and retinal vasculature. Animals were anesthetized via 5%
isoflurane inhalation (in a N»/O; 70%/30% mixture). The corneal surface was
anesthetized with proparacaine (1%), and the pupils dilated with tropicamide (1%) and
phenylephrine hydrochloride (2.5%). The camera objective lens was placed in contact
with a layer of ultrasound gel on the corneal surface, and images were captured (RetCam

IT, Clarity Medical Systems, Pleasanton, CA, USA).

Visual Evoked Potential (VEP)
VEPs measure visual cortex activity in response to light stimuli, and are highly

correlated with RGC and optic nerve morphology (Price et al., 1988). After rats were
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anesthetized (ketamine 80 mg/kg and xylazine 16 mg/kg), the corneal surface was
anesthetized with proparacaine (1%), and the pupils dilated with tropicamide (1%) and
phenylephrine hydrochloride (2.5%). Cortical responses were recorded using a 1 cm
platinum needle electrodes placed subcutaneously over the left and right visual cortex.
Ground and reference electrodes were placed in the tail and forehead skin, respectively.
Using a commercial amplifier and acquisition system (UTAS-E3000, LKC, Gaithersburg,
MD, USA), light-adapted VEPs were recorded three days after rAION for one eye at a
time, while the other eye was covered with a patch. Both ipsilateral and contralateral
VEPs were recorded, with contralateral VEPs being quantified. 200 responses to
Ganzfeld strobe flashes with an intensity of 137 c¢d s/m” were averaged. Amplitudes and

implicit times were measured for P1 and N1 components of the VEP.

Immunohistochemistry for Brn3a

The retinal ganglion cell specific marker Brn3a was used to assess retinal
ganglion cell death. Eyes were enucleated from euthanized rats and fixed with 10%
buffered formalin. Corneas and lenses were removed and the resulting eye cups digested
in hyaluronidase (1:500 in 1xPBS, Sigma, Img/mL) at room temperature for 30 minutes.
Retinas were rinsed, dissected, and permeabilized in PBS/0.5% Triton (PBST) at -80°C
for 15 minutes. Retinas were thawed, rinsed in PBS/0.5% Triton, and blocked in 2%
donkey serum in PBS/0.25% Triton at room temperature for 30 minutes. Retinas were
then incubated with Brn3a primary antibody (Goat polyclonal, 1:500 in PBST, Santa
Cruz, sc-31984) over two nights at 4°C. Next, retinas were rinsed in PBST and incubated

with Alexa Fluor 488 secondary antibody (donkey anti-goat, 1:500 in PBST, Invitrogen,
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A11055) for 1 hour at room temperature. Retinas were rinsed in PBST, dissected into flat
mounts, and mounted with aqueous mounting media. Retinal ganglion cells were imaged
using a fluorescent microscope (Olympus BX41, Olympus America Inc.) and counted for
the whole flat mount using the automatic cell counting tool of commercial imaging
software (Image Pro©, Media Cybernetics; Rockville, MD, USA). Retinal ganglion cell

counts were corrected for retinal area.

Methods used in MCAQ experiment
MCAO surgery

MCAO surgery was performed with minor modifications to the previous
description (Longa et al., 1989). Briefly, animals were anesthetized using isoflurance
inhalation in a N»/O, 70%/30% mixture (5% isoflurane for intial anesthetization, 2% for
continued sedation). Blood oxygen saturation (SpO,) was measured and sustained at 90%
using a pulse oximeter (SurgiVet, model V3304; Waukesha, WI, USA). A heating lamp
was used to sustain body temperature between 36.5°C and 37.5°C, as monitored using a
rectal probe.

A midline incision was made at the ventral surface of the neck, and a 6-0 silk suture
was used to separate and ligate the right common carotid arteries. A microvascular clip
was used to occlude the internal carotid and pterygopalatine arteries. Next, a 4-0 silicon-
coated monofilament (0.35-0.40 mm long) (Doccol Co., Albuquerque, NM, USA) was
inserted through the external carotid artery and into the internal carotid artery and pushed
an estimated 20 mm distal to the carotid bifurcation to block the opening of the middle

cerebral artery and the adjacent ophthalmic artery. The filament remained in place for
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120 minutes, followed by reperfusion. Upon removal of the filament, the wound was
sutured, and rats were transferred to a heating blanket to recover from anesthesia. Laser-
Doppler flowmetry (LDF), an established and reliable system for monitoring cerebral
blood flow changes due to induction of focal cerebral ischemia (Dirnagl et al., 1989), was
used to monitor cerebral blood flow. Animals with mean ischemic cerebral blood flow
greater than 35% of baseline LDF were excluded to reduce variability and ensure relative
uniformity of the ischemic insult (Sayeed et al., 2006). The LDF probe (Moor
Instruments, Wilmington, Delaware, USA) was placed over the ipsilateral parietal cortex

from 5 minutes prior to occlusion to 5 minutes after reperfusion.

Electroretinogram (ERG)

ERGs were used to assess retinal response to light stimuli at 48 hours post-MCAO.
Rats were anesthetized (ketamine 80 mg/kg and xylazine 16 mg/kg) after overnight dark
adaptation. The corneal surface was anesthetized with proparacaine (1%), and the pupils
dilated with tropicamide (1%) and phenylephrine hydrochloride (2.5%). A DTL fiber was
placed in contact with the corneal surface of each eye through a layer of methylcellulose
to record retinal responses. Platinum needle ground and reference electrodes were placed
in the tail and in the cheek below the eye, respectively. Using a commercial amplifier and
acquisition system (UTAS-E3000, LKC, Gaithersburg, MD, USA), dark-adapted ERG
responses were recorded to a series of Ganzfeld strobe flashes (with intensities increasing
from 0.00039 to 137 cd s/m?). Interstimulus time increased from 10 to 60 s as light
intensity increased, and 3 to 10 responses were averaged per flash stimulus. Amplitudes

and implicit times were measured for a-waves, b-waves, and oscillatory potentials.
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Neurological assessment
Behavioral tests were performed at 24 hours post-MCAO.

Grip strength

The Grip Strength task is a test of neuromuscular performance. Each rat was held
near the grip strength meter (Columbus Instruments, Columbus, OH, USA) until it
grasped the bar. It was then gently pulled by the tail until it released the bar. The meter
displayed the greatest amount of force used during the time that the rat gripped the bar.
Three trials were performed and averaged for each rat. Post-MCAO grip strength was
calculated as a percentage of pre-MCAO grip strength.
Sticky-tape task

The sticky-tape task is a test of somatosensory function/sensorimotor deficits. A
glue dot (Glue Dots International, Germantown, WI, USA) was affixed to the bottom of
the rat’s front left paw, and the rat was placed in a clear box for 180 seconds. The time to
notice the dot and the time to remove the dot were recorded for each rat. One rat froze
during the duration of the task, and was excluded based on Grubb’s outlier test.
T'TC staining

Rats were euthanized and their brains removed for staining with 2% 2,3,5-
triphenyltetrazolium chloride (TTC; Sigma, St. Louis, MO, USA) to differentiate
between metabolically active and stroke tissue. Brains were placed in ice-cold saline
upon removal. Beginning 1 mm posterior to the anterior pole and using a rat brain matrix
(Harvard Apparatus), brains were sliced into 7 serial coronal sections (2 mm thick).

Slices were stained using 2% TTC in saline for 15 minutes at 37°C in the dark and then
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fixed using 10% buffered formalin. TTC is reduced by metabolically active tissue to form
a red product, while stroke tissue remains white due to its compromised metabolic
enzymes. Stained slices were scanned using a high-resolution scanner (Epson Perfection

2400 Photo). A subset of TTC tissue was analyzed due to defective TTC.

Retinal morphology and immunohistochemistry

Rats were euthanized and their eyes removed. Eyes were fixed in 10% buffered
formalin, processed through a series of graded ethanols, and embedded in paraffin.
Sections (5 wm) were cut on a rotary microtome. Sections containing optic nerve were
stained with 0.1% cresyl violet. Images were captured, and retinal ganglion cells were
counted in three sections and averaged per eye, with six fields being counted per section
(three on either side of the optic nerve, spaced approximately 100 microns apart).

For labeling of GFAP and glutamine synthetase (GS) in Miiller cells, sections
were blocked in 0.1 M Tris-buffered saline (TBS; pH 7.4) containing 3% normal serum
for 30 minutes, then incubated overnight at 4°C in primary antibodies diluted in the
blocking serum. Primary antibodies used were rabbit anti-GFAP (1:500; Millipore;
Billarica, MA, USA; AB5804) and mouse anti-GS (1:1000; Millipore; MAB302).
Primary and secondary antibodies from different species were used simultaneously for
double labeling. After primary antibody incubation, sections were rinsed 3 times with 0.1
M TBS. Sections were then incubated in the corresponding fluorophore-conjugated
secondary antibody solution (goat anti-rabbit; 1:500; Alexa Fluor 546; A11071 and goat
anti-mouse; 1:500; Alexa Fluor 488; A11001) for 1 hour at room temperature. Following

secondary antibody incubation, sections were rinsed 3 times with 0.1 M TBS, mounted
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with a DAPI mounting medium, and coverslipped. One image per retina was acquired
superior to the optic nerve. A fluorescent microscope (Olympus BX41, Olympus
America Inc.) was used to acquire all images and a histogram tool (Photoshop, Adobe,
San Jose, CA, USA) was used to quantify GS staining intensity in a field of retina 300
pixels wide spanning the length of the retinal Miiller cells, which was normalized to

background brightness.

Statistical analysis

Results are expressed as mean + SEM. ERG and MCAO retinal ganglion cell
count results were analyzed using a two-way repeated measures ANOVA followed by
Tukey’s test for individual comparisons. AION retinal ganglion cell count, GS intensity,
grip strength task, and sticky-tape task results were analyzed using a one-way ANOVA
followed by Tukey’s test for individual comparisons. VEP results were analyzed using a
Kruskal-Wallis One Way ANOVA on ranks. TTC staining results were analyzed using an

unpaired t-test.

RESULTS
Progesterone treatment was not protective in the rAION model

Fundus photographs from both progesterone- and vehicle-treated rats showed
optic nerve edema, obliteration of microvasculature, and vascular dilation at 1-day post-
rAION compared with controls (Fig. 3-1). At 3 days after rAION, both progesterone- and
vehicle-treated rats showed significant deficits in VEP N1 amplitude with no change in
implicit time [Kruskal-Wallis One Way ANOVA on Ranks, p < 0.05] (Fig. 3-2). ERGs

performed in a subset of rAION rats confirmed normal bipolar and photoreceptor cell
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function, as expected in an optic nerve stroke model that affects only retinal ganglion
cells (data not shown). Progesterone- and vehicle-treated rats also showed a significant
reduction in retinal ganglion cells compared with controls [ANOVA, F(2, 38) =15.621, p
<0.001] (Fig. 3-3).

