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Abstract

Purpose:
Age-related macular degeneration (AMD) is a devastating eye disease causing irreversible vision
loss in the elderly. Retinal pigment epithelium (RPE), an important cell type afflicted in AMD,
undergoes cell death in the late stages of the disease. Salient factors underlying AMD
pathogenesis are aging, drusen components and NLRP3 inflammasome activity. The purpose of
this dissertation is to elucidate the molecular interactions among these factors and how they
contribute to RPE damage.

Methods:
The effects of aging on drusen components, in particular the membrane attack complex (MAC)
and amyloid beta (Aβ) were examined in rats at different age. To determine the role of MAC in
inflammasome activation in RPE, aurin tricarboxylic acid complex (ATAC), was administrated
to naïve rats. To understand Aβ’s role in inflammasome activation, Aβ intravitreal injections
were made into rat eyes in vivo and Vinpocetine was used to ameliorate the inflammatory
responses. An in vitro RPE cell culture model was established to further investigate the
relationship between inflammasome and X-chromosome linked inhibitor of apoptosis (XIAP).
Statistical significance was set at p ≤ 0.05.

Results:
An age-dependent increase in MAC, Aβ, and NF-κB activation was observed in the RPE-choroid
in vivo. Blocking MAC formation with ATAC led to a prominent reduction in inflammasome
ii

activity (caspase-1 cleavage and cytokine secretion), but not in NF-κB activity. Aβ intravitreal
injections triggered inflammasome activation evidenced by enhanced caspase-1 cleavage and IL1β/IL-18 release, which was suppressed by Vinpocetine mediated NF-κB inhibition. The robust
inflammasome activity further led to gasdermin D-mediated activation of the pyroptotic pathway
and a significant reduction in XIAP, which in turn enhanced IL-18 secretion.

Conclusion:
Aging is a strong risk factor for AMD, which increases the deposition of MAC and Aβ in the
outer retina. The elevated levels of MAC and Aβ are triggers for inflammasome activation. By
demonstrating a causal relationship between inflammasome activation and XIAP reduction, this
dissertation suggests the precise regulation of XIAP, together with the suppression of MAC and
NF-κB, may be crucial for controlling inflammasome activity and hence provides new avenues
to prevent AMD.
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Lay Summary

Age-related macular degeneration (AMD) is a common eye condition that occurs to the central
part of retina, the macula. In one of the late stages of AMD, retinal pigment epithelium (RPE)
cell death is the major cause of irreversible vision loss that we do not have a cure for. It is
therefore paramount to understand how normal aging transitions into such a state of RPE cell
loss and what are the key forces behind it. This dissertation focuses on the age-related
accumulation of pro-inflammatory molecules and the pathological pathways that potentially lead
to RPE cell damage. My study revealed a crucial role of inflammasome, an immune protein
complex, in connecting the elevated pro-inflammatory molecules with declined RPE
homeostasis. These novel findings will advance the goal of developing new treatment strategies
to preserve vision in AMD patients.
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Glossary

ARPE-19 A spontaneously immortalized cell line of human retinal pigment epithelium, which
is widely used to study RPE cellular responses in various physiological and pharmaceutical
conditions.
Pyroptosis A specialized form of inflammatory programmed cell death that requires Caspases 1
or 11 in mice and Caspases 1, 4 or 5 in humans.
Nod-like Receptor Family, Pyrin Domain Containing 3 (NLRP3) Inflammasome A wellstudied intracellular innate immune multi-protein machinery capable of sensing a diversity of
pathogen-/danger-associated molecular patterns, which leads to elevated cytokine secretion and
ultimately pyroptosis.
Gasdermin D A member of the evolutionarily conserved gasdermin family, functions as an
executioner of pyroptosis when cleaved by inflammatory Caspases.
Geographic Atrophy (GA) A non-exudative type of late stage AMD, clinically defined as any
sharply delineated round or oval area of hypopigmentation (due to RPE and photoreceptor cell
death) that must be ≥ 175 μm in diameter.
Membrane Attack Complex (MAC) The terminal product of complement activation that
forms hydrophilic pores to disrupt lipid bilayers and lyse the cell.
Small Interfering RNA (siRNA) A class of single-stranded RNA molecules (often 21-25
nucleotides in length) that bind to complementary sequences in mRNA and brings about the
cleavage and degradation of the mRNA.
Intravitreal Injection A surgical procedure to deliver substances (e.g. treatment drugs, Aβ)
into the eye. The injected substances then reach the retina mostly by passive diffusion.
xxii

Interleukin-18 (IL-18) A member of the IL-1 family of cytokines, synthesized as an inactive
precursor that requires caspase-1 mediated processing into an active cytokine.
Interleukin-1β (IL-1β) A member of the IL-1 family of cytokines, synthesized as an inactive
precursor that requires caspase-1 mediated processing into an active cytokine.
Vitreous A gel-like filling substance that helps the eye maintain a round shape. It contains
millions of fine intertwining fibers that are attached to the surface of the retina.
RPE-Choroid Complex A sample type of in vivo eye tissues, composed of both RPE and
choroid that are surgically difficult to separate. It is commonly used as a substitute for the
theoretically hard-to-obtain homogeneous RPE tissue in AMD research.
CH50 Hemolysis Assay A type of experimental assay measures the degree of hemolysis in
blood samples due to complement activation.
Complement Activation An innate immune response triggered by antigen-antibody
complexes, pathogens or mannan-binding lectin, generating effector complement molecules, and
leading to the opsonization of pathogens, the recruitment of inflammatory cells, and the
formation of membrane attack complex to directly kill the affected cells.
Nuclear Factor Kappa B (NF-κB) A eukaryotic transcription factor that is involved in the
control of key cellular processes, such as inflammatory responses and cell death.
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Chapter 1: Introduction

1.1

1.1.1

Background

Anatomy of the human eye

The eye is a marvelous sensory organ that allows us to see the beautiful world we live in and to
communicate with others. Coined as the “windows to the soul”, our eyes are physically
connected to the brain, serving as an outpost of the central nervous system (CNS). For the eye to
sense light and information from the outside world, it needs a system that is optically and
neurologically sophisticated to efficiently compartmentalize the input. Such an optical system
consists of cornea, aqueous humor, lens, vitreous humor and the multi-layered retina (Figure 11). Light rays are focused through the transparent cornea and lens upon the retina, where visual
signals are converted into electrical neural signals by the photoreceptors and then relayed into the
visual cortex through the visual pathway, photoreceptors—retinal interneurons—ganglion
cells—optic nerve/tract—lateral geniculate nucleus—primary visual cortex. In the center of
retina, there is macula, a specialized region responsible for fine visual acuity that is required for
tasks such as reading, facial recognition, and driving.1 In the center of macula lies the fovea, an
area containing the highest density of cone photoreceptors, which allows us to see fine details.
Although the macula only covers 4% of retinal area, it almost accounts for 10% of our visual
field.2 Hence, losing functional cells in the macular region can lead to vision impairment.
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Figure 1-1 A schematic diagram of an adult human eye and the sagittal view of retina.
(Left) Light comes into the eye through the anterior (cornea and lens) and focuses on the retina, the centre of which
is macula. (Right) Human retina is a well-organized multi-layered structure that efficiently utilizes the light signals
and converts them into neurological signals. Note that the retina is aligned by placing the inner limiting membrane at
the bottom of this panel for illustration purpose only, which should be interior facing towards the vitreous humor in
its native anatomical position. (©Webvision, http://webvision.med.utah.edu, reproduced with permission)

1.1.2

The development of retina

The development of the human eye is an intricate process, each stage of which requires exquisite
coordination of time and space. During gastrulation, the process known as neural induction
transforms a region of ectoderm into the precursors of the CNS, called the neural plate. Like the
rest of the CNS, the retina is embryonically derived from the neural plate. Both the neural retina
and the retinal pigment epithelium (RPE) arise from the optic vesicle region of the neural tube.
The mitotic retinal progenitors undergo repeated mitotic cell divisions to produce the different
types of human retinal cells in a sequence that is conserved in all vertebrates.3
2

1.1.3

Histology and function of RPE

The RPE is a terminally differentiated monolayer of highly specialized neuroectoderm-derived
pigmented cells formed embryonically by cells of the developing outer layer of the optic cup. 4
There are approximately 3.5 x 106 RPE cells lining the back of the eye, between the neural retina
and the choroid, in the adult human eye, with the highest cell density at the foveal area.5 RPE
cells are cobblestone-like, highly polarized cells. Their apical microvilli interdigitate with the
outer segments of the photoreceptors, and their basal surface is firmly attached to the underlying
Bruch’s membrane (BM). Given their unique position in the eye, RPE cells mediate functions
essential for outer retinal physiology that include recycling components of the visual cycle,
phagocytosis of shed photoreceptor outer segments, maintenance of the outer blood-retinal
barrier, secretion of trophic and inflammatory factors, and regulation of ion/metabolic transport
between retina and choroid.6, 7 Therefore, the loss of RPE cells due to disease often results in
devastating outcomes such as vision impairment in the age-related macular degeneration (AMD)
and other retinal dystrophies.

1.1.4

AMD: a multi-factorial disease

Age-related macular degeneration (AMD) is a neurodegenerative disease characterized by the
deterioration of photoreceptors in the macula. According to the World Health Organization,
AMD currently ranks as the third global leading cause of blindness, second only to cataract and
glaucoma.8 However, among the elderly, AMD is the most common cause of irreversible vision
loss in developed countries. Approximately 30-50 million individuals worldwide are afflicted
with AMD. The economic costs for treatment and care of individuals who suffer vision loss from
3

AMD are projected to be more than US$ 300 billion annually, a heavy toll that will significantly
impact global social and public health systems and one that prompts an urgent need to decipher
its underlying mechanisms.9

The pathogenesis and progression of AMD are influenced by a variety of risk factors. Among
them, advanced chronologic aging is the strongest.10-12 The prevalence of AMD steadily
increases with age, affecting 2% of the population at age 40 and 25% by age 80.13 Besides aging,
other risk factors such as cigarette smoking and diet also contribute to the development of the
disease.14-17 Clinically, early stages of AMD are defined by the presence of drusen, the
extracellular yellowish proteinaceous deposits located between the RPE and BM (Figure 1-2).18
Despite the fact that early AMD is usually not associated with appreciable vision loss, the
number and the size of drusen deposits serve as indicators of disease progression.19 When the
disease progresses into the late stage, it takes one of two forms: geographic atrophy (GA),
featured by confluent regions of RPE and photoreceptor degeneration, or choroidal
neovascularization (CNV), characterized by the abnormal growth of leaky choroidal vessels
invading retina. Central to AMD pathogenesis, the RPE undergoes significant changes in
structure and function that predispose individuals to disease processes associated with AMD.
Suggestive of an associated, and perhaps causal, role in RPE dysfunction is the finding that RPE
cells overlying drusen appear swollen and vacuolated.20 It is further proposed that the
spontaneous release of drusen components during drusen regression in AMD development may
result in RPE loss in GA.21

4

Figure 1-2 Clinical stages and signs of age-related macular degeneration.
(a) Fundus photos demonstrate clinical features of AMD at different stages. Early AMD shows yellow extracellular
drusen deposits surrounding macular area. Late AMD (GA) shows hypopigmentation or background darkening (*)
around drusen. A large number of drusen deposits are observed accumulated in the macular area. (b) Schematic
diagram of drusen accumulation and RPE/photoreceptor degeneration from early to late stage AMD (GA). (c)
Staining of human postmortem donor eye tissues depicting normal, early AMD, and late AMD. Arrows point to
different forms of drusen: a large hard drusen in an early AMD eye and a diffuse, soft drusen in a late AMD (GA)
eye. GA, geographic atrophy; ONH, optic nerve head; PR, photoreceptors; RPE, retinal pigment epithelium; BM,
Bruch’s membrane; CH, choroidal capillaries.
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1.1.5

NLRP3 inflammasome

Recent advances have highlighted the essential role of immune processes in the development,
progression, and treatment of AMD.1 Both the innate and adaptive immune systems have been
shown to contribute to AMD pathogenesis.22, 23 The innate immune system is an evolutionarily
conserved system that constitutes the first line of defense against pathogens. Inflammasome
activation is a key component of innate immunity, which when overactive has been linked with
many human immune diseases.24-27 The inflammasome is an intracellular, multi-protein complex
whose molecular composition is stimulus dependent. The canonical inflammasome complexes
are assembled around protein members of the nod-like receptor (NLRs) or HIN-200 protein
families, converting the pro-caspase-1 zymogen into a catalytically active enzyme. The canonical
inflammasome family is further categorized based on the presence of an apoptosis-associated
speck-like protein containing a caspase recruitment domain (ASC) into ASC-dependent (NLRP3
and AIM2) and ASC-independent (NLRP1 and NLRC4) subtypes.28 The non-canonical
inflammasome complex with an, as yet, unknown structural composition is proposed to promote
the activation of caspase-11.29 Despite the gap in knowledge of the structure of the non-canonical
inflammasome, there is a wealth of evidence to firmly establish the mode of action for several
canonical inflammasomes in the immune signaling pathway, especially the most widely studied
NLRP3 inflammasome.30 The NLRP3 inflammasome senses and responds to a diversity of
pathogen- or danger-associated molecular patterns (PAMPs or DAMPs), including
bacterial/viral/fungal pathogens, pore-forming toxins, uric acid crystals, particulate aggregates,
and adenosine triphosphate (ATP). To be activated, the NLRP3 inflammasome requires the
presence of two signals, a “priming signal” and an “activation signal,” both of which are vital to
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control the degree of immune response driven by the products of inflammasome activation. In
most cases, the “priming signal” channels through the nuclear factor kappa B (NF-κB) pathway,
upregulating the transcription of NLRP3 and pro-interleukin-1β (pro-IL-1β).31 In both immune
and RPE cells, pro-IL-1β is not constitutively expressed and the endogenous level of NLRP3
appears to be inadequate for inflammasome activation, thus making the priming process
critical.32, 33 In contrast, other inflammasome-related proteins, ASC, pro-caspase-1, and pro-IL18, are constitutively expressed in RPE cells and therefore priming may, or may not, further
increase their protein levels.32, 34-36 In addition to the classic, transcription-dependent priming, it
is now known that the NLRP3 inflammasome can be “primed” post-translationally, adding
another layer of regulation.37 Common priming signals for immune cells of the body and human
RPE cells are lipopolysaccharide (LPS), tumor necrosis factor-α (TNF-α), nitric oxide, and IL1α.32, 38 In the presence of foreign or endogenous “activation signals,” NLRP3 senses one or
more of the following intracellular changes: K+ efflux,39 release of lysosomal resident cathepsin
B,40 overproduction of reactive oxygen species (ROS),41 NLRP3 translocation to mitochondria,42
cell volume change, and Ca2+ disequilibrium.38 Once the NLRP3 is activated, it recruits ASC and
mediates the proximity-induced pro-caspase-1 auto-activation. The assembled NLRP3
inflammasome then turns itself into a cytokine processing platform, cleaving pro-IL-1β/pro-IL18 into mature peptides and releasing them into extracellular space for downstream effects
(Figure 1-3). Despite the rapid development of inflammasome research towards chronic
inflammatory diseases such as AMD, the biological significance of inflammasome activation in
the outer retina remains controversial. One of the inflammasome activation mature products, IL18, is hypothesized to carry out dual functions in different target cell types: as a destructive
factor in GA36 and as a protective, antiangiogenic factor in CNV.43 Of note, the generalized
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NLRP3 inflammasome activation process summarized above is clearly an oversimplification of
the intricate process that occurs in vivo, but nevertheless provides the foundation for studies of
the role of the inflammasome in disease processes.