Progesterone treatment was tested in additional experiments with extended
progesterone dosing (16 days of treatment vs. 5) and smaller rAION injury (6 seconds of
laser treatment vs. 12). No neuroprotective effects were found in these additional

experiments (data not shown).
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Figure 3-1. Fundus photographs from control, progesterone-treated AION, and vehicle-treated
AION rats. In control retinas, distinct boundaries (™) and a reddish flush indicative of intact
microvasculature (*) were observed. Lack of distinct boundaries in AION retinas is a sign of optic nerve
edema, and lack of a reddish flush suggests obliteration of microvasculature. Additionally, vascular dilation
(W) was observed in AION retinas. No differences were observed between vehicle- and progesterone-
treated AION retinas.
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Figure 3-2. VEPs for control and progesterone- and vehicle-treated rAION rats at 3 days post-AION.
A) Averaged VEP waveforms. Arrows designate P1 and N1 for Controls. B) Mean P1 and N1 amplitudes
at 3 days post-AION. A significant main effect of group was observed for N1 amplitudes [Kruskal-Wallis
One Way ANOVA on Ranks, p < 0.05], with both progesterone- and vehicle-treated rAION groups
showing reduced N1 amplitudes. C) No differences were observed in mean P1 and N1 implicit times at 3
days post-AION.
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Figure 3-3. Immunohistochemistry with the retinal ganglion cell specific marker, Brn3a. A)
Representative flat mount petals stained with Brn3a for retinas from control (top left), vehicle-treated
AION (top right), and progesterone-treated AION rats (bottom left). Retinas from both progesterone- and
vehicle-treated rats had petals showing extensive retinal ganglion cell loss (#) and petals that appeared
“healthy” (*). B) Both progesterone- and vehicle-treated AION retinas showed a significant reduction in
retinal ganglion cells as compared with control retinas (p < 0.001).
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Progesterone treatment protected against retinal ischemia induced by transient
MCAO
Progesterone reduced ERG deficits in MCAO rats

Figure 3-4 shows representative ERG waveforms from progesterone- and vehicle-
treated MCAO rats and shams at two days post-MCAO. Vehicle-treated rats had reduced
amplitudes in both MCAO and contralateral eyes, and progesterone treatment partially
attenuated these deficits, particularly in contralateral eyes.

Quantification of ERG data revealed significant reductions in dark-adapted a-
wave, b- wave, and oscillatory potential amplitudes in MCAO eyes from vehicle-treated
rats compared with shams [a- wave: Repeated measures ANOVA, F(4, 111)=11.057, p
<0.001; b- wave: Repeated measures ANOVA, F(4, 148) = 16.744, p < 0.001; oscillatory
potentials: Repeated measures ANOVA, F(4, 148) = 7.343, p <0.001] (Fig. 3-5). For a-
waves and b- waves, significant reductions in amplitude were also observed in
contralateral eyes from vehicle-treated MCAO rats compared with shams (p < 0.05).

MCADO eyes from progesterone-treated rats did not differ from vehicle-treated in
a- wave or oscillatory potential amplitude, but did show a trend (23%) for b-wave
amplitude recovery (Fig. 3-5C). Additionally, contralateral eyes from progesterone-
treated MCAO rats showed significant recovery in b-wave amplitude (64%) at 0.249 and
4.1 cd s/m? flash stimuli (p < 0.05). Contralateral eyes from progesterone-treated MCAO
rats showed a-wave amplitudes that were not significantly different from sham
amplitudes (47% recovery).

For ERG implicit times, a significant main effect of treatment was found for dark-

adapted a- wave, b- wave, and oscillatory potentials [a- wave: Repeated measures
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ANOVA, F(4, 107) =2.758, p < 0.05; b- wave: Repeated measures ANOVA, F(4, 147) =
2.990, p < 0.05; oscillatory potentials: Repeated measures ANOVA, F(4, 144) =3.414, p
< 0.05] (Fig. 3-5). Post-hoc analysis only revealed significant delays in b- wave and

oscillatory potential implicit times for MCAOQO eyes from vehicle-treated rats vs. shams (p

<0.05).
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Figure 3-4. Representative ERG waveforms from sham animals and progesterone- and vehicle-
treated MCAO rats. Vehicle-treated rats show reduced amplitudes in both MCAO and contralateral eyes
at 2 days post-MCAO in response to 137 cd s/m” flash stimuli. Progesterone treatment reduces these

deficits, particularly in contralateral eyes.
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Figure 3-5. Quantification of ERG a- wave, b- wave, and oscillatory potential amplitudes and implicit
times. Significant reductions in dark-adapted a- wave (A), b- wave (C), and oscillatory potential amplitudes
(E) were observed in MCAO eyes from vehicle-treated rats compared with shams. Significant reductions in
a- wave and b- wave amplitude were also observed in contralateral eyes from vehicle-treated MCAO rats
compared with shams (p < 0.05). Progesterone-treated MCAO rats showed significant increases over
vehicle-treated MCAO rats in b-wave amplitude at 0.249 and 4.1 cd s/m? flash stimuli in contralateral
retinas (p < 0.05) and a trend for an increase in MCAO retinas.

* = significantly different from Veh MCAO and Prog MCAO. ** = significantly different from Veh
MCAO, Prog MCAO, and Veh Contra. # = significant difference between Prog Contra and Veh Contra at
this flash intensity.

A significant main effect of group was observed for dark-adapted a- wave implicit times (B).

Significant delays in ERG implicit times were observed for dark-adapted b- waves (D) and oscillatory
potentials (F) for MCAO eyes from vehicle-treated rats compared with shams. * = p < 0.05.
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Progesterone reduced upregulation of GFAP and GS in retinas from MCAO rats

Three days after MCAO, GFAP was upregulated in Miiller cells in MCAO (and
some contralateral) retinas from vehicle-treated rats. Little to no GFAP upregulation was
observed in MCAO retinas from progesterone-treated rats. In sham retinas and
contralateral retinas from progesterone-treated MCAO rats, GFAP staining was apparent
only in the astrocytes of the nerve fiber layer (Fig. 3-6).

Three days after MCAO, significant increases in GS intensity were observed in
Miiller cells in MCAO retinas from vehicle-treated rats compared with shams [ANOVA,
F(4,37)=4.729, p <0.01]. A trend for an increase was observed in contralateral retinas
from vehicle-treated MCAO rats (Fig. 3-6 & 3-7). In progesterone-treated rats, both
MCAO and contralateral retinas showed significantly reduced levels of GS intensity
compared with vehicle-treated rats (p < 0.05). Additionally, MCAO and contralateral
retinas from progesterone-treated rats did not differ significantly from shams (Fig. 3-6 &

3-7).
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Figure 3-6. Representative photographs from immunohistochemistry with GFAP and GS after
MCAUO. Three days after MCAO, GFAP was upregulated in Miiller cells in MCAO (and some
contralateral) retinas from vehicle-treated rats, but not progesterone-treated rats, compared with shams.
Glutamine synthetase was upregulated in Miiller cells in MCAO and contralateral retinas from vehicle-
treated rats, with slight upregulation in MCAO and contralateral retinas from progesterone-treated rats,
compared with shams. GCL, Ganglion Cell Layer; IPL, Inner Plexiform Layer; INL, Inner Nuclear Layer;
OPL, Outer Plexiform Layer; ONL, Outer Nuclear Layer; IS, Inner Segments; OS, Outer Segments.
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Figure 3-7. Mean GS intensity as percent of sham for vehicle- and progesterone-treated MCAO rats.
Significant increases in GS intensity were observed in MCAO retinas from vehicle-treated rats compared
with shams (p < 0.01), with a trend for an increase in contralateral retinas. Both MCAO and contralateral
retinas from progesterone-treated rats showed significantly reduced levels of GS intensity compared with
vehicle-treated rats (p < 0.05), but did not differ significantly from shams.
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Progesterone reduced retinal ganglion cell death in retinas from MCAO rats

Three days after MCAO, a significant reduction in retinal ganglion cells was
observed in MCAO retinas from vehicle-treated rats compared with shams [Repeated
measures ANOVA, F(4, 185) =44.058, p <0.001; Fig. 3-8]. In progesterone-treated rats,
MCADO retinas showed greater numbers of retinal ganglion cells than vehicle-treated rats
(p <0.001) but fewer retinal ganglion cells than shams (p < 0.001). No differences were
observed between sham and contralateral retinas from either progesterone or vehicle-

treated MCAO rats (Fig. 3-8).
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Figure 3-8. Representative photographs of cresyl violet staining and quantification of retinal ganglion
cells. A) Cresyl violet staining in retinal sections from sham, vehicle-treated MCAO, and progesterone-
treated MCAO rats. B) At three days post-MCAOQ, ipsilateral retinas from vehicle-treated MCAO rats
showed significantly reduced retinal ganglion cell numbers compared to all other groups (p < 0.001).
Ipsilateral retinas from progesterone-treated MCAO rats showed significant increases in retinal ganglion
cell counts over ipsilateral retinas from vehicle-treated MCAO rats (p < 0.001), and significant decreases
compared with all other groups (p < 0.001). GCL, Ganglion Cell Layer; IPL, Inner Plexiform Layer; INL,
Inner Nuclear Layer; OPL, Outer Plexiform Layer; ONL, Outer Nuclear Layer; IS, Inner Segments; OS,
Outer Segments.
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Progesterone treatment protected against cerebral ischemia induced by transient
MCAO
Progesterone reduced behavioral deficits in MCAQ rats

One day after MCAOQ, vehicle-treated MCAO rats exhibited reduced grip strength
and increased time to notice on sticky-tape task compared with shams [grip strength task:
ANOVA, F(2,17)=12.472, p < 0.001; sticky-tape task: ANOVA, F(2,23)=11.312,p<
0.001]. Progesterone-treated MCAO rats showed increased grip strength (p < 0.05) and
reduced time to notice the tab the on sticky-tape task (p < 0.01) over vehicle-treated
MCADO rats. A significant difference between progesterone-treated MCAO rats and

shams was not observed on either task (Fig. 3-9).
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Figure 3-9. Behavioral assessment at 1-day post-MCAO. A) Vehicle-treated MCAO rats showed
reduced grip strength compared with shams (p < 0.001). Progesterone-treated MCAO rats showed
significant increases in grip strength over vehicle-treated MCAO rats (p < 0.05). B) Vehicle-treated MCAO
rats showed increased time to notice on sticky-tape task compared with shams (p < 0.001). Progesterone-
treated MCAO rats showed reduced time to notice compared with vehicle-treated MCAO rats (p < 0.01).
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Progesterone reduced infarct size in MCAO rats

Three days after MCAO, infarcted tissue in the ipsilateral hemisphere was
observed in vehicle-treated MCAO rats using TTC staining. Progesterone-treated MCAO
rats showed reduced infarct size compared with vehicle-treated MCAO rats (45%,

unpaired #-test, p = 0.054) (Fig. 3-10).
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Figure 3-10. Representative TTC staining and quantification at three days post-MCAO.
Representative TTC-stained brain slices for A) vehicle-treated and B) progesterone-treated MCAO rats
with ~70% occlusion. C) Reduced infarct size was observed in progesterone- vs. vehicle-treated MCAO
rats (45%, p = 0.054).
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DISCUSSION
Progesterone treatment showed protection in MCAO but not rAION

Progesterone administration resulted in reduced ERG deficits, reduced GFAP and
GS upregulation, and reduced retinal ganglion cell death following MCAO-induced
retinal ischemia, but did not show a protective effect in the rAION model as assessed
with fundus photographs, visual evoked potentials, and retinal ganglion cells counts. One
possibility is that progesterone is acting systemically, but not locally in the retina. The
fact that we see a significant increase in contralateral ERG amplitude with progesterone
treatment, but only a trend for an increase in ipsilateral ERG amplitude supports this idea.
However, given the similarities between the blood brain barrier and blood retina barrier
(Cunha-Vaz et al., 1966, B., 2007), it is likely that progesterone delivered systemically
crosses the blood retina barrier as it does the blood brain barrier (Sar and Stumpf, 1973).
Previous studies have identified progesterone (Lanthier and Patwardhan, 1986, 1987) and
progesterone receptors (Li et al., 1997, Wickham et al., 2000, Swiatek-De Lange et al.,
2007, Koulen et al., 2008) in the retina, and progesterone synthesis has been shown to
occur in the eye (Lanthier and Patwardhan, 1988, Guarneri et al., 1994, Sakamoto et al.,
2001a, Coca-Prados et al., 2003, Cascio et al., 2007). Further support for progesterone’s
ability to act in the eye is demonstrated by studies showing that changes in endogenous
progesterone levels affect a variety of ocular functions in humans from intraocular
pressure (Ziai et al., 1994, Panchami et al., 2013) to visual function (Yucel et al., 2005,
Avitabile et al., 2007).

Another possible explanation for progesterone protection in MCAO but not

rAION is that the mechanism of injury is different in the rAION model such that
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progesterone is not effective. This idea is supported by previous research showing
protective effects of progesterone or progestins in models of light induced retinal
degeneration (Doonan et al., 2011, Cubilla et al., 2012), hereditary retinal degeneration
(Doonan et al., 2011, Araiz et al., 2012, Sanchez-vallejo et al., 2013), and pressure-
induced retinal ischemia-reperfusion (Lu et al., 2008). Additionally, progesterone has
been shown to reduce glial swelling in retinal explants from both the STZ Type 1
diabetes model and the pressure-induced retinal ischemia-reperfusion model (Neumann et
al., 2010). In the rAION model, as in other models that involve Rose Bengal
photoactivation, superoxide radical formation damages the vascular endothelium, leading
to platelet-fibrin thrombosis of the capillaries and obstruction of blood flow to neural
tissue (Bernstein et al., 2003). Meanwhile, the transient MCAO model has been shown to
cut off blood supply to the retina almost completely while the filament is in place, with
reperfusion occurring after the filament is removed (Steele et al., 2008). In this model, as
in other ischemia-reperfusion models, lack of oxygen and nutrients during the ischemia
phase coupled with robust increases in oxidative stress and inflammation during the
reperfusion phase cause cell death via multiple pathways (Kalogeris et al., 2012). While
both models involve some type of ischemia, the differences in mechanism and in the

extent of the injury itself may result in differential responses to treatment.

Progesterone treatment showed greater protection in brain than retina following
MCAO
Progesterone treatment has previously been shown to reduce infarct size and

functional deficits after cerebral ischemia (Sayeed et al., 2007, Ishrat et al., 2009, Wang
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et al., 2010a, Yousuf et al., 2013b). Our results confirm these findings by demonstrating
that progesterone-treated rats had smaller infarcts and performed significantly better on
the grip strength (71% recovery) and sticky-tape tasks (84% recovery) after transient
MCAO. Additionally, we show that progesterone treatment in MCAO animals results in
significant reductions in retinal ganglion cell death and glutamine synthetase upregulation
in Miiller cells. Progesterone-treated MCAO rats also showed a trend for reduced ERG
deficits (23% recovery), but recovery of functional deficits were smaller in retina than in
brain. One possibility is that progesterone treatment is less effective in the retina
following MCAO because MCAO induces a more severe injury in the brain than the
retina. Another possibility is that the optimal progesterone dose is different for retina vs.
brain. In cerebral stroke, 8 mg/kg was found to be the optimal dose (Wali et al., 2014),
but in traumatic brain injury, 16 mg/kg was found to be a more effective dose (Cutler et
al., 2007). Testing a range of doses in retinal injury and creating a dose response curve
would allow us to answer this question. Perhaps increasing the number of doses or using
a pump to deliver a slow but sustained dose of progesterone would prove more effective
for the treatment of retinal injury and disease.

Additionally, while research supports the existence of progesterone receptors in
the retina (Li et al., 1997, Wickham et al., 2000, Swiatek-De Lange et al., 2007, Koulen
et al., 2008), little is known about progesterone receptor localization in retina and relative
levels of progesterone receptor in retina vs. brain. Some of progesterone’s protective
effects are mediated by progesterone acting through classical progesterone receptors
(Ghoumari et al., 2005, Liu et al., 2012a, Labombarda et al., 2013, Schumacher et al.,

2013), while other effects are mediated by progesterone acting as an antagonist at Sigma-
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1 (Monnet et al., 1995, Maurice et al., 1998, Su and Hayashi, 2003) and glucocorticoid
receptors (Svec et al., 1980, Svec et al., 1989), by progesterone acting as a ligand at the
pregnane X receptor (Kliewer et al., 1998, Langmade et al., 2006), or by progesterone’s
metabolite, allopregnanolone, acting as a positive allosteric modulator at the GABA
receptor (Reddy et al., 2005, Schumacher et al., 2013). If progesterone acts via all of
these pathways in brain but only some of these pathways in retina, this could explain the
difference in protection in retina vs. brain. Further research needs to be done to determine
the mechanisms by which progesterone is acting in the retina and whether these differ

from those involved in progesterone protection in the brain.

Conclusions

Progesterone treatment provided protection against both retinal and cerebral
ischemia in the transient MCAO model, but not in the rAION model. Protection with
progesterone treatment was greater in cerebral vs. retinal ischemia in the MCAO model.
Further research is needed to determine why progesterone has differential effects in retina

vs. brain and how to optimize progesterone treatment in the retina.



124

Chapter 4:
Effect of progesterone on inflammation in brain versus retina in a rat model of middle

cerebral artery occlusion

This chapter presents work to be published within:
Rachael S. Allen, Igbal Sayeed, Y Oumarbaeva, Katherine C. Morrison, Paul H. Choi,
Machelle T. Pardue, Donald G. Stein. Effect of progesterone on inflammation in brain

versus retina in a rat model of middle cerebral artery occlusion
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ABSTRACT

Purpose: To determine whether inflammation increases in retina as it does in brain
following middle cerebral artery occlusion (MCAOQ) and to determine whether the
neurosteroid progesterone, which has been shown to have protective effects in both retina
and brain after MCAO, reduces inflammation in retina as well as brain.

Methods: MCAO rats treated systemically with progesterone or vehicle were
compared with shams. Protein levels of cytosolic NF-kB, nuclear NF-kB, phosphorylated
NF-xB, IL-6, TNF-a, CD11b, Progesterone receptor A and B, and pregnane X receptor
were assessed in retinas and brains at 24 and 48 hours using western blots. Results: The
NF-kB pathway showed activation in both brain and retina after MCAO, with significant
increases in pNF-kB at 24 hours in both brain and retina and significant increases in
nuclear NF-kB at 24 hours in brain and 48 hours in retina. Significant increases were also
observed in TNF-a at 24 hours in brain and in CD11b at 24 hours in both brain and
retina. Progesterone treatment in MCAO animals significantly attenuated levels of the
following markers in brain: pNF-kB, nuclear NF-kB, IL-6, TNF-a, and CD11b, with
significantly increased levels of cytosolic NF-kB. Meanwhile, retinas from progesterone-
treated animals showed significantly reduced levels of nuclear NF-kB and IL-6 and
increased levels of cytosolic NF-kB, with a trend for reduction in other markers. Post-
MCAO, progesterone receptor A and B were upregulated in brain and downregulated in
retina. Progesterone treatment altered this effect in brain but not in retina.

Conclusions: Levels of inflammatory markers increased in both brain and retina
after MCAOQO, with greater increases being observed in brain. Progesterone treatment

reduced inflammation, and these reductions were more dramatic in brain than retina. This



126

differential effect may be due to differences in the response of progesterone receptor in

brain and retina after injury.
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INTRODUCTION

Inflammatory responses occur after ischemic injury in both the retina (Hangai et
al., 1996, Wang et al., 2006, Dvoriantchikova et al., 2009, Hua et al., 2009, Jiang et al.,
2012, Schallner et al., 2012, Ishizuka et al., 2013) and the brain (Hill et al., 1999,
Schneider et al., 1999, Stephenson et al., 2000, Berti et al., 2002, Gibson et al., 2005,
Ishrat et al., 2010, Tu et al., 2010). The NF-xB pathway plays a key role in post-injury
inflammation, and evidence of NF-kB pathway activation and increased cytokine levels
have been reported following ischemia in brain (Gibson et al., 2005, Ishrat et al., 2010,
Tu et al., 2010). Increases in systemic inflammation after cerebral ischemia have been
observed as well (Yousuf et al., 2013a). Increases in NF-kB pathway activation
(Schneider et al., 1999, Stephenson et al., 2000, Hua et al., 2009) and increases in levels
of inflammatory cytokines (Hill et al., 1999, Berti et al., 2002) are known to occur in the
brain after transient MCAQ, a model that causes ischemia in both the brain and the retina
(Chapter 2) (Block et al., 1997, Steele et al., 2008). A gap in our knowledge is whether
these increases occur in the retina after MCAO and how they compare with the brain.