Figure 1-3 Generalized model of NLRP3 inflammasome activation.
(1) Priming of the cells by LPS, TNF-α, or IL-1α is required for activation of the NF-κB pathway. (2) Once the NFκB pathway is active, it promotes the transcription of NLRP3 and pro-IL-1β. (3) Separate inflammasome
components are assembled as a multi-protein complex triggered by one of the following mechanisms: K+ efflux via
P2X7 receptor activation in response to extracellular ATP accumulation; cytoplasmic cathepsin B released from the
destabilized lysosomes; reactive oxygen species (ROS) overproduction; cell swollen and Ca 2+ disequilibrium. (4)
Successful assembly of NLRP3 inflammasome triggers autoproteolysis of pro-caspase-1 into active caspase-1,
which further oligomerizes to convert pro-IL-1β and pro-IL-18 into bioactive peptides for secretion.
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1.1.6

Complement factors and their associations with NLRP3 inflammasome

As part of the innate immunity, the complement system is one of the first defenders that responds
to tissue damage during aging and is activated by cell death.44 In this regard, stressed, damaged,
or dying RPE could trigger local complement activation, which is supported by the fact that
activated complement components as well as complement regulators are present in drusen. 45 The
degree of complement activation is precisely regulated in healthy retina and is thus beneficial for
tissue homeostasis and longevity. However, when the complement system is overactive due to
either genetic polymorphism45 or chronic, sustained pathological stimulation, it generates
elevated levels of activated complement factors, facilitating the formation of terminal membrane
attack complex (MAC), and thus advances AMD pathology46. Consistent with this model, Doyle
and colleagues have shown that drusen extracts isolated from AMD donor eye tissues are able to
activate the NLRP3 inflammasome in LPS-primed macrophages.43 They further revealed the role
of complement factor 1q (C1q) as an NLRP3 inflammasome “activation signal” by showing
caspase-1 cleavage and elevated IL-1β secretion after C1q stimulation on LPS-primed mouse
bone marrow derived macrophages and THP1 human monocytic cells. Moreover, in addition to
C1q stimulation, other studies have suggested complement factor 3a (C3a) and MAC may also
mediate the activation of the inflammasome, further linking many components of the
complement pathway with IL-1β and IL-18 production47-49 by unique underlying mechanisms.
For instance, sublytic MAC is known to activate NLRP3 inflammasome through Ca2+ influx
and/or K+ efflux, whereas C3a activation of the NLRP3 inflammasome is initiated by the release
of ATP into the extracellular space. These studies were primarily conducted on monocytes,
dendritic cells, or lung epithelial cells. Although the aforementioned mechanisms are yet to be
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confirmed in AMD models, they do lend to the biological plausibility that similar processes can
happen in ocular tissue.

1.1.7

Amyloid beta

Amyloid-beta (Aβ) is a drusen component found in AMD eyes;50-52 more recently, there is
growing interest in Aβ for its capacity to stimulate inflammasome activation and potentially
contribute to AMD pathogenesis. As a pathological peptide best known for its neurotoxicity in
Alzheimer’s disease (AD), Aβ is generated through the amyloidogenic pathway by cleaving the
amyloid precursor protein (APP) into the intramembrane Aβ domain of 36-43 amino acids in
length.53 The accumulation of Aβ in tissue results from its disturbed balance between production
and clearance, the latter of which is largely controlled by the membrane-bound degradation
enzyme, neprilysin.54, 55 Aβ’s intrinsic cytotoxicity lies in its aggregated forms as soluble
oligomers or insoluble fibrils. Originally considered a primary toxic structure, Aβ fibrillar
plaques are now believed to be less harmful to brain neurons than the small spherical oligomers
that damage cell membranes and cause cell death.53, 56-60 Aβ’s ocular presence has been reported
in studies of postmortem human donor eyes52, 61 showing specific deposition within drusen from
AMD eyes.62 The age-dependent deposition of Aβ in the outer retina51, 63 can be, at least
partially, attributed to local RPE synthesis50. In this regard, transgenic animals lacking neprilysin
exhibited Aβ accumulation in both RPE and sub-RPE deposits, concomitant with significant
RPE atrophy.64 When incubated with Aβ oligomers, human primary RPE cells demonstrated a
prominent decrease in cell viability.65 These findings point towards Aβ’s potential role in
promoting RPE atrophy. Nevertheless, the exact mechanism by which Aβ contributes to RPE
atrophy is still poorly understood but may involve inflammasome-related caspase-1 dependent
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cell death. In addition to its cytotoxicity, Aβ is also a major pro-inflammatory factor that has
been extensively studied in the context of AMD. The presence of Aβ in drusen is found to
overlap with complement activation sites.50, 66 In an RPE cell culture model, Kurji et al.
discovered that inflammation associated genes and immune response pathways were the
predominant responses of RPE to oligomeric Aβ stimulation.65

1.1.8

Cell death pathways involved in AMD

A salient factor in the development and homeostasis of all organs and tissues is the balance
between cell death and cell survival. The maintenance of tissues throughout an organism’s
lifetime necessitates the recognition and removal of unwanted danger signals (e.g. DAMPs) and
clearance of dying cells. An important example is seen in the retina, specifically the RPE, which
is very susceptible to molecular and cellular dysregulation during the aging process, just like
other long-lived post-mitotic cells.67, 68 There are three distinct cell death pathways currently
proposed to contribute to AMD pathology, necrosis, apoptosis, and pyroptosis.36, 69, 70 It is well
accepted that as AMD progresses, RPE cells follow a common fate: (1) accumulation of
lipofuscin; (2) enlarged cell body; (3) decrease in phagocytosis capacity; (4) formation of drusen;
(5) morphological rounding; (6) hyperpigmentation; (7) hypopigmentation; (8) RPE loss.71 In
sections of human postmortem donor eyes diagnosed with GA, Sarks et al. identified doublelayered hyperpigmented RPE in the GA lesion, characteristic of necrosis,69 which was further
supported by the discovery that RPE cells adjacent to excessive drusen accumulation die of
necrosis.72 Consistent with this description is the finding that necrosis, particularly the released
ATP, is a trigger for NLRP3 inflammasome activation.73 The potential involvement of an
apoptotic mechanism is also supported by several studies36, 74 discussed earlier in this chapter
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and by a recent transcriptome analysis on AMD eyes.75 However, insufficient knowledge of
definitive pyroptosis markers makes it even more challenging to determine the exact role that
pyroptosis may play in RPE atrophy in the late stage of dry AMD, including GA. Further studies
are needed to understand, more fully, the combination of cell death mechanisms in RPE
associated with dry AMD and GA.

1.1.9

X-chromosome linked inhibitor of apoptosis (XIAP)

XIAP is a well-studied neuroprotective protein in many retinal degeneration models 76-79. Its antiapoptotic potency lies in its abilities to directly inhibit caspase (-3, -7, -9), degrade pro-apoptotic
factors and activate pro-survival signals. Recently, it has been shown that XIAP suppresses
apoptosis in the immortalized RPE cell line, ARPE-19, which undergoes oxidative stress by
hydrogen peroxide.80 More intriguing is the idea that XIAP may be involved in the
inflammasome activation, a model bolstered by several recent studies using non-ocular cell
types. Macrophages from XIAP knockout mice exhibit enhanced caspase-1 cleavage and IL-1β
secretion when compared to wild type cells under inflammasome activation. Pharmaceutical
suppression of XIAP by Smac-mimetic compounds leads to an increased secretion of IL-1β.81
Knocking out NLRP3 in dendritic cells promotes XIAP expression, suggesting a potential
negative regulation.82 And, most interestingly, in rat spinal cord neurons, there is evidence that
XIAP constitutively binds to the inactive inflammasome complex, while in response to spinal
cord injury, the inflammasome becomes activated and XIAP is degraded.83
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1.2

Objectives and hypotheses

The overarching goal of this dissertation is to elucidate the molecular and cellular mechanisms
underlying RPE atrophy in GA. Literature suggests the inflammasome cascade is involved in the
RPE cell death, but the exact triggers remain unidentified. Given that aging and drusen
components are both strong risk factors for AMD, my aim was to focus on the interactions
among aging, drusen components and inflammasome activity, and the factor(s) associated with
their regulation. We hypothesize that age-dependent accumulation of drusen components, in
particular MAC and Aβ, leads to inflammasome hyperactivity, XIAP downregulation and
subsequent RPE cell death. This hypothesis was addressed in the following four Aims.

1.2.1

Aim 1: evaluate the role of aging on the accumulation of MAC, Aβ, and

inflammasome activity
This in vivo study provided insights on MAC’s role in the inflammasome pathway and assessed
the merit of using anti-MAC inhibitor as a treatment strategy to regulate inflammasome activity
(see Chapter 2).

1.2.2

Aim 2: investigate the role of Aβ in the induction of inflammasome activation

This in vivo study presented the first experimental evidence to demonstrate Aβ’s capacity to
trigger inflammasome activation in RPE tissues and the associated signaling pathways (see
Chapters 3 and 4).
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1.2.3

Aim 3: delineate the cell death pathway(s) triggered by Aβ in RPE

Knowledge from this in vivo study sheds light on the complex regulatory networks involved in
RPE cell death in response to chronic Aβ exposure (see Chapter 5).

1.2.4

Aim 4: understand the role of XIAP in inflammasome activation

This in vitro study unveiled the novel regulatory role of XIAP in RPE inflammation and in
potential therapies for AMD (see Chapter 6).
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Chapter 2: Age-related increases in amyloid beta and membrane attack
complex: evidence of inflammasome activation in the rodent eye

2.1

Introduction

Advanced chronological age is an important risk factor for AMD. Key to understanding the
effects of aging on the pathogenesis of retinal degenerative diseases are the cellular pathways
that become dysregulated with age.84-86 For example, aging is associated with the dysregulation
in the complement cascade, part of the innate immune response. The complement cascade causes
opsonization and agglutination, as well as cell lysis by the MAC formation. 87 Genetic studies
showed that certain variants of the complement factor H (CFH) gene, an inhibitor of the
alternative pathway, can increase the risk of AMD by up to six-fold in patients with the at-risk
variant.45 Postmortem eyes genotyped for CFH Y402H (T->C conversion resulting in a tyrosine>histidine switch, rs1061170) at-risk variants have increased MAC levels in the RPE-choroid.88,
89

Moreover, in dry AMD patients, those with a CFH Y402H at-risk variant have elevated

systemic levels of IL-6, TNF-α, and IL-18.90 In addition to genetic influences, aging also
contributes to the dysregulation of the complement system, as evidenced by the association of
activated complement products and increased MAC deposition in the RPE-choroid with
advanced age.91-94

While MAC deposition may cause cell lysis, it may also occur at sublytic levels that promote
chronic, low-grade pro-inflammation.95, 96 This type of chronic, local inflammation in the outer
retina has been hypothesized to lead to degenerative changes in RPE function.97 Recent studies
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have suggested that MAC may mediate activation of the NLRP3 inflammasome. 48, 49 Whether
MAC promotes inflammasome activation in the RPE-choroid is not known and is the premise of
this chapter. We postulate that sublytic MAC increases with age, promotes activation of the
inflammasome, and thereby, dysregulates RPE function. To ameliorate MAC-induced
inflammasome activation on RPE, we also explore the effects of an agent, aurin tricarboxylic
acid complex (ATAC), which has been shown to inhibit MAC formation in mice and humans.
Specifically, ATAC acts both to inhibit the formation of the C3 convertase and to block the
addition of C9 to the C5b-8 complex and thereby inhibits MAC.98, 99 Here, we examine the agerelated increase in MAC, the efficacy of ATAC in lowering levels of sublytic MAC, and a
subsequent, corresponding reduction in inflammasome activation in the rat RPE-choroid.