Similar patterns of NF-kB pathway activation and increased levels of
inflammatory cytokines (IL-6, TNF-a, etc.) have been observed in other models of retinal
ischemia (Hangai et al., 1996, Wang et al., 2006, Jiang et al., 2012, Schallner et al., 2012,
Ishizuka et al., 2013). While a couple studies suggest that complete NF-kB inhibition
could actually exacerbate retinal injury (Wang et al., 2006, Jiang et al., 2012), selective
inactivation of the NF-kB pathway in astrocytes was shown to be protective in retinal

ischemia (Dvoriantchikova et al., 2009).
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The neurosteroid progesterone (PROG) has been found to have protective effects
in a number of animal models, including traumatic brain injury, stroke, and spinal cord
injury (Cutler et al., 2007, Schumacher et al., 2007, Ishrat et al., 2009, Sayeed and Stein,
2009, Stein and Wright, 2010). Progesterone treatment has been shown to reduce
inflammation, swelling, and neuronal death, and to improve behavioral and functional
recovery (Cutler et al., 2007, Schumacher et al., 2007, Ishrat et al., 2009, Ishrat et al.,
2010, De Nicola et al., 2013, Yousuf et al., 2013a). Specific effects of progesterone on
inflammation include reducing TNF-a production by microglia (Drew and Chavis, 2000)
and macrophages (Miller and Hunt, 1998), attenuating NF-xB pathway activation after
traumatic brain injury (Cutler et al., 2007), and attenuating systemic increases in TNF-ou
and IL-6 after post-stroke infection (Yousuf et al., 2013a). Additionally, progesterone
suppresses injury-induced increases in levels of inflammatory markers, including IL-1f,
TNF-a, IL-6, and COX-2 after traumatic brain injury (Cutler et al., 2007), TNF-a and
IL-6 after cerebral ischemia (Ishrat et al., 2010), and TNF-a, iNOS, and CD11b in
experimental autoimmune encephalomyelitis (De Nicola et al., 2013). We know that
progesterone protects in both brain and retina after transient MCAO and that protective
effects are more dramatic in brain than retina (Chapter 3).

Studies on progesterone treatment in the retina (Neumann et al., 2010, Doonan et
al., 2011), and more specifically in retinal ischemia (Chapter 3) (Lu et al., 2008), are
limited thus far, but progesterone’s successes in other models combined with findings of
progesterone (Lanthier and Patwardhan, 1986, 1987), progesterone synthesis (Lanthier
and Patwardhan, 1988, Guarneri et al., 1994, Sakamoto et al., 2001a, Coca-Prados et al.,

2003, Cascio et al., 2007), and progesterone receptor (PR) in the eye (Li et al., 1997,
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Wickham et al., 2000, Swiatek-De Lange et al., 2007, Koulen et al., 2008) make it an
attractive candidate for neuroprotective treatment in the retina. However, progesterone
has been shown to have a smaller protective effect in retina than in brain in the MCAO
model (Chapter 3). Thus, the mechanisms by which progesterone provides protection
(including reduction of inflammation) in brain and retina should be further studied to
determine why the protective effect in brain is greater.

Here, we compared the inflammatory response in retina and brain following
transient MCAO model in rats and we tested progesterone’s effects on this evoked
inflammation. Protein levels of cytosolic NF-kB (pathway suppressed) vs. levels of
nuclear NF-kB and phosphorylated NF-kB (pathway active) were assessed in retinas and
brains at 24 and 48 hours. Protein levels of inflammatory markers (IL-6, TNF-a, CD11b)
were also measured. In order to confirm expression of PR in the retina at the protein
level, levels of PR-A and B were assessed in retina and brain. Levels of pregnane X
receptor (PXR), another receptor through which progesterone has been shown to mediate
protective effects (Kliewer et al., 1998, Langmade et al., 2006), were assessed in retina
and brain as well. We hypothesized that levels of NF-kB and downstream inflammatory
cytokines would increase in the retina, though perhaps not to the same degree as in the
brain. We further hypothesized that progesterone would reduce inflammation in the retina

as it does in the brain following MCAO.

MATERIALS AND METHODS
Animals

Adult male Sprague-Dawley rats (n = 31) from Charles River Laboratories were
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used in this study. At the time of MCAO surgery, rats were approximately 60 days of age
(290-330 grams). Littermates that received sham surgeries (incisions in the scalp and
neck) and vehicle injections were used as controls. All animal procedures were approved
by the Institutional Animal Care and Use Committee (Emory University protocol
#20001517) and performed in accordance with NIH guidelines and the Association for
Research in Vision and Ophthalmology Statement for the Use of Animals in Ophthalmic
and Vision Research. Rats were housed under a 12:12 reverse light:dark cycle with water
and food ad libitum and handled daily for at least 5 days prior to surgery. Two rats died

during surgery and one was excluded due to an incomplete reperfusion.

MCAO surgery

MCAO surgery was performed as described previously with minor modifications
(Longa et al., 1989). Briefly, inhalation of 5% isoflurane (in a N2/O, 70%/30% mixture)
was used to anesthetize the animals with an inhalation of 2% isoflurane to maintain
sedation. Blood oxygen saturation (SpO;) was analyzed and sustained at 90% using a
pulse oximeter (SurgiVet, model V3304; Waukesha, WI, USA). Body temperature was
maintained between 36.5°C and 37.5°C. Laser-Doppler flowmetry (LDF) was used to
monitor cerebral blood flow, as it has been shown previously to be practical and reliable
in detecting changes in cerebral blood flow during focal cerebral ischemia (Dirnagl et al.,
1989). To reduce variability and ensure relative uniformity of the ischemic insult, animals
with mean ischemic cerebral blood flow greater than 40% of baseline LDF were
excluded. An LDF probe (Moor Instruments, Wilmington, Delaware, USA) was inserted

over the ipsilateral parietal cortex to monitor blood flow from 5 minutes prior to
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occlusion to 5 minutes after reperfusion.

At the ventral surface of the neck, a midline incision was made and the right
common carotid arteries were separated and ligated using a 6.0 silk suture. Next, the
internal carotid and pterygopalatine arteries were occluded using a microvascular clip to
allow insertion of a 4-0 silicon-coated monofilament (0.35-0.40 mm long) (Doccol Co.,
Albuquerque, NM, USA) through an incision in the external carotid artery. The filament
was slid into the internal carotid artery and gently pushed an estimated 20 mm distal to
the carotid bifurcation where it blocked the openings to both the middle cerebral and
ophthalmic arteries. The filament was removed after 120 minutes at which time
reperfusion occurred. Then the wound was sutured, and rats were transferred to a heating

blanket until they recovered from anesthesia.

Progesterone preparation and dosing

Progesterone was made in stock solutions using 2-hydroxypropyl-B-cyclodextrin (HBC;
25% w/v solution in H,O; a non-toxic aqueous solution that dissolves progesterone) as the
solvent. An 8 mg/kg progesterone dose was used as this has been shown to be most
protective after stroke (Wali et al., 2014). Progesterone and vehicle treatments were
administered intraperitoneally at 1 hour post injury, and then subcutaneously at 6 hours
post for the 24 hour group and 6 and 24 hours for the 48 hour group. In all experiments,
the rats’ group identity was coded with regard to surgery and treatment to prevent

experimenter bias.

Biochemical Evaluation
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Rats were euthanized by overdose of Pentobarbital and their eyes enucleated. Retinas and
the penumbral portion of the brain were dissected out for use in western blots. Isolated
tissue was frozen immediately on dry ice. The NE-PER kit (Thermo Scientific; Waltham,
MA, USA) was used to homogenize the tissue and separate it into nuclear and cytosolic
fractions. Western immunoblotting was used to assess brain and retina protein levels of
pNF-kB, nuclear and cytosolic NF-kB, IL-6, TNF-a, CD11b, PR-A, PR-B, and PXR (see
Table 4-1 for details on antibodies). Protein samples were run on 4-20% Tris-Glycine
Criterion Pre-cast TGX gels at 90 V for approximately 2 hours (Bio-Rad; Hercules, CA,
USA). Proteins were then transferred to a nitrocellulose membrane at 30V overnight and
incubated for 1 hour at room temperature in a 5% BSA/TBS-Tween blocking solution.
Blots were then incubated in primary antibody for two nights at 4°C. Blots were rinsed
with TBS-Tween prior to incubation with the appropriate secondary antibody for 1 hour
at room temperature. Blots were rinsed with TBS-Tween again before a 1-minute
incubation in a chemiluminescent solution. Bands were detected using films, scanned,
and analyzed using densitometry. Blots were stripped and -Actin and Histone H3 were
used as loading controls for cytosolic blots and nuclear blots, respectively (note: all blots

are from cytosolic fraction unless specified as nuclear).



Molecular

Antibody Weight Dilution Company | Product #
mouse anti-pNF-«B 65 kDa 1:2000 Cell 3036
p65 Signaling
rabbit anti-NF-xB p65 65 kDa 1:5000 . CeII_ 8242S
Signaling
rabbit anti-IL-6 21-28 kDa 1:5000 Abcam Ab6672
rabbit anti-TNF-a 23 kDa 1:1000 Abcam Ab66579
rat anti-CD11b 128 kDa 1:1000 Serotec MCA 275
. , PR-A 81kDa . )
rabbit anti-PR PR-B 116kDa 1:1000 Santa Cruz SC-539
goat anti-PXR 50 kDa 1:1000 Santa Cruz SC-7739
rabbit anti-Histone 17kDa 1:1000 _ CeII_ 9715L
H3 Signaling
mouse anti-B-actin 47kDa 1:5000 Sigma A2228

Table 4-1. Detailed information on antibodies used in this study.
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Statistical analysis

Results are expressed as mean + standard error of the mean (SEM). Differences
between groups were analyzed using multiple unpaired, two tailed t-tests (four per
marker) with the alpha level corrected for with false discovery rate (p <0.031) (Storey,

2003). Mann-Whitney Rank Sum tests were used for groups that failed the normality test.

RESULTS

NF-x B pathway activation increased in both brain and retina following MCAQO and
progesterone attenuated this increase

Levels of phosphorylated NF-kB (pathway active) showed significant increases in brains
(57%, Mann-Whitney Rank Sum test, T = 54.00, p < 0.01) and retinas (43%, unpaired ¢-
test,  =-2.834, p < 0.03) from vehicle-treated MCAO rats (n = 5) over shams (n = 8) at
24 hours post injury (Fig. 4-1A, 4-1B). Levels of phosphorylated NF-xB were
significantly lower in brains from progesterone- vs. vehicle-treated MCAO rats (n =
S/group) at 24 hours post-MCAO (-79%, unpaired #-test, = 5.601, p <0.001) (Fig. 4-
1A), with retinas showing a trend for lower levels (-19%, Fig. 4-1B). Levels of nuclear
NF-kB (pathway active) showed significant increases in brains (65%, unpaired ¢-test, t =
-3.667, p <0.01) at 24 hours post-MCAO (Fig. 4-1C) and retinas (9%, unpaired z-test, t =
-2.534, p <0.03) at 48 hours post-MCAO in vehicle-treated MCAO rats (n = 5) over
shams (n = 8) (Fig. 4-1D). For progesterone- vs. vehicle-treated MCAO rats (n =
5/group), levels of nuclear NF-kB were significantly lower in brains at 24 hours (-31%,
unpaired #-test, = 2.615, p <0.03) (Fig. 4-1C) and retinas at 48 hours (-13%, unpaired ¢-

test, t =3.774, p <0.01) (Fig. 4-1D). Levels of cytosolic NF-kB (pathway suppressed)
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showed a trend for a decrease (22%) in brains from vehicle-treated MCAO rats (n = 5)
over shams (n = 8) at 48 hours post injury (Fig. 4-1E), with retinas showing a significant
decrease at 48 hours (22%, unpaired z-test, t = 8.415, p <0.001) (Fig. 4-1F). For
progesterone- vs. vehicle-treated MCAO rats (n = 5/group), brains showed significantly
higher levels of cytosolic NF-kB at 24 hours post-injury (+8%, unpaired #-test, t = -3.681,
p <0.01) and a trend for higher levels at 48 hours post injury (+21%, Fig. 4-1E), with
retinas showing significantly higher levels at 48 hours (+12%, unpaired ¢-test, ¢ = -3.041,

p <0.03) (Fig. 4-1F) (see also Supplemental Figure 4-1).
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Figure 4-1. Increased NF-x B pathway activation in brain and retina following MCAO was
attenuated by progesterone treatment. Phosphorylated NF-kB expression in A) brain and B) retina.
Nuclear NF-kB expression in C) brain and D) retina. Cystosolic NF-kB expression in E) brain and F)
retina. Expression of NF-kB pathway markers as determined by western blot and quantified by
densitometry. Results expressed as means = SEM.
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Phosphorylated NF-kB expression in A) brain and B) retina. Nuclear NF-kB expression in C) brain and D)

retina. Cystosolic NF-kB expression in E) brain and F) retina.
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IL-6, TNF-a, and CD11b increased in both brain and retina following MCAO and
progesterone attenuated these increases

Levels of IL-6 showed a trend for increases in brains (24% at 24 hours; 48% at 48 hours)
(Fig. 4-2A) and retinas (44% at 24 hours; 79% at 48 hours) (Fig. 4-2B) from vehicle-
treated MCAO rats (n = 5) over shams (n = 8). For progesterone- vs. vehicle-treated
MCADO rats (n = 5/group), levels of IL-6 were significantly lower in brains at both 24 (-
26%, unpaired ¢-test, t = 4.424, p < 0.01) and 48 hours (-62%, unpaired t-test, t =4.070, p
<0.01) (Fig. 4-2A) post-injury and in retinas at 24 hours (-46%, unpaired ¢-test, t =
3.350, p <0.01), with 48 hour retinas from progesterone-treated rats showing a trend for
lower IL-6 levels (-61%) (Fig. 4-2B). Levels of TNF-a showed significant increases in
brains at 24 hours (60%, unpaired ¢-test, = -3.330, p < 0.01) with a trend for an increase
at 48 hours (40%) for vehicle-treated MCAO rats (n = 5) over shams (n = 8) (Fig. 4-2C).
Retina levels of TNF-a showed a trend for an increase for vehicle-treated MCAO rats (n
=5) over shams (n = 8) at 24 hours (16%) (Fig. 4-2D). Levels of TNF-a were
significantly lower in brains from progesterone- vs. vehicle-treated MCAO rats (n =
S/group) at 24 hours post-MCAO (-60%, unpaired #-test, = 3.918, p <0.01) (Fig. 4-2C),
with retinas showing a trend for lower levels at 24 hours (-17%) (Fig. 4-2D). Levels of
CD11b showed significant increases in brains (103%, unpaired ¢-test, = -3.903, p <
0.01) (Fig. 4-2E) and retinas (89%, unpaired t-test, t = -4.690, p < 0.001) (Fig. 4-2F) from
vehicle-treated MCAO rats (n = 5) over shams (n = 8) at 24 hours post injury, with 48-
hour brains showing a trend for an increase (16%). Levels of CD11b were significantly
lower in brains from progesterone- vs. vehicle-treated MCAO rats (n = 5/group) at 24

hours post-MCAO (-69%, unpaired ¢-test, t = 2.738, p < 0.03) (Fig. 4-2E), with retinas
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showing a trend for lower levels at 24 hours (-36%) (Fig. 4-2F) (see also Supplemental

Figure 4-2).
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Figure 4-2. Increased levels of IL-6, TNF-a, and CD11b in brain and retina following MCAQO were
attenuated by progesterone treatment. [L-6 expression in A) brain and B) retina. TNF-a expression in
C) brain and D) retina. CD11b expression in E) brain and F) retina. Expression of inflammatory markers as
determined by western blot and quantified by densitometry. Results expressed as means + SEM.
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Progesterone receptor is upregulated in the brain and downregulated in the retina
after MCAO

Levels of PR-A showed significant increases in brains from vehicle-treated MCAO rats
(n=15) vs. shams (n = 8) at both 24 (81%, unpaired ¢-test, t = -4.439, p < 0.001) and 48
hours (63%, unpaired ¢-test, £ = -3.061, p < 0.03) post-MCAO (Fig. 4-3A). In contrast,
levels of PR-A showed a trend for decreases in retinas from vehicle-treated MCAO rats
(n=15) vs. shams (n = 8) at 24 (30%) and 48 (37%) hours post injury (Fig. 4-3B).
Progesterone-treated MCAO rats (n = 5) showed significantly lower levels of PR-A in the
brain compared with vehicle-treated MCAO rats (n = 5) at both 24 (-22%, unpaired ¢-test,
t=2.711,p<0.03) and 48 (-85%, unpaired ¢-test, t = 3.149, p < 0.03) hours post-injury
(Fig. 4-3A), however progesterone treatment did not change the PR-A reduction observed
in retinas in either direction (Fig. 4-3B). Levels of PR-B showed a trend for increases in
brains from vehicle-treated MCAO rats (n = 5) over shams (n = 8) at 24 (38%) and 48
(56%) hours post injury, with brains from progesterone- vs. vehicle-treated animals (n =
5/group) showing a trend for lower levels at 24 hours (-14%) and significantly lower
levels at 48 hours post injury (-85%, unpaired t-test, = 3.369, p < 0.01) (Fig. 4-3C). In
contrast, levels of PR-B showed significant decreases in retinas from vehicle-treated
MCADO rats (n = 5) vs. shams (n = 8) at 24 hours post injury (52%, unpaired #-test, ¢ =
4.132, p <0.01), and progesterone treatment did not change this reduction (Fig. 4-3D)

(see also Supplemental Figure 4-3).



Sham

24h

48 h

B Sham (n=8)
M Veh MCAO (n = 5)
B Prog MCAO (n = 5)

V + MCAO P + MCAO

PR-B
PR-A

— — — — —— 3-2Ctin

& =83

PR-B
PR-A

e s (-actin

p <0.03 p <0.03
p<0.001 ——— —_—
2r p<0.03
—_
3
85l
£
(1]
T
]
£ 1t
0
Q
>
2
05}
<
14
o
0
Sham 24 h 48 h
C p <0.01
S 15f
©
&
£
o
s
£
0
[}
>
= 05f
o
14
o
Sham 24 h 48h

145

Sham V+MCAO P+ MCAO

;5& —.-;-‘v St PR-A

PR-A levels in retina (a.u.)

PR-B levels in retina (a.u.)

N
(&)

-

o
)

N
(4]

-

o
3

i|& 3 PR-B

-mpem (-actin

#§§ § PrRB
W0 e PR-A

B-actin

W Sham (n=38)
B Veh MCAO (n = 5)
B Prog MCAO (n =5)

p <0.001

Sham 24 h

48h

p <0.001
p <0.01

Sham

24 h 48 h

Figure 4-3. Progesterone receptor was upregulated in brain and downregulated in retina after
MCAQO. PR-A expression in A) brain and B) retina. PR-B expression in C) brain and D) retina. Expression
of PRs as determined by western blot and quantified by densitometry. Results expressed as means + SEM.
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Supplemental Figure 4-3. PR-A and PR-B western blot data presented as individual data points. PR-
A expression in A) brain and B) retina. PR-B expression in C) brain and D) retina.
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PXR was upregulated in brain but downregulated in retina after MCAO

At 24 hours post-MCAO, levels of PXR showed a significant increase in brains from
vehicle-treated MCAO rats (n = 5) over shams (n = 8, 75%, Mann-Whitney Rank Sum
test, T = 55.000, p <0.01) (Fig. 4-4A) and a significant decrease in retinas (13%,
unpaired #-test, £ = 2.508, p < 0.03) (Fig. 4-4B). Progesterone treated rats (n = 5) showed
significantly lower levels of PXR in brain (-56%, unpaired #-test, t = 3.110, p < 0.03)
(Fig. 4-4A) and significantly higher levels of PXR in retinas (+33%, unpaired #-test, ¢ = -
5.129, p <0.001) (Fig. 4-4B) at 24 hours compared with vehicle-treated rats (n = 5) (see

also Supplemental Figure 4-4).
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Figure 4-4. PXR was upregulated in brain but downregulated in retina after MCAQ. PXR expression
in A) brain and B) retina. Expression of PXR as determined by western blot and quantified by
densitometry. Results expressed as means = SEM.
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Supplemental Figure 4-4. PXR western blot data presented as individual data points. PXR expression

in A) brain and B) retina.
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DISCUSSION
NF-x B pathway activation after retinal ischemia

Evidence of NF-xB pathway activation after retinal ischemia includes increases in
protein levels of phosphorylated NF-xB (Schallner et al., 2012, Ishizuka et al., 2013),
increases in NF-kB DNA binding activity (Schallner et al., 2012), increases in mRNA
levels of NF-kB (Wang et al., 2006, Jiang et al., 2012), increases in protein levels of NF-
kB in the nucleus (Jiang et al., 2012), and increases in numbers of NF-kB positive cells
in the retina (Wang et al., 2006). Additionally, selective inactivation of the NF-kB
pathway in astrocytes was shown to be protective in retinal ischemia (Dvoriantchikova et
al., 2009). Following retinal ischemia, increased mRNA levels of TNF-a and IL-6 were
observed (Hangai et al., 1996, Wang et al., 2006), as well as increases in IL-6 positive
cells (Wang et al., 2006). NF-xB inhibition resulted in significantly reduced expression
of pro-inflammatory genes like TNF-a, and completely suppressed the upregulation of
IL-6 that follows retinal ischemia (Dvoriantchikova et al., 2009). While some suggest
that complete inhibition of NF-kB could exacerbate retinal injury (Wang et al., 2006,
Jiang et al., 2012), Dvoriantchikova and colleagues concluded that it is chronic NF-kB
activation in astrocytes and microglia, rather than NF-kB activation in general, that is
problematic following retinal ischemia (Dvoriantchikova et al., 2009).

Similarly, in the transient MCAO model we found increases in NF-kB pathway
activation and increases in levels of inflammatory markers in the retina. Increases in
inflammation have previously been shown to occur after cerebral ischemia (Hill et al.,
1999, Schneider et al., 1999, Stephenson et al., 2000, Berti et al., 2002, Gibson et al.,

2005, Hua et al., 2009, Ishrat et al., 2010, Tu et al., 2010), and our results confirm those
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findings. Our previous work has shown that the retina is less susceptible than the brain to
ischemia induced by the transient MCAO model (Chapter 2), and our results here show

smaller increases in inflammation in retina vs. brain (Table 4-2).