2.2

2.2.1

Methods

In vivo studies

The animal procedures were approved by the Animal Care Committee of the University of
British Columbia, conformed to the guidelines of the Canadian Council on Animal Care and
were in accordance with the Resolution on the Use of Animals in Research of the Association of
Research in Vision and Ophthalmology. Adult Long-Evans rats (Charles River, Wilmington
MA) were divided into four groups. Group 1 (N = 6) comprised 6-month-old rats treated with
oral administration of ATAC for 40 days and sacrificed at the age of 7.5 months. A dosage of 60
mg / 100 mL (in drinking-water) was chosen based on efficacy observed in an earlier study.98
Group 2 (N = 6) comprised untreated 6-month-old rats (controls) sacrificed at the age of 7.5
months. Group 3 (N = 6) comprised 10-month-old rats treated with ATAC in drinking water (60
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mg / 100 mL) for 40 days and sacrificed at the age of 11.5 months. Group 4 (N = 6) comprised
untreated 10-month-old rats (controls) sacrificed at 11.5 months. Additional untreated naive
animals were sacrificed at 2.5, 6, 7.5, or 11.5 months, and retinal tissues were used to
demonstrate age-related changes in MAC, Aβ, and NF-κB activation. At the study endpoints,
animals were anesthetized, whole blood drawn for serum analysis, and then euthanized. Eyes
were immediately enucleated and frozen (western blot and enzyme-linked immunosorbent assay,
i.e. ELISA) or fixed in 4 % paraformaldehyde in Dulbecco’s phosphate-buffered saline (DPBS,
Invitrogen, Carlsbad CA) for 48-72 h prior to embedding in paraffin.

2.2.2

Quantification of ATAC and CH50 assay

ATAC synthesis and its serum concentration analysis followed published methods. 98, 99 The final
ATAC concentration was expressed in μg per 500 μL of blood (N = 6). A CH50 hemolysis assay
was used to assess complement activation in rat serum before and after ATAC administration,
following published procedures.98

2.2.3

Immunohistochemistry (MAC, IL-18, Aβ, and NF-κB)

Paraffin-embedded eye tissues were prepared and sectioned following established protocols. 100
Sections from the paired groups (7.5 m ATAC and No ATAC; 11.5 m ATAC and No ATAC)
and the three age groups (2.5, 7.5, and 11.5 m) were processed simultaneously in order to make
intensity comparisons. Primary antibodies targeting MAC, IL-18, and Aβ are described in Table
2-1. For the negative control sections, the primary antibody was replaced with a matched nonspecific isotype IgG (Sigma Aldrich). For visualization, the slides were developed using either
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the Vector® VIP peroxidase substrate kit or Vector® AEC peroxidase substrate kit (Vector
Laboratories, Burlingame CA).

Two independent scorers graded MAC, Aβ, and IL-18 immunoreactivity semi-quantitatively in a
masked fashion based on a 0-3 point scale. A score of 0 indicates no detectable immunoreactivity
above background as compared to the negative controls. The slides with the strongest
immunoreactivity were given a score of 3 and samples with the weakest or intermediate levels of
immunoreactivity were given a score of 1 or 2, respectively. 101 Analysis and micrographs were
taken using a ×60 objective lens and ×10 eyepieces (N = 3). The immunoreactivity scores of
MAC, Aβ, and IL-18 were averaged and normalized to the 7.5-month-old group or the untreated
control group (No ATAC).

To detect the active NF-κB, an antibody against the NF-κB p65 subunit was used (Table 2-1).
Immunoreactivity was scored quantitatively, in a masked fashion, using a ×60 objective lens and
×10 eyepieces (N = 3). Positive RPE nuclei were identified as containing both the red (AEC)
chromogen and blue hematoxylin counterstain, thus resulting in a purple appearance distinct
from the unlabeled RPE nuclei that were blue in color from only the hematoxylin counterstain.
The number of NF-κB positive nuclei was converted to percentage of all RPE nuclei in the
sample area, and normalized to the untreated control group (No ATAC) or the 7.5-month-old
group.
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2.2.4

Western blot

RPE/Bruch’s membrane (BM)/choroid tissues were isolated and pooled for animals in each of
the four treatment groups (groups 1-4, N = 6) and in each age group of the naive animals (2.5,
7.5, and 11.5 months; N ≥ 3). To detect the MAC deposits, the tissue samples were homogenized
in 200 μL of ice-cold MAC extraction buffer (50 mM Tris-HCl, pH 6.8; 150 mM NaCl; 0.1%
SDS) containing protease inhibitor cocktail (Roche Diagnostics, Indianapolis IN). To preserve
the MAC protein complex, 40 μg of total protein was mixed with equal volume of 2× nonreducing loading buffer, devoid of boiling, and directly subjected to 5-10% SDS-PAGE. Proteins
were transferred to a PVDF membrane and incubated with a series of blocking buffers, primary
antibody against MAC (Table 2-1), and HRP conjugated secondary antibody (R&D Systems,
Minneapolis, MN). The enhanced chemiluminescence (ECL) method was used to detect the
MAC protein bands from animal groups 1-4 and the naive animals at three different ages. The
glyceraldehyde 3-phosphate dehydrogenase (GAPDH)-loading control blot was done similarly
using a mouse GAPDH antibody (Table 2-1). All protein bands were subsequently quantified
using Image J (NIH, Bethesda MD), and the ratio of MAC-to-GAPDH was calculated. The final
relative intensity of MAC was normalized either to the youngest age group of 2.5 months or to
the No ATAC control group.

To detect caspase-1 cleavage and NF-κB activation, the RPE/BM/choroid tissues were
homogenized in 200 μL of ice-cold RIPA buffer (Thermo Scientific, Waltham, MA) containing
protease inhibitor cocktail (Roche Diagnostics). Blotting procedures followed our established
protocol.102 For GAPDH, the same membrane was incubated in stripping buffer and then reprobed with the GAPDH antibody (Table 2-1). The protein band intensity of cleaved caspase-1
19

(20kD), phosphorylated NF-κB p65 subunit (65 KDa), phosphorylated NF-κB p50 subunit (50
KDa), and GAPDH (36kD) was individually measured using Image J and converted into ratios
relative to GAPDH. The final relative intensity of cleaved caspase-1 p20 and phosphorylated
NF-κB p65 was normalized to the No ATAC control group.

For western blot detection of Aβ, both fibrillar Aβ 1-40 preparation and the RIPA buffer-extracted
RPE/BM/choroid tissue lysates were mixed with 2× non-reducing loading buffer, devoid of
boiling, and directly subjected to 5-12% SDS-free PAGE separation. Electrophoresis was run
using MES buffer (Invitrogen, pH 7.3 ~ 7.7), and proteins were transferred onto a 0.2 μm PVDF
membrane. The anti-Aβ 6E10 antibody was used to detect the fibrillar Aβ 1-40 preparation,
whereas the anti-Aβ 4G8 antibody was used for tissue lysates (Table 2-1). Aβ bands were
developed by the ECL method. For the membrane containing tissue lysate proteins, it was
stripped and re-processed for GAPDH detection. The intensity of high-molecular species Aβ
(MW > 95 kDa) and GAPDH (36kD) was independently measured using Image J and converted
into ratios of Aβ-to-GAPDH. The final relative intensity ratio of Aβ-to-GAPDH was normalized
to the youngest age group of 2.5 month.
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Antigen
Membrane attack complex
(MAC)
Membrane attack complex
(MAC)

Antibody
Mouse monoclonal (clone
aE11)
Rabbit polyclonal

1:500

BIoss, Woburn, MA

Immunohistochemistry

Interleukin-18 (IL-18)

Rabbit polyclonal

1:100

Santa Cruz Biotechnology,
Dallas, TX

Immunohistochemistry

Amyloid-beta amino acid
17-24 (Aβ17-24)
Phosphorylated NF-κB p65
(Ser 276)
Phosphorylated NF-κB p50
(Ser 337)

Mouse monoclonal antiAβ17-24 (clone 4G8)

1:400 (IHC)
1:1000 (WB)
1:75 (IHC)
1:500 (WB)

Rabbit polyclonal

1:500 (WB)

Caspase-1

Mouse monoclonal

1:1000

Amyloid-beta amino acid 116 (Aβ1-16)

Mouse monoclonal antiAβ1-16 (clone 6E10)

1:2000

BioLegend, Dedham, MA

Western blot

GAPDH

Mouse monoclonal

1:10,000

EMD Millipore, Billerica,
MA

Western blot

Rabbit polyclonal

Dilution
1:1000 (WB)

Source
Dako, Burlington, ON,
Canada

BioLegend, Dedham, MA
Santa Cruz Biotechnology,
Dallas, TX
Santa Cruz Biotechnology,
Dallas, TX
R&D Systems,
Minneapolis, MN

Applications
Western blot

Immunohistochemistry
Western blot
Immunohistochemistry
Western blot
Western blot
Western blot

Table 2-1 List of primary antibodies used in Chapter 2
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2.2.5

ELISA for Aβ

A chemiluminescent ELISA assay specific for the detection of Aβ x-40 isoform was used to
quantify Aβ in the vitreous of rat eyes (BioLegend, Dedham, MA). 6-month-old (N = 4) and
11.5-month-old (N = 6) rats were sacrificed for vitreous collection. Vitreous samples were
diluted with the HRP detection antibody at a ratio of 1:1. After 18 h of detection antibody
incubation at 4 °C, the ELISA plate was then incubated with chemiluminescent substrates for 15s
and imaged with a microplate reader (Synergy H1, BioTek, Winooski, VT). A non-linear 4parameter regression model was used to generate the standard curve to calculate Aβ
concentrations of all vitreous samples (Gen5 version 2.04.11, BioTek).

2.2.6

Suspension array for IL-1β and IL-18

An ELISA-based cytokine assay for the mature, secreted products of the inflammasome, IL-1β
and IL-18, was carried out (Bio-Plex 200 System, Bio-Rad Laboratories, Hercules CA). Vitreous
from rat eyes in groups 3-4 were pooled. Experiments were carried out following methods in our
earlier publication.102

2.2.7

Statistical analyses

Non-parametric tests were used throughout the study. For the two group comparisons (Figures 21C-F, 2-2A, C, E, 2-3A-C, and 2-4A, B, E-G), a Mann-Whitney U test (one-tailed) was used. For
the three group comparisons, a Kruskal-Wallis and post hoc Dunn’s multiple comparisons test
was used to determine differences among age groups (Figures 2-1A, B). All analyses were
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conducted with GraphPad Prism version 6 (GraphPad Software, La Jolla, CA). Statistical
significance was set at p ≤ 0.05.

2.3

2.3.1

Results

Age-dependent increases of MAC, Aβ, and NF-κB in the RPE-choroid

In this chapter, the first question we asked is whether MAC deposits increase with normal aging
and, if so, whether it is related to inflammasome activation in the RPE-choroid. A significant
increase in MAC (MW > 580 kDa) was evident in the RPE-choroid homogenates of rats ranging
in age from 2.5 to 11.5 months using western blot. The normalized MAC levels were 1.88-fold
higher at 7.5 months and 2.75-fold higher at 11.5 months when compared to the samples
obtained from 2.5-month-old rats (Figure 2-1A).

Aβ is a known pathological activator of complement cascade in AD.103 Its ocular presence has
been reported in drusen of postmortem eyes52 and in rodent eyes.63 To correlate Aβ accumulation
with MAC formation, we semi-quantitatively compared the levels of high-molecular weight Aβ
species (MW > 95 kDa) among the RPE-choroid homogenates from different ages. We found an
age-dependent increase of high-molecular weight Aβ from 2.5 to 11.5 months (Figure 2-1B).
Based on the knowledge that biosynthesized Aβ is present in both retina and the vitreous
compartment of the eye,104 we quantified the Aβ in rat vitreous samples at two ages. With
increasing age, the vitreal Aβ concentration increased, by almost 80-fold, from 7.49 ± 5.16
pg/mL at 6 months to 599.10 ± 159.25 pg/mL at 11.5 months of age (Figure 2-1C).
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To support these results, we also assessed MAC formation and Aβ accumulation in retinal cross
sections by immunohistochemistry. We demonstrated that there are increasingly higher levels of
immunoreactivity of both MAC and Aβ in the 11.5-month animals compared to the 7.5-monthold animals, particularly in the choroid and the basal side of RPE (Figure 2-1D, E, G, H).

NF-κB is a major transcription factor that responds to a variety of pro-inflammatory signals by
nuclear translocalization to upregulate the expression of target genes. In this dissertation, we
demonstrated that Aβ activates NF-κB, which can be specifically inhibited by NF-κB antagonists
(e.g., vinpocetine or BAY 11-7082) (see Chapter 4).102 In the present study, by using an antibody
targeting the phosphorylated p65 subunit of the translocated NF-κB, we observed an increase in
the percentage of RPE nuclei harboring the phosphorylated p65 subunit, mirroring the agerelated increase we observed with both MAC and Aβ (Figure 2-1F, I).
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Figure 2-1 Age-dependent increases of ocular MAC, Aβ and NF-κB.
(A) Western blot analysis revealed increasing MAC levels in the rat RPE-choroid with age from 2.5 to 11.5 months
old (N ≥ 3, Kruskal-Wallis, p ≤ 0.05). (B) Western blot analysis showed enhanced accumulation of high-molecular
weight Aβ (MW > 95 kDa) in the rat RPE-choroid with age from 2.5 to 11.5 months old (N ≥ 3, Kruskal-Wallis, p ≤
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0.05). (C) ELISA measurements showed a dramatic increase in the soluble Aβ levels in the vitreous fluids of the
11.5 months old (599.1 pg/mL, N = 6) compared to the 6 months old group (7.5 pg/mL, N = 4) (Mann-Whitney, p ≤
0.05). (D-E) Analysis of MAC deposition (D) or Aβ (E) in rat RPE-choroid demonstrated a significant increase in
immunoreactivity with increasing age, with data normalized to the younger age group of 7.5 months (N = 3, MannWhitney, p ≤ 0.05). (F) NF-κB activation in RPE increased with age. The percentage of RPE cells with nuclear
labeling of translocated NF-κB p65 subunit was higher in the retina of the 11.5 months old group compared to the
7.5 months old group (N = 3, Mann-Whitney, p ≤ 0.05). (G) Representative micrographs of MAC immunoreactivity
at both ages (7.5 and 11.5 months) showed MAC deposition on the basal side of RPE and in choroid.
Immunoreactivity was processed with VIP, resulting in a purple color (blue arrows) and nuclei counterstained with
Methyl Green. Background immunoreactivity (0) and semi-quantitative scoring of + and ++ are given for the
following examples: 7.5 months old (+), 11.5 months old (++), and negative control (0). Note the dark brown
choroidal melanocytes in the 11.5 months picture appeared surrounded by red haze due to bright field illumination.
(H) Representative micrographs of Aβ immunoreactivity at both ages (7.5 and 11.5 months) showed positive
immunolabeling on the basal side of RPE and in choroid. Immunoreactivity was processed with AEC, resulting in a
red color (blue arrows) and nuclei counterstained as blue. Examples of semi-quantitative scores are given as follows:
7.5 months old (++), 11.5 months old (+++), and negative control (0). (I) Representative micrographs of the RPE
nuclei from the 11.5 months old group showed more robust NF-κB p65 immunoreactivity than the 7.5 months old
group. Positive NF-κB p65 immunolabeling is purple in RPE nuclei and indicated by blue arrows. RPE nuclei
devoid of NF-κB p65 are blue and indicated by black arrows. Scale bars; 10 μm. RPE, retinal pigment epithelium;
Ch, choroid.