Brain

Retina

pNF-xB

nuclear NF-xB

cytosolic NF-kB

+57% at 24 h
+65% at 24 h
+33% at 48 h
-22% at 48 h

+43% at 24 h

+9% at 48 h
-10% at 48h

+24% at 24 h

+44% at 24 h

-6 +48% at 48 h +79% at 48 h
TNF-a +60% at 24 h +16% at 24 h
+40% at 48 h
o o
cD11b +103% at 24 h +89% at 24 h

+16% at 48 h
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Table 4-2. Summary of changes in inflammatory markers expressed as % difference in vehicle-
treated MCAO animals over sham. Larger increases were observed in brain vs. retina. Bold = significant

(p<0.031).
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Greater protection with progesterone was observed in brain vs. retina

Progesterone has been shown to provide protection in a number of animal models
(Gonzalez Deniselle et al., 2005, Cutler et al., 2007, Schumacher et al., 2007, Ishrat et al.,
2009, Sayeed and Stein, 2009, De Nicola et al., 2013, Yousuf et al., 2013a) and in Phase
IT clinical trials for traumatic brain injury (Wright et al., 2007, Xiao et al., 2008).
Progesterone was observed to reduce glial activation and cytokine production both in
vitro and in vivo (Miller and Hunt, 1998, Drew and Chavis, 2000, De Nicola et al., 2013)
and to reduce NF-kB pathway activation after traumatic brain injury (Cutler et al., 2007).
In models of cerebral ischemia, progesterone has been shown to reduce inflammation
both in the brain and systemically, to decrease infarct size, and to improve functional
recovery (Ishrat et al., 2009, Ishrat et al., 2010, Yousuf et al., 2013a, Yousuf et al.,
2013Db). Our results confirm previous findings of progesterone protection in cerebral
ischemia, showing that progesterone attenuated ischemia-induced increases in NF-xB
pathway activation and inflammatory markers in the brain. Additionally, our results
demonstrate that progesterone reduces inflammation in the retina following transient
MCADO. Interestingly, more dramatic protection with progesterone treatment following
MCAO was observed in brain vs. retina. We observed greater reductions in NF-kB
pathway markers and inflammatory cytokines with progesterone treatment in brain vs.
retina (Table 4-3). These findings concur with our previous observation that progesterone
treatment significantly improved function on behavioral tests (71-84% recovery), with a
trend for improvement in retinal function as measured by electroretinogram (23%

recovery) (Chapter 3).



Brain

Retina

pNF-xB

nuclear NF-xB

cytosolic NF-kB

-79% at 24h
-31% at 24h
-18% at 48h

+8% at 24 h
+21% at48 h

-19% at 24 h

-13% at 48 h

+12% at 48 h

IL-6
TNF-a
CD11b

-26% at 24 h
-62% at 48 h

-60% at 24 h
-69% at 24 h

-46% at 24 h
-61% at 48 h

-17% at 24 h
-36% at 24 h
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Table 4-3. Summary of changes in inflammatory markers between progesterone- and vehicle-treated
MCAO animals expressed as % difference between progesterone- and vehicle-treated rats over
sham. Greater protective effects were observed with progesterone treatment in brain vs. retina. Bold =
significant (p < 0.031).
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Differences in PR expression in retina and brain may contribute to differences in
responsiveness to progesterone treatment

Progesterone and PR have been identified in both brain (Camacho-Arroyo et al.,
1994, Guerra-Araiza et al., 2002, Guerra-Araiza et al., 2003, Meffre et al., 2007, Liu et
al., 2012a) and retina (Lanthier and Patwardhan, 1987, Wickham et al., 2000, Koulen et
al., 2008), and progesterone synthesis occurs in both tissues (Lanthier and Patwardhan,
1988, Guarneri et al., 1994, Cherradi et al., 1995, Tsutsui et al., 2000, Sakamoto et al.,
2001a, Coca-Prados et al., 2003, Tsutsui, 2006, Cascio et al., 2007). PR mRNA has been
found in retina samples in rats and rabbits (Wickham et al., 2000). Mouse bipolar cells
that had been dissociated from the rest of the retina were shown to express PR at the
protein level (Koulen et al., 2008). Here, we show that PR-A and PR-B are expressed at
the protein level in rat retina, and receptor levels are reduced at 24 hours post-injury. In
brain, however, we observed an increase in PR-A and PR-B after injury. With
progesterone treatment, we see no change in PR expression in the retina but a reduction
in PR expression in the brain at 48 hours.

Progesterone levels are known to increase in serum after traumatic brain injury in
humans (Wagner et al., 2011), in brain after traumatic brain injury in rats (Meffre et al.,
2007), and in serum and brain after transient MCAO in mice (Liu et al., 2012a).
Progesterone levels also increase in response to inflammation and glucose deprivation
(Elman and Breier, 1997, Zitzmann et al., 2005). Relatively little is known about how
classical PRs respond after neural injury. Increases in PR-A and PR-B expression were
observed in brains in an animal model of intra-uterine growth restriction (Palliser et al.,

2012). However, another study did not show changes in levels of PR mRNA in brain
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after transient MCAO with or without progesterone treatment (Dang et al., 2011). These
results in the MCAO model conflict with our own, but this may be due to an mRNA vs.
protein difference. Decreases in PR expression were observed after spinal cord injury,
and these decreases did not change with progesterone treatment (Labombarda et al.,
2003). These findings in spinal cord mirror our findings in retina, possibly suggesting a
difference in PR behavior in brain vs. peripheral nervous tissue following injury.

Studies have shown examples of both PR-dependent and independent
mechanisms with progesterone treatment in several different injury models. For example,
progesterone treatment induced remyelination of demyelinated axons (Ghoumari et al.,
2005) and protected against motorneuron loss in injured spinal cord slices (Labombarda
et al., 2013) in wildtype mice but not PR knock-out mice. In the transient MCAO model,
PR knock out and heterozygote mice were shown to have increased susceptibility to
ischemic brain injury at 24 hours. Progesterone treatment reduced infarct size and edema
and improved behavioral function in wildtype but not PR knock-out mice after transient
MCAO (Liu et al., 2012a). In both the transient MCAO and the spinal cord injury
experiments, treatment with allopregnanolone, a metabolite of progesterone, still had a
protective effect in PR knock-out mice (Liu et al., 2012a, Labombarda et al., 2013).
Allopregnanolone acts independently of the progesterone receptor by binding directly to
the GABA4 receptor complex and acting as a positive allosteric modulator, increasing CI
influx and reducing excitability (Reddy et al., 2005). Perhaps allopregnanolone treatment
would prove more effective in the retina.

A few possibilities could explain the reduction in PR expression in brain

following progesterone treatment. 1) Under normal conditions, PR expression is down-
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regulated by progesterone treatment in estradiol-inducible areas, including the
hypothalamus and some limbic structures, but not in the cerebral cortex, cerebellum,
spinal cord, or peripheral nerves (Camacho-Arroyo et al., 1994, Jung-Testas et al., 1996,
Guerra-Araiza et al., 2002, Guerra-Araiza et al., 2003, Labombarda et al., 2003). Because
the areas damaged in transient MCAO (cerebral cortex and striatum) have been shown
not to have PR expression affected by progesterone treatment (cortex) (Camacho-Arroyo
et al., 1994, Guerra-Araiza et al., 2002) or have been shown not to be estradiol-inducible
areas (striatum) (Parsons et al., 1982), the reduction in PR is probably not caused by a
down-regulating effect of progesterone treatment. 2) Our western blots examined PR
expression in the cytosolic fraction, and it is possible that these receptors translocated to
the nucleus when activated by progesterone. PRs in areas of the brain involved in
reproduction (i.e., hypothalamus) generally respond to progesterone binding by forming
dimers and translocating to the nucleus (Schumacher et al., 2013). However, much of the
PRs in other brain areas are expressed in axons, dendrites, and synapses (not near the
nucleus) (Waters et al., 2008) and are thought to act in the cytoplasm or at the plasma
membrane by activating kinases or interacting with intracellular signaling pathways
(Bagowski et al., 2001, Maller, 2001, Faivre and Lange, 2007, Boonyaratanakornkit et
al., 2008, Faivre et al., 2008). 3) Thus, we think it is most likely that PR expression is
reduced in progesterone-treated ischemic tissue because progesterone treatment has

restored the tissue to a more “normal” condition.

PXR expression in brain vs. retina following transient MCAO
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In addition to acting through PRs, progesterone and its metabolites have been
shown to bind to and influence the activity of other receptors, including glucocorticoid
receptors (Svec et al., 1980, Svec et al., 1989), acetylcholine receptors (Valera et al.,
1992), GABA4 receptors (Puia and Belelli, 2001, Reddy et al., 2005), Sigma-1 receptors
(Maurice et al., 1998), and pregnane X receptors (PXRs) (Kliewer et al., 1998, Langmade
et al., 2006). PXR activates p-Glycoprotein (P-gp), an efflux pump implicated in the
removal of cytotoxic and xenobiotic substances in both the blood brain and blood retina
barriers (Bauer et al., 2004, Zhang et al., 2012b). PXR has previously been identified in
brain capillaries (Bauer et al., 2004) and retinal pigmented epithelium (Zhang et al.,
2012a, Zhang et al., 2012b). The literature on PXR expression after injury is not
consistent (Souidi et al., 2005, Hartz et al., 2010, Chen et al., 2011).

Here, we show increased levels of PXR in brain at 24 hours post-MCAO, with
progesterone treatment resulting in “normal” levels of PXR. Conversely, in retina we
observed lower levels of PXR at 24 hours post-injury, and PXR levels increased with
progesterone treatment. More research is needed to determine the role of PXR after injury

and with progesterone treatment.

Conclusions

Following MCAOQ, inflammation increased in both brain and retina, with greater
increases occurring in brain. Inflammation was reduced post-MCAO with progesterone
treatment, and more dramatic protective effects of progesterone were observed in brain
than retina. Differences in progesterone protection may be due to differential responses of

progesterone receptor after injury in brain and retina.
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Chapter 5:

Conclusions, Discussion, and Future Directions
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SUMMARY OF RESULTS

The goals of this research were to: 1. Compare ischemic injury, with specific
focus on inflammation, in a model of ischemia/reperfusion thought to affect both the
brain and the retina. 2. Determine whether progesterone provides protection in retinal
ischemia as it does in cerebral ischemia.

In Chapter 2, I demonstrated retinal function (ERG) deficits at 2 days post-
MCAQO that correlated with behavioral deficits. Retinal function deficits were found to
recover by 9 days post-MCAO. Deficits were observed in both MCAO and contralateral
retinas, suggesting a systemic component to MCAO-induced retinal ischemia.
Upregulation of GFAP and glutamine synthetase was observed at 3 days post-MCAO,
and retinal ganglion cell loss was observed in severe MCAO rats. Increased glutamine
synthetase levels correlated with ERG deficits, suggesting that sub-lethal increases in
extracellular glutamate may be the cause of transient retinal function loss in MCAO and
in strokes in humans.