2.3.2

ATAC did not affect local NF-κB activation in RPE

While ATAC inhibits complement cascade, it is unclear whether systemic administration of
ATAC would reduce local inflammation in the eye. To test this, animals were treated with oral
administration of ATAC in drinking water (60 mg / 100 mL) for 40 days. Animals readily
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accepted drinking water laced with ATAC ad libitum, and no overt signs of side effects or
toxicity were noted, consistent with our earlier studies in which ATAC was given in food.98

After 40 days, the average ATAC level, as measured by fluorescence spectroscopy, was 1.98 and
3.5 μg / 500 μL in the 7.5 and 11.5-month-old ATAC-treated rats, respectively. As expected, no
appreciable amount of ATAC was evident in control rats at either age group (Figure 2-2A). A
CH50 assay, which measures the amount of hemolysis in blood due to complement activation,
has been used before as a surrogate marker for complement activity both clinically and in
experimental studies.98, 105 Our results showed that sera from the ATAC-treated animals
displayed a significant three- to four-fold decrease in hemolysis relative to the sera of the control
animals in both age groups studied, thus confirming that orally administered ATAC was present
and effective at inhibiting complement activation in the sera of treated rats (Figure 2-2B). Next,
we assessed the nuclear translocation of the p65 subunit in RPE after ATAC treatment.
Intriguingly, systemic administration of ATAC did not change NF-κB p65 nuclear translocation
when compared to control animals at 7.5 or 11.5 months old (Figure 2-2C, D). Further western
blot analyses of phosphorylated NF-κB p65 and p50 subunits in 11.5-month-old rats supported
this, and no significant difference in normalized band intensity was found between animals
receiving ATAC or drinking water (Figure 2-2E, F).
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Figure 2-2 Systemic ATAC administration did not alter NF-κB activation in RPE.
(A) The amount of ATAC in blood was measured after 40 days of drug administration in 7.5-month-old (1.98 μg /
500 μL) and in 11.5-month-old (3.5 μg / 500 μL) animals. Animals treated with ATAC showed significantly higher
ATAC blood concentrations than age-matched controls without ATAC treatment at both ages (N = 6, Mann-
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Whitney, p ≤ 0.05). (B) The degree of inhibition on total complement activation by ATAC was measured by a CH50
hemolysis assay. Dilutions of the sera containing different levels of ATAC were performed to calculate the half
maximal inhibitory concentration (IC50) for total complement activity. Higher IC50 values proportionally reflect
higher levels of complement activity. Note that the IC50 levels are lower (i.e., curves shifted to the left) for ATACtreated animals compared to untreated controls at both ages. (C) ATAC administration did not affect NF-κB
activation in RPE at both ages of 7.5 and 11.5 months (N = 3, Mann-Whitney, p > 0.05). (D) Representative
micrographs of NF-κB p65 immunoreactivity in RPE-choroid from each group in (C). RPE cells that demonstrate
NF-κB p65 nuclear translocalization have purple nuclei and are marked by blue arrows. Unlabeled RPE nuclei are
counterstained with hematoxylin (blue only) and are marked by black arrows. Scale bar; 10 μm. RPE, retinal
pigment epithelium; Ch, choroid. (E, F) RPE-choroid tissue lysates from 11.5-month-old rats with ATAC
administration contained the same amount of phosphorylated p65 subunit as in rats without ATAC in drinking water
(N = 6, Mann-Whitney, p > 0.05). The level of phosphorylated p50, however, was extremely low in both groups.

2.3.3

ATAC reduced MAC deposition in the RPE-choroid

Our earlier studies showed that ATAC was effective at decreasing MAC in the central nervous
system,98, 99 and our next question was whether the observed systemic level of ATAC was
sufficient to inhibit MAC formation locally in the eye. To answer this, ATAC-treated animals
(7.5 and 11.5 months old) were sacrificed, and tissue lysate of RPE, choroid, and BM underwent
western blot analysis. At both ages, animals treated with ATAC demonstrated less MAC deposits
(MW > 580 kDa) in the RPE-choroid compared to non-ATAC-treated animals. Furthermore,
ATAC treatment was more effective at suppressing MAC in the younger group (7.5 months old).
This is intriguing, as the younger group demonstrated a lower ATAC concentration in sera (1.98
μg / 500 μL), but with a proportionally greater inhibition of MAC (50% inhibition) compared to
the older group with 3.5 μg / 500 μL ATAC in sera, yet only 25% inhibition of MAC (Figure 22A and 2-3A, B). To better understand the distribution of MAC in the ocular compartments after
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systemic ATAC, we assessed MAC in retinal cross sections by immunohistochemistry. MAC
immunoreactivity was robust in the choroid and BM of non-ATAC-treated rats at both ages, and
it was reduced by ATAC treatment at both ages (Figure 2-3C, D).

Figure 2-3 ATAC treatment suppresses MAC deposition in the RPE-choroid.
(A, B) At both ages of 7.5 months (A) and 11.5 months (B), western blot analysis showed that ATAC significantly
reduced MAC deposits in rat RPE-choroid (N = 6, Mann-Whitney, p ≤ 0.05). (C) At both ages, MAC
immunoreactivity in the rat RPE-choroid was significantly lower in the ATAC-treated group compared to the age-
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matched, No ATAC control group (N = 3, Mann-Whitney, p ≤ 0.05). (D) Representative micrographs from each
group in (c) showed MAC immunoreactivity on the basal side of RPE cells and in choroid. Blue arrows identify
positive MAC deposits labeled with VIP chromogen (purple). Nuclei were counterstained as green. Scale bar; 10
μm. RPE, retinal pigment epithelium; Ch, choroid.

2.3.4

ATAC suppressed inflammasome activation in the RPE-choroid

Earlier studies in non-ocular systems suggest that MAC formation is a potential trigger for
inflammasome activation.48, 49 Here we used an inhibitor of MAC, ATAC, to suppress
inflammasome activation in the RPE-choroid. To test whether MAC promotes inflammasome
activation, we first examined the level of pro-caspase-1 (MW 45 kDa) cleavage in RPE-choroid
homogenates using western blot. At both ages tested (7.5 and 11.5 months), ATAC successfully
lowered cleaved caspase-1 (MW 20 kDa) by ~90 % (7.5 months old) and by ~50 % (11.5 months
old), when compared to untreated controls (Figure 2-4A-C). Next, we assessed the levels of two
mature products of inflammasome activation, IL-1β and IL-18. Compared to the ATAC group,
we found that IL-18 immunoreactivity was higher in the untreated rat RPE-choroid. On closer
visual examination, it was evident that the majority of the IL-18 immunolabeling was located to
the basal side of RPE and at the RPE-choroid interface (Figure 2-4D, E). We next tested secreted
levels of IL-1β and IL-18 in the vitreous by custom-made ELISA assays. Secreted levels of IL1β and IL-18 were 3- and 2.5-fold lower in the vitreous of animals treated with ATAC,
respectively, compared to the untreated age-matched controls (Figure 2-4F, G).
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Figure 2-4 ATAC treatment inhibited inflammasome activation in the RPE-choroid.
(A-C) At both ages of 7.5 months (A) and 11.5 months (B), western blot analysis showed that ATAC significantly
inhibited pro-caspase-1 (MW 45 kDa) cleavage into active caspase-1 (MW 20 kDa) in rat RPE-choroid (N = 6,
Mann-Whitney, p ≤ 0.05). Images of western blot demonstrate a concomitant increase in the pro-caspase-1 band and
decrease in the active caspase-1 band after ATAC treatment in both age groups (C). (D) Representative micrographs
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illustrate immunoreactivity for IL-18, a product of inflammasome activation, on the basal side of RPE cells and in
choroid from treated and untreated animals at 7.5 and 11.5 months of age. Blue arrows indicate positive IL-18
labeling (VIP, purple). Scale bar; 10 μm. RPE, retinal pigment epithelium; Ch, choroid. (E) IL-18 immunoreactivity
in the rat RPE-choroid was significantly downregulated by ATAC treatment. Labeling was normalized to 100% for
the untreated animals in each age group (N = 3, Mann-Whitney, p ≤ 0.05). (F, G) ELISA measurements of vitreous
samples taken from treated and untreated control animals at 11.5 months of age. Note the dramatic reduction in
secreted IL-18 (F) and IL-1β (G) concentrations after ATAC treatment (N = 6, Mann-Whitney, p ≤ 0.05).

2.4

Discussion

With normal aging, the RPE-choroid complex undergoes many changes including drusen
deposition, thickening of BM, and thinning of the choroid. The RPE also undergoes a number of
age-associated changes, including loss of melanin granules, accumulation of lipofuscin, changes
in pro-inflammatory cytokine secretion, and even cell death.7, 106 However, the cellular
mechanisms underlying these changes in the RPE-choroid remain largely unknown. Here, we
provide a new perspective by investigating the relationship among aging, MAC formation, and
inflammasome activation.

2.4.1

Aβ facilitates MAC formation and MAC-induced inflammasome activation in the

RPE-choroid
In AD, Aβ is a known activator of the classic complement pathway.107, 108 In the eye, it also colocalizes with complement factors in drusen, and demonstrates an age-associated increase.50 We
previously showed by pathway analysis (Ingenuity, GSEA) that the complement system is
triggered by Aβ stimulation of RPE in vitro.65 However, little has been done to assess the
potential interaction between Aβ and the complement terminal product, MAC. Here we report
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age-associated increases in MAC and Aβ in the RPE-choroid complex and soluble Aβ in the
vitreous fluids (Figure 2-1). The observed age-associated MAC formation in rat RPE-choroid is
consistent with our earlier findings of MAC deposition in BM and choroid of older postmortem
human eyes.91 MAC mediated inflammasome activation was shown previously in cells derived
from bone marrow and lung epithelial cells in vitro.48, 49 Our data support their findings and
extend it to an ocular cell type, the RPE.

From our work, and those of others, it is plausible that the inhibition of MAC in the RPE-choroid
will dampen inflammasome activation in RPE. We found that ATAC administration
concomitantly prevented full-length caspase-1 from being cleaved into an enzymatically mature
caspase-1 p20 subunit, the signature event of inflammasome activation in the same animals in
which we observed a reduction in MAC levels (Figures 2-3 and 2-4). However, NF-κB
activation, a primer for inflammasome activation, was not affected by ATAC treatment,
demonstrated by statistically equivalent amounts of the phosphorylated p65 subunit in both
retinal sections and RPE-choroid lysates (Figure 2-2). Intriguingly, the phosphorylated p50
subunit’s level was extremely low in both ATAC and drinking-water-treated rats. Although the
p50/p65 heterodimer is considered the primary form of NF-κB complex in a wide variety of cell
types, there are other active NF-κB dimeric combinations that do not require either one or both
of them.109 All of these suggest that ATAC’s inhibitory effects spare NF-κB activation that
involves p65 or p50 and are specific for MAC. Hence, the significant reduction in inflammasome
activation products, IL-18 and IL-1β, which we observed after ATAC treatment, is likely due to
inefficient post-translational processing by mature caspase-1, rather than due to altered pro-IL-18
and pro-IL-1β production by NF-κB pathway (Figure 2-4). Whether and how the specific
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inhibition of NF-κB pathway can in turn affect MAC formation remains elusive and is beyond
the scope of this chapter. Although the literature suggests NF-κB signaling regulates multiple
genes in the complement cascades, such as CFB, C3, and C4, our data indicates no effects on
C5a production when NF-κB activation is blocked by vinpocetine in vivo (see Supplementary
Figure 1), and thus, likely not affecting MAC formation as well.102, 110-112

2.4.2

Age-associated differences in MAC deposition and MAC inhibition by ATAC

Another interesting outcome of our study is the difference in ATAC efficacy in the two age
groups tested. The younger rats had lower ATAC levels in blood (~2 μg / 500 μL) than the older
rats (~3.5 μg / 500 μL) (Figure 2-2), yet there was a proportionally greater decrease in MAC,
caspase-1 cleavage, and secreted IL-18 in the younger rats compared to the older group,
suggesting that ATAC treatment was more efficacious in the younger group (Figures 2-3 and 24). The exact mechanism behind this finding is not clear. One possible explanation is that, with
age, there is more Aβ accumulation in the rat eye, leading to more robust NF-κB activation (p65
nuclear translocalization) and more MAC deposition, which is not proportional to the increase in
ATAC concentration, or its activity, and thus overwhelmed ATAC’s suppressive effects leading
to reduce efficacy in the older rats compared to that observed in younger rats (Figure 2-1).