In Chapter 3, I confirmed progesterone’s protective effects in the brain in MCAO
(as shown by reduced behavioral deficits and infarct size), and demonstrated that
progesterone is also protective in retinal ischemia in MCAO (as shown by reduced ERG
deficits, reduced GFAP and glutamine synthetase upregulation, and reduced retinal
ganglion cell death). While progesterone treatment provided protection in retinal
ischemia in the MCAO model, it was not protective in the rAION model. Further,
progesterone protection after MCAO was greater in brain than in retina.

In Chapter 4, I demonstrated that increases in NF-kB pathway activation and

inflammation occur in the retina as well as the brain after MCAO, with greater activation



161

in brain. I confirmed that progesterone treatment reduced inflammation after cerebral
ischemia and demonstrated that progesterone also reduced inflammation after retinal
ischemia in a rat model of MCAO. Progesterone’s effects on inflammation were greater
in brain than in retina, mirroring our functional results from Chapter 3. Levels of
progesterone receptor were upregulated in brain but downregulated in retina after
MCAO, which could explain why we see more robust progesterone protection in brain

versus retina.

DISCUSSION: PROGESTERONE RECEPTORS IN BRAIN AND RETINA
Expression and function of classical progesterone receptors in the brain
Progesterone has been shown to cross the blood brain barrier (Sar and Stumpf,
1973) and to have diverse effects on behavior and injury in the brain (Schumacher et al.,
2013). Some of these effects are mediated through progesterone binding to progesterone
receptors (PRs) (Sakamoto et al., 2001b, 2002, Ghoumari et al., 2003, Ghoumari et al.,
2005, Hussain et al., 2011). Two isoforms, PR-A and PR-B are referred to as “classical”
progesterone receptors, with the “classical” progesterone pathway defined as
progesterone binding to PRs which then form dimers, translocate to the nucleus, and act
as transcription factors for a variety of genes (Schumacher et al., 2013). While PRs
expressed in brain areas that function in reproduction (the hypothalamus, for example)
act via the classical pathway (Schumacher et al., 2013), research has shown that PRs
elsewhere in the brain are often not localized near the nucleus, and instead are expressed
in synapses, dendrites, and axons (Waters et al., 2008). PRs distal to the nucleus may act

at the plasma membrane or in the cytoplasm through interaction with intracellular
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signaling pathways or kinases (Bagowski et al., 2001, Maller, 2001, Faivre and Lange,
2007, Boonyaratanakornkit et al., 2008, Faivre et al., 2008). Additionally, recent research
shows that PR monomers may exhibit even greater activity than PR dimers (Jacobsen et
al., 2009, Jacobsen and Horwitz, 2012).

PRs are expressed in a variety of areas throughout the nervous system, including
the hypothalamus (Camacho-Arroyo et al., 1994, Guerra-Araiza et al., 2003), limbic
structures (Guerra-Araiza et al., 2003), cerebellum (Guerra-Araiza et al., 2002), olfactory
bulb (Guerra-Araiza et al., 2002), frontal cortex (Camacho-Arroyo et al., 1994, Guerra-
Araiza et al., 2002), tempoparietal cortex (Camacho-Arroyo et al., 1994), occipital cortex
(Camacho-Arroyo et al., 1994), striatum (Parsons et al., 1982), spinal cord (Labombarda
et al., 2003), and peripheral nerves (Jung-Testas et al., 1996). PR levels in the brain have
been shown to change with progesterone administration and injury, and these changes are
area-specific (Camacho-Arroyo et al., 1994, Jung-Testas et al., 1996, Guerra-Araiza et

al., 2002, Guerra-Araiza et al., 2003, Labombarda et al., 2003, Palliser et al., 2012).

Retinal expression of progesterone and its receptors

Progesterone has been identified in the human retina and optic nerve in both
males and females (Lanthier and Patwardhan, 1986), and was observed in the rat retina in
larger quantities than in plasma (Lanthier and Patwardhan, 1987). Progesterone synthesis
and metabolism has been found to occur in the retina as well (Lanthier and Patwardhan,
1988, Guarneri et al., 1994, Sakamoto et al., 2001a, Coca-Prados et al., 2003, Cascio et
al., 2007). PR mRNA has been identified in rat and rabbit retina and human retinal

pigment epithelium samples (Wickham et al., 2000). PR has also been identified at the
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protein level in mouse bipolar cells that were dissociated from the retina (Koulen et al.,
2008). In Chapter 4, I confirmed these results by demonstrating detection of PR-A and
PR-B at the protein level in the rat retina (Fig. 5-1).

While PRs were observed in the retina using western blots, PRs were not detected
in retinal sections using immunohistochemistry (including frozen vs. paraffin sections, rat
vs. mouse, and injured vs. uninjured) (Fig. 5-2). In the brain, PRs are expressed in higher
levels in areas like the hypothalamus and olfactory bulb, and are difficult to detect in
other areas using immunohistochemistry (Warembourg et al., 1986, Quadros et al., 2007,
Lopez and Wagner, 2009). In non-reproductive brain areas, PRs were eventually
identified in axons, dendrites, and synapses using immunoelectron microscopy (Waters et
al., 2008), and this technique might prove the key to establishing PR localization in the

retina as well.
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Figure 5-1. Receptors activated or inhibited by progesterone and allopregnanolone. A blue
background designates that a receptor has been identified in the retina.
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2 PR PR+DAPI

Figure 5-2. Representative micrographs depicting immunohistochemistry for PR in the
olfactory bulb (PR staining observed) vs. retina (no PR staining observed). Sections in column 1
received secondary antibody only. Sections in column 2 received both secondary and PR antibody.
Column 3 shows sections from column 2 merged with a nuclear stain (DAPI). NFL, Nerve Fiber Layer;
GCL, Ganglion Cell Layer; IPL, Inner Plexiform Layer; INL, Inner Nuclear Layer; OPL, Outer Plexiform
Layer; ONL, Outer Nuclear Layer; IS, Inner Segments; OS, Outer Segments.

Olfactory Bulb

Retina
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Changes in PR expression with progesterone administration and injury

In the absence of injury, progesterone administration has been shown to down-
regulate PR expression in estradiol-inducible areas (areas that show strong upregulation
with estradiol treatment). These areas include the hypothalamus and some limbic
structures, both of which downregulate PR upon progesterone treatment (Camacho-
Arroyo et al., 1994, Guerra-Araiza et al., 2003). Intact brain areas that show no change in
PR expression with progesterone administration include the cerebral cortex, cerebellum,
spinal cord, and peripheral nerves (Jung-Testas et al., 1996, Guerra-Araiza et al., 2002,
Labombarda et al., 2003).

Few studies have investigated the response of classical PRs to neural injury
(Schumacher et al., 2013). Progesterone itself has been found to increase in the brain
after traumatic brain injury in rats (Meffre et al., 2007), in serum after traumatic brain
injury in humans (Wagner et al., 2011), and in both brain and serum after transient
MCAO in mice (Liu et al., 2012a). Inflammation and glucose deprivation have also been
found to increase progesterone levels (Elman and Breier, 1997, Zitzmann et al., 2005).
Further, some central nervous system genes implicated in neuron function have been
shown to exhibit sensitivity to progesterone only after injury (De Nicola et al., 2003,
Schumacher et al., 2004). One study assessing PR levels in an intra-uterine growth
restriction model showed increases in PR-A and PR-B expression in brains (Palliser et
al., 2012). Another using the transient MCAO model showed no change in PR mRNA
levels in brain after injury or with progesterone administration + injury (Dang et al.,
2011). Conversely, in Chapter 4, I demonstrated an increase in protein levels of PR-A

and PR-B in brain after transient MCAO. A difference between mRNA levels and protein
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levels could explain these differential results. Following spinal cord injury, decreases in
PR levels were observed that did not change with progesterone administration
(Labombarda et al., 2003). Similarly, in Chapter 4, I demonstrated a decrease in protein
levels of PR-A and PR-B in retina after transient MCAQO, and this decrease was not
affected by progesterone treatment. Combined, these results may indicate a difference in

PR behavior after injury in peripheral neural tissue compared with the brain.

Different types of progesterone receptors in the nervous system

PR-A and PR-B expression and regulation in the brain differs by brain region,
gender, age, and hormonal status (Kato et al., 1993, Camacho-Arroyo et al., 1994, Szabo
et al., 2000, Inoue et al., 2001, Beyer et al., 2002, Guerra-Araiza et al., 2002). In
experiments on PRs and reproduction, PR knock-out mice were used to show that PR-A
is critical for normal ovarian and uterine function and PR-B is critical for normal
mammary gland function and development (Conneely et al., 2001, Mulac-Jericevic and
Conneely, 2004). PR-A and PR-B have also been shown to have important and
differential effects in reproductive behavior (Mani et al., 2006, Guerra-Araiza et al.,
2009). Little is known about differences in PR-A and PR-B effects in the nervous system
(Schumacher et al., 2013). One study showed that PR-A and PR-B have different effects
on expression of enzymes such as tyrosine hydroxylase and glutamic acid decarboxlyase
that are known to play a role in metabolism of neurotransmitters (Gonzalez-Flores et al.,
2011).

In addition to PR-A and PR-B, a truncated version of the receptor, PR-C, is non-

functional and acts as an inhibitor both by binding available progesterone and by binding
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directly to PR-B. An increased ratio of PR-C to other PRs reduces their activity
(particularly with respect to PR-B) and may diminish progesterone’s effects to prevent
labor (Condon et al., 2006). An increased ratio of PR-A to PR-B may also be detrimental,
specifically in regulation of inflammation (Equils et al., 2010). Levels of PR-C and ratios
of PR-C to other PR isoforms and also PR-A to PR-B under normal conditions and after
injury in the retina and brain remain to be studied, and this information could lead to a
better understanding of progesterone’s actions in the retina and brain.

In addition to classical PRs and PR-C, other receptors for progesterone, including
membrane progesterone receptors (mPRs) a, B, and y, and membrane-associated
progesterone receptor component 1 (PGRMCI1, also known as 25-Dx), have been
identified in the nervous system and elsewhere (Labombarda et al., 2003, Meffre et al.,
2005, Guennoun et al., 2008, Labombarda et al., 2010, Meffre et al., 2013). mPR is
expressed in both brain and spinal cord and has been found to show differential
expression in male and female mice and rats (Labombarda et al., 2010, Meffre et al.,
2013). Normally, mPR is expressed only in neurons but after traumatic brain injury, mPR
expression is induced in astrocytes, oligodendrocytes, and microglial cells. mPR
expression does not change with progesterone treatment in uninjured animals (Meffre et
al., 2013). Similarly, PGRMCI is normally expressed in neurons and ventricular walls
and its expression is induced in astrocytes and increased in neurons after traumatic brain
injury. (Meffre et al., 2005, Guennoun et al., 2008). In spinal cord injury, however,
PGRMCI1 expression did not change after injury, but with progesterone treatment +
injury was upregulated in neurons at both the mRNA and protein level (Labombarda et

al., 2003). These experiments show that in membrane bound as well as classical PRs,
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expression changes after injury differ based on tissue and could suggest differences in
progesterone action in these tissues. PGRMCI1 has been identified in the retina in Miiller
and retinal pigment epithelium cells (Swiatek-De Lange et al., 2007) (Fig. 5-1). It would
be interesting to know whether mPRs are expressed in the retina as well and how mPRs

and PGRMCI1 respond to retinal injury and progesterone treatment.