2.5

Conclusion

In summary, we have shown an age-dependent increase in Aβ, MAC, and NF-κB in rat RPEchoroid. We have also demonstrated that Aβ, a drusen component, is an effective priming signal
for NF-κB activation in vitro and in vivo102 and promotes the NLRP3 inflammasome activation
in the rat eye (see Chapter 3).113 Suppression of MAC leads to a concomitant suppression of
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NLRP3 inflammasome activation measured by caspase-1 cleavage and secretion of mature IL-18
and IL-1β as depicted in the schematic summary (Figure 2-5). An inherent limitation of this
study is that rodents do not have a macula/fovea, and thus renders this animal model less useful
as it does not reproduce “macular” disease. However, this model is useful to understand the
basic, cellular changes in the retina that are associated with chronic inflammation, aging, and
age-related retinal diseases. Our work from this chapter suggests that MAC-induced NLRP3
inflammasome activation may be an important cause of the chronic pro-inflammatory
environment in the outer retina of a normal aging eye.

Figure 2-5 Proposed inflammasome activation mechanisms by Aβ and MAC in RPE-choroid
Age-associated changes in RPE-choroid include an increased accumulation of Aβ that acts as a “Signal 1” to
activate the NF-κB pathway (1). The activated NF-κB pathway then upregulates the transcription of NLRP3, pro-IL-
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18 and pro-IL-1β (2). Next, assembly and activation of the NLRP3 inflammasome is triggered by MAC deposition
(“Signal 2”) on the RPE cell membrane (3). NLRP3 activation results in pro-caspase-1 auto-cleavage (4). The
cleaved caspase-1 then functions as a cytokine-processing enzyme to facilitate the production and secretion of
active, mature IL-18 and IL-1β (5). ATAC compound works as a MAC inhibitor, suppressing MAC-induced
inflammasome activation on RPE.
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Chapter 3: Inflammatory mediators induced by amyloid beta in the retina
and RPE in vivo: implications for inflammasome activation in age-related
macular degeneration

3.1

Introduction

AMD is a multifactorial disease that is responsible for a significant proportion of visual
impairment in the elderly in Western society. 13, 114 Early AMD is characterized by the presence
of drusen, abnormal pigmentation of RPE115, 116 and is associated with gradual vision loss.117 In
some cases early AMD will progress to a late, more advanced form that causes profound loss of
central vision.118 Little is known about the etiology of this disease or the processes that occur in
the eye during the early stages of AMD. Identifying the molecular and cellular events that lead to
symptomatic AMD and the development of treatment strategies that act at the early stages of the
disease are therefore of high priority.119

One of the strongest predictors of AMD is the number and size of drusen. 117 Aβ, the peptide
associated with neurodegenerative events in the brain in AD, is an important constituent of
drusen (Figure 3-1).50, 117 By analogy, the presence of Aβ in drusen raises the possibility that it
may also contribute to neurodegenerative events in the retina in AMD.120, 121 Study on donor eye
tissue established a correlation between Aβ and GA.62 A recent clinical trial addressing the safety
and efficacy of anti-Aβ treatment for AMD has begun, further emphasizing the need to
understand the specific mechanisms underlying the effect of Aβ in the eye.119
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In contrast to past studies that used the more AD-specific, Aβ1-42 peptide, we focused on the
structurally similar Aβ1-40 peptide in this study.56 Aβ1-40, the more common and less toxic form,
is present in drusen52, 122 and is thus a relevant candidate to consider for AMD (Figure 3-1).
Using microarray analysis, Kurji et al.65 identified genes in the immune response and
inflammation pathways as being highly upregulated by RPE cells in response to Aβ1-40
stimulation in vitro. There is emerging evidence that these pathways may be mediated by
inflammasome activation.123 Recent studies on AMD pathogenesis have concentrated on the
activation of NLRP3 inflammasome in the RPE. However, important questions remain, such as
whether inflammasome activation is involved in the retina’s response to Aβ, and if exposure to
inflammatory mediators such as IL-1β and IL-18 leads to AMD-like pathology.

To elucidate the effect of Aβ1-40 in vivo and investigate the ensuing sequelae of inflammatory
mediators on the retina and RPE in the context of early AMD, we performed intravitreal
injection of Aβ1-40 in a rodent model and studied the expression profile of key genes involved in
the putative pathways of AMD pathogenesis, with a focus on inflammation and apoptosis.
Intravitreal injection was chosen because it achieves the same effect of delivering peptide to
outer retina/ RPE as subretinal injections without the associated retinal damage or detachment,
which may itself cause inflammation and confound our results.124, 125 We hypothesize that Aβ
will stimulate inflammasome activation and over-expression of inflammatory mediators
including cytokines, in the retina and RPE; such a response to Aβ may occur in the outer retina
of pre-symptomatic AMD patients. Thus, treatments to minimize Aβ’s effect in the eye may slow
the progression of AMD, a strategy being investigated in clinical trials.126
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3.2

3.2.1

Methods

Ethics statement

The postmortem donor eye study was approved by the Clinical Research Ethics Board at the
University of British Columbia. Methods for securing human tissue were in compliance with the
Declaration of Helsinki. The animal procedures were carried out according to the protocol
reviewed and approved by the University of British Columbia Animal Care Committee and
conformed to the Canadian Council on Animal Care guidelines. All animal studies were
performed in accordance with the Resolution on the Use of Animals in Research of the
Association of Research in Vision and Ophthalmology.

3.2.2

Donor eye tissue immunohistochemistry

Human eyes were obtained from the Eye Bank of British Columbia. Eye tissues were fixed in
10% formalin and embedded in paraffin to obtain 6 μm sections through the pupil and optic
nerve axis. Sections were deparaffinized and rehydrated by standard procedures. After antigen
retrieval in 70% formic acid for 18 min at room temperature (RT), sections were blocked with
3% H2O2 for 15 min and 3% goat serum for 40 min. Sections were incubated in primary antibody
specifically against Aβ1-40 (Cell Signaling Technology; Table 3-1) overnight at 4°C. Primary
antibody omission or non-immune isotype antibodies were used as negative controls. Sections
were then incubated in appropriate secondary antibodies and developed in avidin biotin
peroxidase complex (ABC)-AEC system (Vector Laboratories).
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Table 3-1 List of primary antibodies used in Chapter 3.
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3.2.3

Aβ oligomerization

Aβ1-40 (American Peptide, Sunnyvale CA) was prepared as previously described. 65 Briefly,
lyophilized Aβ peptide was dissolved in hexafluoroisopropanol and agitated at RT for 48 h.
Oligomerization was confirmed with atomic force microscopy and dot blot assay. Stock Aβ was
diluted in phosphate buffered saline (PBS, pH 7.4) to yield a final concentration of 1.4 μg/μL.
Aliquots of this solution were kept at -80°C until use. Human reverse peptide Aβ40-1 (American
Peptide, Sunnyvale CA) was prepared in an identical manner.

3.2.4

Animal model and treatment

Five month-old male Long-Evans rats (Charles River Laboratory, Wilmington MA) were raised
on standard rodent diet and kept in enclosure with environmental enrichment and a 12 h light
cycle. On Day 0, under inhalational anaesthesia, intravitreal injections were performed under a
dissecting microscope using a 32-gauge Hamilton needle and syringe (Hamilton, Reno NV) to
deliver 5 μL of oligomeric Aβ1-40 peptide (7 μg) with 0.1 μL 10% sodium fluorescein as dye
(Akorn, Buffalo Grove IL). This dosage yields an Aβ intravitreal concentration of approximately
30 μM, higher than that used in the in vitro experiment65 and comparable to in vivo doses in other
studies.125, 127, 128 Age matched control animals received 5 μL intravitreal injection of reverse
peptide Aβ40-1 (1.4 μg/μL) or vehicle (PBS). After the procedure, animals were given oxygen and
were monitored in a recovery enclosure until they resumed baseline activity level. Animals were
kept for 1, 4, 14, and 49 days post-injection (N = 7 per treatment group) and euthanasia was
performed with CO2 inhalation. Eyes were immediately enucleated and frozen or preserved in
4% paraformaldehyde in DPBS (Invitrogen, Carlsbad CA).
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3.2.5

Reverse transcription PCR (RT-PCR)

The anterior segment of the frozen eye was removed to expose the posterior eyecup. Separate
samples of neuroretina or RPE-choroid were obtained from the eyecup by surgical dissection
under dissecting microscope. Total RNA was isolated from tissue using RNAqueous-4PCR kit
(Ambion, Austin TX). RNA quantity and quality were assessed using Nanodrop 2000c
spectrophotometer (Fisher Thermo Scientific, Wilmington DE). 750ng of RNA from each tissue
was reverse transcribed into cDNA using the High Capacity RNA-to-cDNA Master Mix
(Invitrogen, Carlsbad CA). RT-PCR primer sequences are listed in Table 3-2. GAPDH served as
endogenous control. All reactions were carried out on the Applied Biosystems 7500Fast SDS
(Applied Biosystems, Carlsbad CA) using Power SYBR® Green (Applied Biosystems, Carlsbad
CA). Each sample was repeated in triplicates with near-identical results. Cycling conditions were
as follows: 95°C for 15 s, 58°C for 30 s, 60°C for 45 s, 40 cycles. Melting curve analysis was
automatically performed immediately after amplification. Gene products were quantified relative
to GAPDH using the 2-ΔΔCT method.
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Table 3-2 List of RT-PCR primer sequences used in Chapter 3 for rat tissues.

3.2.6

Retinal tissue immunohistochemistry

Rat paraffin tissue sections cut at a thickness of 4 μm were prepared through standard procedures
described in our previous publication.100 Sections of retina within 200 μm from the optic disc
were known to be of even thickness regardless of embedding orientation 129 and thus were
selected for processing.

To identify the localization of intravitreally injected Aβ1-40 peptide, anti-Aβ antibody (4G8,
Covance; Table 3-1) was applied to tissue sections for 1 h at RT and subsequently left overnight
at 4ºC, following antigen retrieval in 70% formic acid and blocking steps (3% H2O2, 5% goat
serum). Incubation in primary antibody was followed by standard biotinylated secondary
antibody incubation. These sections were developed with VIP chromogen (Vector Laboratories)
and counter-stained with Methyl Green (Vector Laboratories).
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Immunohistochemistry was also performed to evaluate the product of selected upregulated genes
in the retina. Sections first underwent antigen retrieval, removal of endogenous peroxidase and
normal serum blocking by sequential incubation in protease K (20 μg/ml, pH 8.0, SigmaAldrich, St. Louis MO), 0.3% H2O2 and 3% normal horse serum. Sections were then incubated
overnight at 4°C with monoclonal antibodies including IL-6, IL-1β, X-linked inhibitor of
apoptosis protein associated factor 1 (XAF1), and CD11b/c, a cell surface marker for microglial
cells (Table 3-1). After development with VIP chromogen, sections were photographed at ×20
and ×60 magnification using a brightfield microscope with a digital camera attachment (DS-Fi2
camera and DS-L3 monitor; Nikon, Tokyo Japan). Microscopic scoring was conducted by
scanning the whole retinal sections under ×20 magnification in 1000 μm increments (diameter of
the field) and by averaging the number of immunoreactive cells per increment. The final mean
immunoreactive cell count was the averaged score of a minimum of 2-4 retinal sections per
animal at each time point.

Retinal thickness was measured from the internal limiting membrane to the photoreceptor outer
segments/RPE junction and the mean value was derived from measurements of 2-4 retinal
sections per animal at each time point.

3.2.7

Suspension array assay for secreted cytokines

Rat vitreous was collected and aliquoted for cytokine analysis using suspension 23-plex cytokine
arrays as described by the manufacturer (Bio-Rad Laboratories). The premade assays target the
following cytokines: erythropoietin (EPO), granulocyte colony stimulating factor (G-CSF),
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granulocyte macrophage colony stimulating factor (GM-CSF), chemokine (C-X-C motif) ligand
1 (GRO/KC), interferon-gamma (IFN-γ), IL-1α, IL-1β, IL-2, IL-4, IL-5, IL-6, IL-7, IL-10, IL12p70, IL-13, IL-17, IL-18, macrophage colony stimulating factor (M-CSF), macrophage
inflammatory protein 1alpha (MIP-1α), MIP-3α, regulated on activation, normal T cell expressed
and secreted (RANTES), TNF-α and vascular endothelial growth factor (VEGF). 50 μL of
cytokine standards, samples (pooled vitreous fluids) and blanks (dH2O only) were incubated with
25 μL of anti-cytokine conjugated beads in 96-well filter plates for 30 min at RT with agitation
(1100 rpm for 30 s, then 300 rpm for 30 min). Plates were subsequently washed three times by
vacuum filtration with 100 μL of Bio-Plex wash buffer per well, using the Bio-Plex Pro™ Wash
Station (Bio-Rad Laboratories). This was followed by the addition of 25 μL of diluted
biotinylated detection antibody and further incubation with agitation at RT. After three filter
washes (described above), 25 μL of streptavidin-phycoerythrin (SAPE) were added and the
plates were incubated for 10 min at RT with agitation. Finally, plates were washed by vacuum
filtration three times. Beads were subsequently re-suspended in 125 μl of Bio-Plex assay buffer,
and vortexed for 30 s at 1100 rpm and further incubated for 2 min at 300 rpm. Standards,
samples and blanks were analyzed using the Bio-Plex 200 Suspension Array System and
subsequent raw median fluorescent intensity (MFI) data was captured and analyzed using BioPlex Manager software 4.1 (Bio-Rad Laboratories), using a standard high PMT setting.

3.2.8

Statistics analyses

Statistical analyses on RT-PCR and immunohistochemical studies were performed between Aβ140

group and reverse peptide group and/or vehicle control group using Student’s t-test with

unequal variance. Suspension array data statistics was performed using the Bio-Plex Manager
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software 4.1 (Bio-Rad Laboratories). Standard curves were developed using Brendon’s 5 Point
logistic regression analysis and a recovery range of 70-130% was established for the
determination of a statistically valid standard curve.130 RT-PCR and suspension array data are
expressed as mean ± SE. Immunohistochemical data are expressed as mean ± SD with p ≤ 0.05
set as threshold for statistical significance.

3.3

3.3.1

Results

Aβ1-40 is a component of drusen

We first used a specific antibody to verify that Aβ1-40, the more prevalent but less toxic form of
Aβ peptide, is a component of human drusen (Figure 3-1A). Using non-immune isotype antibody
yielded no Aβ1-40 immunoreactivity (Figure 3-1B). This is consistent with previous studies of
drusen composition.50
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Figure 3-1 Aβ1-40 in drusen.
Immunohistochemistry for Aβ1-40 was developed in AEC (red) and counterstained with Mayer’s hematoxylin (blue).
(A) Aβ1-40 in drusen of a 72-year-old non-GA female postmortem donor eye. (B) Negative control using nonimmune rabbit IgG isotype antibody on the same donor eye section. RPE, retinal pigment epithelium; D, drusen;
BM, Bruch’s membrane; Ch, choroid. Scale bar: 10 μm.

3.3.2

Presence of Aβ1-40 in all retinal layers after intravitreal injection

To confirm the effectiveness of intravitreal injection in delivering peptide to the outer retina, we
probed the retinal tissue sections with 4G8 antibody that binds residue 17-24 in the human Aβ
peptide. In Aβ1-40-injected eyes, Aβ immunoreactivity was detected throughout retinal layers on
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Day 1; the greatest intensity was localized to the photoreceptor outer segment (OS) while the
RPE also demonstrated marked immunoreactivity (Figure 3-2A, G). This immunoreactive
pattern was less intense on Day 4 (Figure 3-2D, I). Preferential accumulation of Aβ in the OS has
been previously reported in both mice and humans.63 These results were in keeping with
previous reports125 and verified the penetration of intravitreally-injected peptide through the
retina and reaching the RPE. The reverse peptide Aβ40-1 sections showed significantly less 4G8
immunoreactivity in the retina as expected (Figure 3-2B, E, H, J). We observed background
levels of immunoreactivity in vehicle-injected eyes, confirming minimal non-specific binding of
the antibody (Figure 3-2C, F).

49

Figure 3-2 Localization of Aβ1-40 or reverse peptide Aβ40-1 demonstrated in retinal tissue on Days 1 and 4
following intravitreal injections.
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Immunoreactivity for Aβ1-40 and Aβ40-1 was undertaken with 4G8 antibody, visualized with VIP chromogen
(pink/purple), and counterstained with Methyl Green. VIP chromogen revealed immunoreactivity in the neuropil and
extracellular compartments throughout all retinal layers on Day 1 and less on Day 4 in the Aβ group (A, D). Strong
immunoreactivity was detected in the OS (star) in Aβ-injected eyes. Tissues from eyes receiving reverse peptide
injection demonstrated significantly less immunoreactivity than the forward peptide group (B, E), as did the vehicleinjected eyes (C, F). Focusing on the RPE, there were discrete intracellular vesicles (arrows) possibly representing
phagocytosed outer segment discs in the Aβ group compared to the reverse peptide group in Day 1 sections (G, H).
Day 4 sections showed no vesicles but rather a diffuse and faint layer of VIP chromogen at the RPE in the Aβ group
compared to the reverse peptide group (I, J). GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner
nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; IS, inner segment; OS, outer segment. Scale
bar: 20 μm (A–F), 10 μm (G–J).

3.3.3

Gene expression changes after Aβ1-40 intravitreal injections

To assess whether the pro-inflammatory effect of Aβ on RPE extrapolates to an in vivo setting,
we first screened for expression of inflammatory mediators by examining two cytokines. IL-6 is
a known inducer of acute phase protein production and its serum level has been associated with
progression of AMD.131 In the Aβ group, there was significant upregulation of IL-6 gene on
Days 1 and 4 compared to reverse peptide (Figure 3-3A, B). The RPE-choroid exhibited a
greater fold change than the neuroretina, relative to the PBS vehicle control. No significant IL-6
upregulation was found in either tissue at later time points.

TNF-α is a prototypic cytokine with a potent effect on the retina and RPE.124, 132 The Aβ group
showed significantly higher levels of TNF-α mRNA than the reverse peptide in the neuroretina at
all time points, with relatively greater response on Days 1 and 14 (Figure 3-3C). In contrast,
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TNF-α in the RPE-choroid from the Aβ group was significantly upregulated on Day 1, increased
further on Day 4, but was no longer significantly at Days 14 and 49 (Figure 3-3D).

Apoptosis is a putative mechanism of RPE and photoreceptor loss in AMD, but its exact trigger
and onset remains unknown. XAF1, a pro-apoptotic gene, was markedly over-expressed in RPE
stimulated by Aβ1-40,65 therefore it was examined here. Compared to reverse peptide and vehicle,
Aβ caused significantly higher fold change in XAF1 expression in the neuroretina and RPEchoroid on Days 1 and 4 (Figure 3-3E, F). The magnitude of change was slightly greater in the
RPE-choroid than in the neuroretina. No significant fold change in XAF1 expression was found
on Days 14 and 49 in either tissue.

Given the central role of VEGF in stimulating choroidal neovascularization (CNV) in late AMD,
we assessed the expression profile of VEGF. VEGF upregulation has been observed in RPE cells
treated with Aβ1-4064 and in vivo after an intravitreal injection with Aβ1-42.127 Our results,
however, showed no significant upregulation of VEGF in either neuroretina or RPE-choroid in
the Aβ1-40 group compared to reverse peptide throughout the time course of the study (Figure 33G, H). This is consistent with our earlier in vitro observations using Aβ1-40.65
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Figure 3-3 Reverse transcription PCR of selected genes in the RPE-choroid and neuroretina.
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The relative mRNA quantity (normalized to endogenous control GAPDH and expressed as fold change over vehicle
control PBS) in the Aβ1-40 group was compared to that in the reverse peptide group. Genes were examined on Days
1, 4, 14, and 49 to capture both immediate and later changes after intravitreal injection at Day 0: (A, B) IL-6, (C, D)
TNF-a, (E, F) XAF1, (G, H) VEGF. Error bars denote standard error. N = 7 per treatment group per time point,
Student’s t-test, *p < 0.05; **p < 0.01.

Recently, the inflammasome NLRP3 activation has been proposed as a potential mechanism
promoting inflammation in AMD.36 The increased levels of inflammatory cytokines in response
to Aβ in our animals raised the possibility that NLRP3 could mediate cytokine upregulation in
this setting. The expression profiles of IL-6 and TNF-α indicated that the strongest inflammatory
response occurred on Days 1 and 4 post injection, therefore we sought evidence of
inflammasome activation at these time points using IL-1β, IL-18, caspase-1 and NLRP3 genes.
IL-1β and IL-18, two pro-inflammatory cytokines, are products of NLRP3 inflammasome
processing133 and IL-1β was markedly elevated in RPE upon Aβ1-40 stimulation in vitro.65
Caspase-1 is part of the NLRP3 inflammasome complex and is required for the cleavage of IL1β and IL-18 pro-peptides123. In our study, IL-1β transcription was significantly elevated in the
Aβ group on Day 1; the neuroretina showed a greater fold change than the RPE-choroid (Figure
3-4A, B). In contrast, IL-18 was not significantly upregulated on Day 1 in the Aβ group.
Caspase-1 expression was significantly higher in the neuroretina but not RPE-choroid on Day 1
(Figure 3-4A). NLRP3 was markedly upregulated in the Aβ group, with neuroretina showing a
greater response than RPE-choroid (Figure 3-4A, B). The trend of inflammasome marker was
similar on Day 4. Of note is the significant upregulation of IL-18 at this later time point, with the
RPE-choroid showing the largest fold increase (Figure 3-4C, D).
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Figure 3-4 Inflammasome gene reverse transcription PCR data.
The relative mRNA quantity (normalized to endogenous control GAPDH and expressed as fold change over vehicle
control PBS) in the Aβ1-40 group was compared to that in the reverse peptide group. (A, B) Day 1, (C, D) Day 4.
Error bars denote standard error. N = 7 per treatment group per time point, Student’s t-test, *p < 0.05; **p < 0.01.

3.3.4

Cytokine levels in the retina and vitreous following Aβ1-40 intravitreal injection

Based on the overexpression of inflammatory mediator genes in both neuroretina and RPEchoroid, we performed immunohistochemistry on retinal sections to further study the distribution
of selected mediators. IL-6 immunoreactivity in the Aβ-injected eyes was distributed
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predominantly in the GCL and INL (Figure 3-5A-C), but the RPE also demonstrated
significantly greater immunoreactivity compared to reverse peptide group (Figure 3-5D, E). The
overall number of IL-6 immunoreactive cells was greater in the Aβ group than in reverse peptide
or vehicle control groups on Days 4 (Figure 3-5F), corresponding with the peak in IL-6 mRNA
level (Figure 3-3A, B). This difference was diminished on Day 14 but still significant. By Day
49, however, there was no significant difference between the groups.
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Figure 3-5 IL-6 immunoreactivity in the retina and RPE.
(A–C) Representative retinal micrographs of IL-6 immunoreactivity on Day 4. In the Aβ group, IL-6
immunoreactivity was mostly detected in cellular profiles in the GCL and INL (arrows). In contrast, the reverse
peptide group showed very sparse IL-6 immunoreactivity, while the vehicle injection group identifies background
level of IL-6 immunoreactivity. (D, E) The Aβ group also demonstrated more intense IL-6 immunoreactivity in the
RPE than the reverse peptide group. (F) Bar graph of mean cell count of IL-6-immunoreactive cells at four time
points, showing significantly greater IL-6 immunoreactivity in the Aβ group on Days 4 and 14 than in the reverse
peptide or vehicle control group. Micrographs were examined at ×20 and ×60 magnification. Scale bar: 20 μm (A–
C), 10 μm (D, E). Error bars denote standard deviation. N = 3, Student’s t-test, *p < 0.01.
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IL-1β immunoreactivity was primarily detected in the GCL and INL in the Aβ group with sparse
immunoreactivity in the reverse peptide and vehicle control groups (Figure 3-6A-C). The RPE
also demonstrated greater IL-1β immunoreactivity in the Aβ group than the reverse peptide
group (Figure 3-6D, E). Comparing the cell counts among the groups, we noted more IL-1β
immunoreactive cells in both Aβ group and reverse peptide group than in vehicle control on
Days 1 and 4, but these differences did not reach significance threshold (Figure 3-6F). On Days
14 and 49, the Aβ group, compared to reverse peptide and vehicle control groups, had
significantly more IL-1β immunoreactive cells.
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Figure 3-6 IL-1β immunoreactivity in the retina and RPE.
(A–C) Representative retinal micrographs of IL-1β immunoreactivity on Day 14. Marked IL-1β immunoreactivity
was observed in the Aβ group and was predominantly localized to cellular profiles in GCL and INL (arrows) and in
the neuropil IPL and OPL. Reverse peptide group demonstrated weak IL-1β immunoreactivity without any foci of
distribution. Vehicle injection group demonstrated background IL-1β immunoreactivity. (D, E) Aβ group showed
greater IL-1β immunoreactivity in the RPE than the reverse peptide group. (F) Bar graph of mean cell count of IL1β-immunoreactive cells at four time points, showing significantly more IL-1β immunoreactivity in the Aβ group on
Days 14 and 49 compared to the reverse peptide or control group. Micrographs were examined at ×20 and ×60
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magnification. Scale bar: 20 μm (A–C), 10 μm (D, E). Error bars denote standard deviation. N = 3, Student’s t-test,
*p < 0.01.

Increased vitreal levels of inflammatory cytokines are present in patients with retinal pathologies
including proliferative diabetic retinopathy134 and central retinal vein occlusion.135 Few studies
have assessed the cytokines in the vitreous of AMD patients. In our study, elevated amount of
IL-1β immunoreactivity in the retina exposed to Aβ prompted us to look further for evidence of
cytokines in the vitreous in this model. Using ELISA-based assay, we found significantly higher
levels of IL-1β and IL-18 in the vitreous of Aβ-injected eyes (13920±433 pg/ml, 1126±264
pg/ml respectively) than in reverse peptide controls (9803±280 pg/ml, 440±56 pg/ml
respectively) (Figure 3-7). Of special note, MIP-3α, a lymphocyte and dendritic cell chemokine,
showed the greatest increase in vitreal concentration in the Aβ group (759±54 pg/ml) compared
to the reverse peptide group (199±21 pg/ml) (Figure 3-7). The levels of the other cytokine
analytes included in the assay kit did not reach statistical significance and hence were not
graphed.
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Figure 3-7 Day 14 vitreous cytokine suspension array assay.
Only statistically significant results (N = 7, Student’s t-test, p < 0.05) are shown. Inflammasome product IL-1β was
significantly elevated in Aβ-injected vitreous (13,920 ± 433 pg/mL) compared to reverse peptide-injected vitreous
(9803 ± 280 pg/mL). Similarly, IL-18 showed significantly higher concentration in Aβ-injected vitreous (1126 ± 264
pg/mL) than in reverse peptide-injected vitreous (440 ± 56 pg/mL). MIP-3α showed the greatest difference between
the Aβ group (759 ± 54 pg/mL) and the reverse peptide group (199 ± 21 pg/mL). Other cytokines including IL-6 and
TNF-α did not reach threshold of significance (p < 0.05). Error bars denote standard error.