DISCUSSION: PROGESTERONE’S MECHANISMS OF ACTION POST-
INJURY - INVOLVEMENT OF PR AND OTHER RECEPTORS/PATHWAYS
Progesterone administration after injury has been shown to involve a variety of
mechanisms (Schumacher et al., 2007, Sayeed and Stein, 2009, Schumacher et al., 2013).
Initially, progesterone’s interaction with PR was thought to be responsible for all of its
effects (Allan et al., 1992, Leonhardt et al., 2003). Then, studies showed that treatment
with progesterone’s metabolite allopregnanolone achieved very similar neuroprotective
effects (He et al., 2004a, He et al., 2004b, Djebaili et al., 2005, Sayeed et al., 2006).
Because of these studies, much of progesterone research has been focused on
allopregnanolone and its actions on GABA as the mechanism by which progesterone is
neuroprotective (Schumacher et al., 2013). Now, it is thought that progesterone acts
through a variety of mechanisms and signaling pathways, some PR-dependent and some

PR-independent.

PR-dependent mechanisms
PR has been shown to be critical in mediating some of progesterone’s protective

effects. Nestorone, a progestin “which selectively activates PR”, was found to be
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protective in MCAO at low doses (Liu et al., 2012a). Additionally, progesterone
treatment was not protective in PR knock-out mice in models of cerebral ischemia (Liu et
al., 2012a) and spinal cord injury (Labombarda et al., 2013). While all mechanisms
modulated by progesterone have not been investigated for PR-dependence, PR-dependent
mechanisms were shown to include stimulation of dendrite and synapse formation and
oligodendrocyte proliferation and differentiation using PR antagonists (Sakamoto et al.,
2001b, 2002, Ghoumari et al., 2005) and myelination using PR knock-outs (Ghoumari et
al., 2003, Hussain et al., 2011).

PR knock-out mice and heterozygotes exhibit increased sensitivity to injury in the
MCAO model (Liu et al., 2012a). In PR knock-out mice, PR mRNA is completely
absent, and in PR heterozygotes, PR mRNA levels in the cortex, subcortical regions, and
hypothalamus are decreased by approximately 60% (Liu et al., 2012a). The finding that
PR heterozygotes show diminished responses to progesterone treatment (Ghoumari et al.,
2003, Hussain et al., 2011) suggests that levels of PR, and not simply PR presence, are
important in the response to progesterone treatment post-injury.

In Chapter 4, I showed that PR-A and PR-B are upregulated in brain and
downregulated in retina after ischemic injury. This difference in PR levels likely
contributes to the greater effects of progesterone observed in the brain versus retina. |
also showed that progesterone treatment had a more dramatic effect in reducing NF-kB
pathway activation and inflammation in the brain versus the retina. These results may
suggest that reduction of NF-kB pathway activation and reduction of inflammation by

progesterone after injury are at least partially mediated by PR.
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Research on PRs and inflammation in reproduction and breast cancer also
supports PR involvement in NF-kB pathway regulation (Kalkhoven et al., 1996, Allport
et al., 2001, Davies et al., 2004, Hardy et al., 2006, Nie et al., 2009, Kobayashi et al.,
2010). In human labor, it is thought that NF-kB induces Cox-2 expression, which causes
upregulation of prostaglandins in the uterus, inducing labor. High progesterone levels
inhibit NF-kB and thus labor (Allport et al., 2001). High PR levels have also been shown
to suppress NF-kB pathway activation and labor (Kalkhoven et al., 1996, Allport et al.,
2001), and progesterone increases mRNA and protein levels of [kBa, the NF-xB
inhibitor (Hardy et al., 2006) and inhibits NF-kB activation of Cox-2 (Hardy et al., 2006,
Lei et al., 2012). Both PR-A and PR-B can inhibit the NF-kB pathway by binding to
DNA to prevent NF-kB dimers from binding (Davies et al., 2004, Kobayashi et al.,
2010), and PRs can bind to certain sequences even when unactivated while ligand
binding is required for other sequences (Kobayashi et al., 2010). Additionally, PR-B, but
not PR-A, has been shown to induce expression of other factors that inhibit NF-xB
activity (Davies et al., 2004) and to bind to the p65 subunit of NF-xB (Kobayashi et al.,
2010). PR-A and PR-B ablation increase NF-kB and Cox-2 activity (Hardy et al., 2006),
so clearly PRs play a key role in this pathway. However, progesterone also inhibits
inflammation via its actions at the glucocorticoid receptor, so multiple mechanisms could

be involved (Lei et al., 2012).

PR-independent mechanisms

Allopregnanolone-mediated mechanisms
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Allopregnanolone has been shown to have similar protective effects to
progesterone in models of traumatic brain injury (He et al., 2004b, Djebaili et al., 2005,
Sayeed et al., 2009) and Alzheimer’s disease (Wang et al., 2010b, Chen et al., 2011,
Singh et al., 2012). Further, allopregnanolone provides greater protection than
progesterone following MCAO (Sayeed et al., 2006). Like progesterone,
allopregnanolone binds to membrane PRs (Pang et al., 2013) and the pregnane X receptor
(Langmade et al., 2006, Zhang et al., 2012b). Additionally, allopregnanolone achieves its
protective effects even in PR knock-out mice, suggesting allopregnanolone acts through
mechanisms that progesterone is unable to act through (Liu et al., 2012a, Labombarda et
al., 2013). Indeed, allopregnanolone, but not progesterone, has been shown to directly
inhibit mitochondrial permeability transition pore activity, leading to decreased
cytochrome c release (Sayeed et al., 2009). Allopregnanolone’s most well-known
progesterone-independent effect is through its actions on the GABA 4 receptor, where it
binds as a positive allosteric modulator (Reddy et al., 2005) Allopregnanolone was shown
to protect in hippocampus by acting through GABA 4 receptors (Ishihara et al., 2013).
Further, allopregnanolone’s protective effects in a spinal cord injury model were blocked
by a GABA4 antagonist, providing additional support for allopregnanolone’s actions
being mediated through GABA 4 receptors (Labombarda et al., 2013).

In Chapter 3, I demonstrated that after retinal ischemic injury, progesterone had
greater effects on reducing ischemia-induced upregulation of glutamine synthetase in
Miiller cells than on reducing retinal function deficits or retinal ganglion cell death or on
reducing inflammation as shown in Chapter 4. GABAergic amacrine and horizontal cells

are present in the retina and modulate the glutamatergic pathway of photoreceptor,
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bipolar, and ganglion cells (Sharma & Ehinger, 2002) (Fig. 5-1). The robust effect on
glutamine synthetase I observed with progesterone occurred even though PR is
downregulated in the retina after injury, suggesting this change is mediated by
allopregnanolone and that, while PR-mediated mechanisms are not fully responsive in the
retina post-injury, allopregnanolone-mediated mechanisms are intact.

Allopregnanolone’s positive actions on GABA, receptors may also explain why a
smaller reduction in retinal function deficits than in cell death or glutamine synthetase
upregulation was observed post-MCAO. Indeed, treatment with GABA agonists has
been shown to reduce a- wave and b- wave amplitudes and to completely abolish

oscillatory potentials in ERGs in rats (Moller and Eysteinsson, 2003).

Other receptors/mechanisms

Treating with the enantiomer of progesterone, which does not bind to PR or get
converted to allopregnanolone (Covey, 2009), still results in progesterone-like protective
effects (VanLandingham et al., 2006), suggesting progesterone acts through an additional
pathway or pathways that do not involve PRs or allopregnanolone’s actions on GABA.
Progesterone is known to act as a glucocorticoid antagonist, binding to the receptor at a
separate site from glucocorticoids (Svec et al., 1989) and increasing the rate of
dissociation (Svec et al., 1980). Progesterone has direct effects on the activity of the
nicotinic acetylcholine receptor (Valera et al., 1992). Progesterone may mediate some of
its anti-excitotoxic effects by acting as a Sigma-1 receptor antagonist (Monnet et al.,
1995, Maurice et al., 1998, Su and Hayashi, 2003). Additionally, both progesterone and

allopregnanolone are pregnane X receptor ligands (Kliewer et al., 1998, Langmade et al.,
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2006), and are thought to induce pregnane X receptor activation of p-Glycoprotein (P-gp)
to pump xenobiotic and cytotoxic substances out of the brain and retina across their
respective barriers to provide a measure of functional protection (Zhang et al., 2012b).
In retina, glucocorticoid receptors are expressed in Miiller cells (Gorovits et al.,
1994), sigma-1 receptors are expressed in Miiller and ganglion cells, in the inner nuclear
layer and retinal pigment epithelium, and in photoreceptor outer segments (Ola et al.,
2001, Jiang et al., 2006), nicotinic acetylcholine receptors are expressed in amacrine,
ganglion, and a subset of bipolar cells (Yamada et al., 2003), and pregnane X receptors
are expressed in retinal pigment epithelium (Zhang et al., 2012a, Zhang et al., 2012b),
suggesting that progesterone has the potential to act through these mechanisms in retina
as it does in brain (Fig. 5-1). However, my finding in Chapter 4 that pregnane X receptor
is upregulated in brain and downregulated in retina after ischemic injury demonstrates
that these receptors, while present, do not necessarily behave the same way in the retina
as in the brain post-injury and with progesterone treatment. More research needs to be
done to determine whether progesterone acts on all of these receptors in the retina and

whether these actions match progesterone’s actions in the brain.

FUTURE DIRECTIONS

The ideal progesterone dose and method of delivery must be determined for
retinal disorders. Long-term effects of progesterone treatment in the retina should be
studied as well. Progesterone’s effects on VEGF and neovascularization must be further
studied given that choroidal neovascularization causes vision loss. Finally, progesterone’s

ability to reduce intraocular pressure should be studied because progesterone has the
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potential to both reduce intraocular pressure (Obal, 1950, Posthumus, 1952, Ziai et al.,
1994, Panchami et al., 2013) and provide neuroprotection in glaucoma.

The research presented in this thesis and discussed in this chapter demonstrates
that progesterone is a promising treatment for retinal ischemia. Additionally, by
comparing ischemic injury and progesterone treatment in the retina and brain, this
research illustrates the importance of PRs in the response of injured tissue to
progesterone treatment and presents valuable information that may help us optimize

progesterone treatment in retinal disorders and injury.
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