3.3.5

Microglia activation was significant at Day 1

Microglia are known to take up Aβ and generate an inflammatory response that affects RPE
function;136, 137 this has been proposed as a possible mechanism of AMD pathogenesis. To test
this hypothesis we evaluated the microglial response to Aβ1-40 using OX-42 antibody against
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CD11b/c antigen, a cell surface marker representing total microglia (active and resting) (Figure
3-8A-C). The majority of CD11b/c positive cells were localized to the GCL and INL and some
demonstrated evidence of activation based on their rounded morphology (Figure 3-8A inset). We
observed a statistically significant but marginal increase in CD11b/c positive cells in the Aβ
group compared to reverse peptide and vehicle control on Day 1 post injection (Figure 3-8D). No
significant difference in microglial count was observed among the groups at other time points.
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Figure 3-8 Microglia response to Aβ1-40 stimulation.
Retinal sections were reacted with OX-42 antibody against cell surface marker CD11b/c, representative of total
microglia. (A–C) Representative immunoreactivity pattern of CD11b/c labeling in the retinal sections at Day 1. Note
that the Aβ section and the reverse peptide section both contained CD11b/c-positive cells within the GCL and INL
(arrows), with the vehicle group demonstrating significantly lower CD11b/c immunoreactivity. Some CD11b/cpositive cells demonstrated rounded morphology and were intimately associated with cell bodies of retinal neurons
(inset). (D) Bar graph of mean CD11b/c immunoreactivity profiles in three groups, with significance demonstrated
at Day 1 between the Aβ1-40 forward peptide group and the reverse peptide and vehicle control groups. Micrographs
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were examined at ×20 and ×60 magnification. Scale bar: 20 μm; 5 μm (inset). Error bars: standard deviation. N = 3,
Student’s t-test, *p < 0.01.

3.3.6

Cell death and neovascularization were not associated with Aβ1-40

GA represents a late stage of AMD and is characterized by extensive RPE and photoreceptor loss
that is thought to occur via apoptosis. Cytokines including TNF-α have been linked to
photoreceptor apoptosis,124 therefore it is important to establish whether apoptosis is a feature in
this model of early AMD. We first looked for protein expression of the pro-apoptotic factor
XAF1. Despite upregulation of XAF1 gene, we did not detect higher XAF1 immunoreactivity in
the retina in the Aβ group compared to controls (data not shown). Additional
immunohistochemical analyses of the tumor suppressor gene p53 as well as terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining were undertaken, but no
significant differences were observed between the groups (data not shown). To further evaluate
retinal degeneration and preclude cell loss via non-apoptotic mechanisms,138 we compared the
neuroretinal thickness between Aβ-injected and control eyes. Neuroretinal thickness was
preserved at all time points (Figure 3-9), and we did not observe any evidence of BM disruption
or angiogenic activities.
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Figure 3-9 Retinal thickness measurements.
Retinal thickness was measured from internal limiting membrane to photoreceptor outer segment/RPE junction in
parafoveal sections. No significant difference in retinal thickness was observed in any group throughout the
experiment. Error bars denote standard deviation. N = 3, Student’s t-test.

3.4

Discussion

A compelling role for local, chronic inflammation in the pathogenesis of AMD has been
established by studies on drusen117, 139 and gene polymorphisms.140 Cytokines, key drivers of
inflammation, have gained much interest for their potential role in AMD pathophysiology; for
instance, high serum IL-6 level is found to be an independent predictor for the progression of
AMD.131 Analysis of post-mortem human eyes from AMD patients revealed elevated eotaxin
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and IP-10,141 as well as increased IL-1β immunoreactivity in association with large drusen.101
Finding a trigger for cytokine expression is clearly important for targeted intervention, and we
hypothesized that Aβ1-40, the principal form of the Aβ peptide found in the eye104 and in drusen,52
may be responsible for promoting cytokine production and inflammatory pathways. 65 Our results
demonstrated that intravitreal injection of Aβ1-40 caused marked upregulation of cytokines in the
RPE and neuroretina. This model is consistent with the early phases of age-related maculopathy
according to Hageman et al.’s hypothesis117 that suggests RPE dysfunction generates a proinflammatory milieu in early AMD pathogenesis.

3.4.1

RPE plays a major role in responding to Aβ

Our data suggests that both neuroretina and RPE-choroid upregulate inflammatory pathway
genes in response to Aβ stimulation. Relative to the neuroretina, the RPE demonstrated
comparable magnitude of gene expression changes despite fewer total cells, indicating a high
sensitivity to Aβ stimulation. The RPE is chiefly responsible for the maintenance and
homeostasis of the outer retina and photoreceptor, but it is also known to actively participate in
immune response via cytokine production.142, 143 In contrast, it is mostly glial cells,144 and
principally microglia, that secrete cytokines in the neuroretinal layers. 121, 137 Based on our
immunohistochemistry data, the microglial response was minimal and transient in the Aβ group.
Previous studies have induced marked microglial activation using intravitreal Aβ1-42,121, 125 likely
due to the greater neurotoxicity associated with Aβ1-42 compared to Aβ1-40.122 The increase in
microglia we observed on Day 1 did not correlate with cytokine gene expression at other time
points, nor was the magnitude of change large enough to convincingly demonstrate an
association with the differential expression of inflammatory mediators seen. Combined with the
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fact that Aβ induces RPE to upregulate inflammatory pathways in vitro65, it is likely that the
RPE, not microglia, is the predominant source of cytokine in this study. The choroid was
considered as a potential portal for systemic cytokines entering the retina; however, given that
the blood-retinal barrier was intact after intravitreal injections, it is unlikely that Aβ oligomers
(dimer: 8.6 kDa) and cytokines (all larger than Aβ) were exchanged between the choroidal
vasculature and the retina.

3.4.2

A role for NLRP3 inflammasome activation?

We observed a time-dependent over-expression of IL-6 and TNF-α in eyes treated with Aβ1-40.
IL-1β, a cytokine product of NLRP3 inflammasome, was concurrently upregulated on Days 1
and 4 in the neuroretina and RPE. IL-18 was also upregulated on Day 4. The associations
between Aβ, NLRP3 inflammasome, and RPE have been described separately: Halle et al.123
reported Aβ-induced NLRP3 inflammasome activation in microglia while Kauppinen et al.145
showed NLRP3 inflammasome-dependent cytokine synthesis in human RPE under oxidative
stress in vitro. The temporal pattern that emerged from our data is strongly suggestive of a role
for NLRP3 inflammasome in response to Aβ in the eye, a novel finding. We propose that, upon
Aβ exposure, NLRP3 inflammasome is initially activated in the RPE and neuroretina, as
illustrated by the over-expression of NLRP3 gene on Day 1. The activation of NLRP3
inflammasome recruits caspase-1 and catalyzes the formation of IL-1β initially, followed shortly
by IL-18. IL-1β in turn stimulates the RPE in an autocrine manner,146 causing over-expression of
TNF-α and IL-6 to further propagate a local pro-inflammatory state.147 This novel association
highlights the key function of NLRP3 inflammasome in coordinating cytokine expression in the
eye. In our model, cytokine expression mostly diminished to baseline levels by 14 days post67

injection. This observation presumably reflects clearance of Aβ, as microglia are known to
remove Aβ from the retina.121 Interestingly, we observed high TNF-α mRNA level and IL-1β
immunoreactivity on Days 14 and 49 that might indicate some degree of persistent inflammatory
pathway activation in the eye. Whether this represents the establishment of chronic inflammation
is unclear and should be investigated in a future study that extends the observation period beyond
the 49 days studied here. We demonstrated that Aβ1-40 stimulates cytokine production in healthy
RPE and retina and establishes a pro-inflammatory environment in the posterior segment of the
rodent eye. It can be inferred that accumulation of Aβ in drusen may generate an increasing level
of cytokines that primes the outer retina for subsequent damage, prior to the onset of clinical
evidence of AMD.

Cytokines are integral to the host’s immune defense, but their imbalances are often implicated in
diseases. TNF-α, IL-6, and IL-1β are also elevated in retinal detachment,124 proliferative
vitreoretinopathy,146 and ischemia.148 These cytokines also play an important part in the
pathophysiology of AMD based on evidence from clinical and epidemiological studies. 131 For
instance, cytokines are known to stimulate chemotaxis and our vitreous assay revealed an
elevated level of chemokine MIP-3α (Figure 3-7). MIP-3α mediates migration of dendritic cells
and lymphocytes via CCR6 receptor as part of mucosal defense against microbes. 149 Human
ARPE-19 produces MIP-3α in response to IL-17A.150 RPE has also been known to increase
production of IL-8, another chemokine, when stimulated by Aβ1-40.65 In light of these
observations, chemotaxis may constitute an important part of a response to Aβ in the eye and
warrants further investigations.
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To the best of our knowledge, our study showed, for the first time, that IL-18 is upregulated in
the retina, RPE, and vitreous following Aβ stimulation. IL-18 is thought to be involved in late
stages of AMD. Doyle et al.43 showed that IL-18 inhibits angiogenesis in CNV, while Tarallo et
al.36 reported that IL-18 promotes RPE death in dry AMD. Neither event was observed in this
study, but our model only assessed the effects up to 49 days following a single Aβ injection. It is
likely that multiple Aβ injections and follow-up beyond 49 days may better simulate a chronic,
local pro-inflammatory environment thought to be present in the retina of patients with early
AMD and thus helpful to define the role of IL-18 in AMD.

3.4.3

Cell loss is not a feature of this model of early AMD

There is an established connection between inflammation and apoptosis. Both IL-1β and TNF-α
are known to increase expression of apoptotic factors in the RPE. 151-153 Apoptosis has been
proposed as a mechanism contributing to degenerative events in AMD. 154 The present study saw
a significant upregulation of the XAF1 gene by RPE-choroid in Aβ-injected eyes (Figure 3-3E,
F), in keeping with our previous in vitro observations65. XAF1 directly activates caspasedependent apoptosis in conjunction with TNF-α.154, 155 Surprisingly, there was no significant
change in the immunoreactivity of XAF1 in the retinal tissue sections. Such mismatch between
XAF1 mRNA and protein was previously reported in other tissues.156 We suspect that antiapoptotic processes might have interfered with the synthesis of XAF1 protein. Absence of
significant p53 or TUNEL immunoreactivity and preservation of retinal thickness in Aβ-injected
eyes strongly suggest that cell death is not a feature of the present study. This is in contrast to
intravitreal Aβ1-42-induced retinal neuron degeneration in AD models.127, 128 The difference is
likely due to the inherently-greater neurotoxicity of Aβ1-42 compared to Aβ1-40.122 On the other
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hand, existing animal models of AMD capture many features of late disease: Malek et al.157
demonstrated drusen-like deposits, RPE changes and CNV in the apoE4-HFC diet mouse model.
Both Ccl2/Cx3cr1 double knockout mouse model and Ccl2- or Ccr2- knockout mouse model
produced subretinal deposits and RPE/photoreceptor atrophy158-160. However, these models do
not directly or independently rely on a local, pro-inflammatory retinal environment thought to be
present in pre-symptomatic AMD. Using intravitreal Aβ1-40 injection, we induced a proinflammatory response in the healthy retina without causing cell loss. This model creates the
opportunity to study how inflammatory cytokines affect the homeostasis of the outer retina and
to evaluate the effectiveness of interventions that control the pro-inflammatory environment,
hypothesized to be one of the earliest changes associated with the etiology of AMD.

3.5

Conclusion

This chapter’s study verified the pro-inflammatory effects of drusen component Aβ1-40 in vivo in
the rat retina. Cytokine genes including IL-6, TNF-α, IL-1β, and IL-18 are upregulated by the
RPE and neuroretina after Aβ stimulation. The activation of NLRP3 inflammasome may play a
central part in mediating this response and is thus a potential novel target for AMD treatment.
Aβ1-40 is likely to be an important contributor to AMD by promoting the release of cytokines and
establishing a background level of chronic, local inflammation that promotes dysfunction of cells
of outer retina including the RPE. The absence of retinal cell apoptosis in this model makes it
suitable for studying the early pro-inflammatory events that may prime the retina towards AMD
development. Our results are useful for future studies that require an in vivo platform for testing
therapeutics that target and suppress inflammasome activation and cytokine production in the
retina. Current literature on the use of anti-inflammatory agents in AMD derives from studies
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that focus on late stages of the disease,161 however our study prompts a closer look at the
possible benefit of such approach in early AMD with the goal to minimize disease progression
and prevent vision loss.
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Chapter 4: Vinpocetine inhibits amyloid beta induced activation of NF-kB,
NLRP3 inflammasome and cytokine production in retinal pigment epithelial
cells

4.1

Introduction

AMD is a leading cause of visual impairment among the elderly in developed countries.13
Advanced AMD accounts for the majority of vision loss and manifests as CNV (wet form) or
GA (dry form). Chronic, subclinical inflammation in the outer retina is thought to promote AMD
pathogenesis long before symptom onset.20, 117 Extracellular deposits beneath the RPE, known as
drusen, are hallmarks of AMD and contain protein and lipid components capable of stimulating
inflammation.117, 139 Aβ, a peptide found in senile plaques in the brain in AD, is a constituent of
drusen and is believed to contribute to the inflammatory state in the outer retina.50, 51

Aβ is a physiologic peptide that exists in two forms: the 1-42 form is associated with AD plaques
while the 1-40 form is more prevalent in the eye and drusen.52, 104 Aβ1-40 activates
inflammatory/immune response pathways but not acute toxicity in RPE cells, in keeping with the
insidious onset of AMD.65 More recently, the pro-inflammatory effect of Aβ1-40 was verified in
vivo using an intravitreal injection model that demonstrated upregulation of NLRP3
inflammasome associated products (IL-1β, IL-18), cytokines (IL-6, TNF-α), and increased
microglia activation.113 The NLRP3 inflammasome is an intracellular multi-protein complex that
recruits and cleaves caspase-1 when activated; this inflammasome complex with activated
caspase-1 in turn cleaves IL-1β and IL-18 pro-peptides into their mature forms.36, 123, 133 A host
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of diverse molecules have been identified as activation signals, including PAMPs (e.g. poreforming toxins), DAMPs (e.g. ATP, crystals), and other proteins such as Aβ.38, 162, 163 Aβ is being
investigated as a potential target for dry AMD,164 however, concomitant suppression of
inflammation, specifically the inflammasome, may be a novel approach in attenuating the
stimulus that underlies the early development of AMD and preventing its progression to visionthreatening late stages.

Vinpocetine is a modified vinca alkaloid extracted from the periwinkle plant, widely used as
dietary supplement in Europe and Asia for cognitive impairment and cerebrovascular
diseases.165, 166 Recent evidence demonstrates that it possesses an anti-inflammatory property via
the suppression of NF-κB activation in a variety of cell types.167 Compared to traditional steroids
and non-steroidal anti-inflammatory drugs (NSAIDs), vinpocetine has no known significant side
effects, thus making it an attractive alternate anti-inflammatory agent for long term use. The role
of NF-κB in ocular tissue has not been studied in the context of AMD, but it is believed that NFκB pathways supply the necessary signals to prime the NLRP3 inflammasome complex for
activation as well as the production of pro-peptides that are substrates for the inflammasome. 33,
168

As a potent pro-inflammatory transcription factor, NF-κB is classically activated in response

to cellular insult by TNF-α169 via intermediate kinases and in turn, regulates the expression of
cytokines including TNF-α.170 TNF-α is upregulated by the RPE and retina in the presence of
Aβ113 and is capable of causing damage to photoreceptor cells.124 Therefore, further investigation
into the effect of NF-κB inhibition on the expression of inflammatory mediators is essential
towards a better understanding of AMD pathogenesis and therapy.
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We aimed to characterize the response of NF-κB to Aβ stimulation in the eye and examine the
effect of vinpocetine on NLRP3 inflammasome activation and pro-inflammatory cytokine
expression. We focused on the RPE cells in particular because they are the key homeostatic
regulator in the outer retina and their dysfunction is hypothesized to be one of the first steps in
the development of AMD. Targeting the NF-κB pathways may suppress early events associated
with inflammasome activation, and provide an avenue for future treatment strategies for chronic
inflammatory retinal diseases such as AMD.

4.2

4.2.1

Methods

Peptide and vinpocetine preparation

Aβ1-40 oligomeric peptide (American Peptide, Sunnyvale CA) was prepared according to
previously described methods171 and stored in 1.4 μg/μL aliquots. Vinpocetine was purchased
from AK Scientific Inc (Union City, CA). Vinpocetine was dissolved in dimethyl sulfoxide
(DMSO) as vehicle at a stock concentration of 5 mg/ml and diluted to the desired concentration
based on published figures for in vitro172 and in vivo activity.167

4.2.2

Establishment of ARPE-19/NF-κB-luciferase reporter cell line

To measure NF-κB activation, an NF-κB specific reporter expression plasmid was constructed:
the NF-κB specific promoter was composed of six tandem NF-κB consensus binding sites and a
minimal CMV promoter fragment. Following the NF-κB specific promoter is a luciferase
reporter gene. The entire NF-κB reporter unit was cloned into a eukaryotic expression vector
pcDNA3.1(+). ARPE-19 cells (ATCC® CRL-2302TM) at passage 4 were seeded in a 6-well plate
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and cultured for 24 h. At the time of transfection, cell confluence was approximately 80%. The
ARPE-19 cells were transfected by 2 μg of NF-κB-luciferase expression plasmid using 4 μL of
FuGene HD transfection reagent (Roche Applied Science, Indianapolis IN). The transfected cells
were subcultured in diluted cell concentration and selected by G418 (1 mg/mL) in culture
medium for four weeks. The monoclonal stable reporter cells resistant to G418 selection were
expanded and tested for the response to recombinant human TNF-α (rhTNF-α) stimulation. The
monoclonal stable cells with the best response to rhTNF-α stimulation were used for subsequent
experiments.

4.2.3

In vitro evaluation of NF-κB activation and the effect of vinpocetine

To verify the inhibitory effect of vinpocetine on NF-κB in ocular cell type, we compared
vinpocetine to BAY11-7082, a classic inhibitor of NF-κB.173 ARPE-19/ NF-κB reporter cells
were seeded in a 24-well plate and cultured overnight. The reporter cells were washed twice with
PBS and pretreated with vinpocetine (50 μM) or BAY11-7082 (10 μM) in Dulbecco’s modified
essential medium (DMEM)/F12 without serum at 37°C in 5% CO2 for 1 h, followed by addition
of the known NF-κB stimulus TNF-α (2.5 ng/mL) into the medium above and cultured for 8 h.

To assess the effect of vinpocetine on RPE’s response to Aβ, three treatments were prepared:
Aβ1-40 (1 μM) containing 2.5% DMSO, vinpocetine (50 μM) containing 2.5% DMSO, and 1 μM
Aβ1-40 combined with 50 μM vinpocetine containing 2.5% DMSO. 2.5% DMSO served as
vehicle control. All treatments were prepared in DMEM/F12 medium without serum. Reporter
cells were incubated with each treatment at 37ºC in 5% CO2 for 8 h. The transcriptional level of
the luciferase-NF-κB tandem protein is a sensitive surrogate indicator of NF-κB activation
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state,174, 175 therefore NF-κB activation was quantified by luciferase mRNA level via RT-PCR.
Total RNA was isolated from tissue using RNAqueous-4PCR kit (Ambion, Austin TX) and
reverse transcribed into cDNA using the High Capacity RNA-to-cDNA Master Mix (Invitrogen,
Carlsbad CA). 130 ng total RNA from each treatment group was used with the following
luciferase primers: forward: TCACAGAATCGTCGTATGC; reverse:
CGTGATGGAATGGAACAAC. RT-PCR was carried out on the 7500Fast SDS (Applied
Biosystems, Carlsbad CA) with the following cycling conditions: 95ºC for 30 s, 50ºC for 30 s,
72ºC for 45 s, 40 cycles. Melting curve analysis was automatically performed immediately after
amplification. Each treatment group was compared to vehicle control and the results were
expressed in mRNA fold change normalized to the housekeeping gene GAPDH, using the 2-ΔΔCT
method.

4.2.4

Animal treatment studies

Animal procedures were carried out according to the protocol reviewed and approved by the
University of British Columbia Animal Care Committee and conformed to the Canadian Council
on Animal Care guidelines. All animal studies were performed in accordance with the Resolution
on the Use of Animals in Research of the Association of Research in Vision and Ophthalmology.
Five and half month-old female Long-Evans rats (Charles River Laboratory, Wilmington MA)
weighing an average of 450 g were used. Animals were raised on standard rodent diet and
housed with environmental enrichment in 12 h light/dark cycle. Anesthesia was induced with 5%
halothane in 70/30 mixtures of N2O and oxygen, and maintained with 1.5% halothane throughout
surgical procedures. On Day 0, a single intraocular injection of Aβ1-40 (7 μg) was performed on
all animals according to described procedures.113 Treatment group received vinpocetine
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containing 100% DMSO (N=13) at a dosage of 15 mg/kg body weight, and control group
received the same converted volume of 100% DMSO (N=13), as intraperitoneal (IP) injection 1
h prior to the intraocular injections, and then repeated daily for three subsequent days. Animals
were sacrificed on Day 4 and eyes were immediately enucleated and frozen (for western blot and
vitreous analysis) or fixed in 4% paraformaldehyde in DPBS (Invitrogen, Carlsbad CA) for 4872 h prior to tissue processing for immunohistochemistry.

4.2.5

Immunohistochemistry

Fixed eye tissues were embedded in paraffin, oriented in the sagittal plane and cut at 4 μm
thickness through the axis defined by the pupil and the optic nerve per established protocol.100
Antibodies against NF-κB p65 subunit, IL-1β, IL-18, TNF-α, NLRP3, and caspase-1 were used
to stain the paraffin sections. Antibody dilution and specifications are listed in Table 4-1.
Sections were deparaffinized and rehydrated by standard procedures. All sections underwent
antigen retrieval in proteinase K solution (20 μg/ml, pH 8.0; Sigma Aldrich, St. Louis, MO) for
10 min at RT except for NF-κB. NF-κB sections underwent antigen retrieval in 10mM sodium
citrate buffer and microwave heating for 20 min at high power (800W). Sections were then
washed 3 times in PBS (pH 7.4), treated with 0.3% H2O2 for 15 min, and blocked for 20 min
with 3% normal serum diluted in 0.3% Triton-X (TX)-100-PBS solution to minimize nonspecific staining. Tissue sections were then incubated in specific primary antibodies diluted in
serum and PBS with 0.3% TX-100 for 1 h at RT and then overnight at 4°C. Negative controls
were obtained by treating the sections with a non-reactive IgG isotype at the same concentration
in place of the primary antibody incubation. After incubation in the primary antibodies, sections
were thoroughly washed and incubated in secondary antibodies for 30 min at RT and rinsed 3
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times in PBS, followed by incubation in ABC solution (Vector Laboratories) according to the
manufacturer’s protocol. Next, sections were developed in Vector ® VIP or AEC (Vector
Laboratories) chromogenic reactions for 2-5 min. Sections developed in VIP (purple labeling)
were counterstained with Methyl Green (Vector Laboratories) for 1 min at RT then rinsed,
dehydrated and coverslipped with Permount (Thermo Fisher Scientific, Waltham, MA) for light
microscopy. Sections developed in AEC (red labeling) were counterstained with Mayer’s
Hematoxylin (Sigma Aldrich, St. Louis, MO) for 1 min at RT and then rinsed and coverslipped
with aqueous mounting medium VectaMount (Vector Laboratories).

Sections from each animal in the two groups (Aβ + vehicle and Aβ + vinpocetine, N=5 per
group) were processed at the same time to allow direct comparisons of chromogenic intensity.
Four sections were examined per animal for each antibody in a masked fashion. Within each
section, an intact, 1500 μm linear strip of retina centered on the optic nerve was evaluated with a
×40 objective lens (Eclipse 80i; Nikon, Tokyo, Japan). As NF-κB translocates to the nucleus
when the NF-κB pathway is activated, we counted immunoreactive NF-κB nuclei in the RPE
layer. Both positively labeled nuclei and non-labeled nuclei were counted in each 1500 μm field,
and mean percentages of labeled nuclei (compared to total nuclei) were obtained.

Semi-quantitative analysis for caspase-1, NLRP3, IL-18, IL-1β and TNF-α was carried out in a
masked manner. Within each 1500 μm field, the RPE, BM, and choroid were analyzed.
Immunostaining intensity was scored from 0 to 3. A score of 0 indicates no detectable staining
above background as determined by comparison with the negative control sections. The most
intense immunoreactivity was classified as a score of 3. For intermediate intensity levels, a score
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of 1 was given to samples with the weakest immunolabeling, while a score of 2 represented
intermediate immunolabeling. Examples of semi-quantitative scoring are shown on Figures 4-2,
4-3. The mean semi-quantitative score of Αβ + vinpocetine was normalized to that obtained from
Aβ + vehicle, which was set at 100% (Figure 4-2, 4-3).

4.2.6

Western blot

Western blot was employed to further distinguish the proportion of active and inactive caspase-1
in the treatment groups. Vehicle and vinpocetine treated rat retina-RPE-choroid tissues were
isolated microsurgically and immersed in 200 μL of ice-cold RIPA buffer (Thermo Scientific,
Rockford IL) containing protease inhibitor cocktail (Roche Diagnostics, Indianapolis IN). The
tissues were completely homogenized using rotor-stator homogenizer and supernatant was
obtained by centrifugation at 14,800 g for 10 min at 4°C. Total protein concentration was
quantitated using BCA Protein Assay kit (Thermo Scientific, Rockford IL). Protein samples were
treated in reducing conditions (2x SDS loading buffer with 2% β-mercaptoethanol) and boiled at
100°C for 5 min. The treated samples were directly subjected to 5-12.5% SDS-PAGE. 50 μg of
total protein was loaded in each lane. N=5 for SDS-PAGE from each group. The gel was
transferred to a PVDF membrane and the membrane was blocked in blocking buffer (PBS
containing 5% skim milk and 0.2% Tween-20) at RT for 1 h. The membrane was then incubated
in blocking buffer containing 1:1,000 diluted primary mouse antibody against caspase-1 (R&D
Systems, Minneapolis MN) at 4°C for overnight. Finally, the membrane was incubated in
blocking buffer containing 1:1,000 diluted secondary anti-mouse antibody conjugated with HRP
(R&D systems, Minneapolis MN) at RT for 2 h. Standard enhanced chemiluminescence (ECL)
method (Thermo Scientific, Rockford IL) was used to detect the intensity of full length (45 kD)
79

and cleaved (20 kD) caspase-1 protein bands from vehicle and vinpocetine treated samples. For
the purpose of GAPDH detection as loading control, the same membrane from the caspase-1
study was stripped in stripping buffer (Tris-HCl, pH 6.8: 1 mM, SDS: 1%, β-mercaptoethanol:
1%) at RT for overnight. The above blotting method was repeated with a 1:10,000 diluted
primary mouse antibody against GAPDH (EMD Millipore, Billerica MA). The intensity of
cleaved caspase 1 (20 kD) and GAPDH (36 kD) protein bands was measured using ImageJ (NIH,
Bethesda MD). The final relative intensity of cleaved caspase-1 was normalized with respect to
the corresponding GAPDH intensity.
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Table 4-1 List of primary antibodies used in Chapter 4.
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4.2.7

Suspension array assay

An ELISA-based cytokine assay was carried out using the Bio-Plex 200 System (Bio-Rad
Laboratories). As part of the in vivo experiment, rat vitreous was collected during dissection and
aliquoted (N=8). Samples, standards and blanks were prepared according to manufacturer’s
instructions. Signals were generated using biotinylated detection antibody and SAPE. Raw MFI
data was captured and analyzed using Bio-Plex Manager software 4.1 (Bio-Rad Laboratories),
under a standard high photomultiplier tube setting. Vitreous cytokine concentrations were
determined in pg/mL. Normalized fold change was calculated as a ratio of cytokine
concentrations in the Aβ+vinpocetine group over Aβ + vehicle group. The negative reciprocal of
this result is plotted, i.e. fold change less than -1 indicates higher cytokine concentration in the
vehicle group than vinpocetine group.

4.2.8

Statistical analyses

For the in vitro NF-κB activation study, comparisons were made between vehicle control and the
vinpocetine treatment groups, respectively. In addition, the Aβ only group was compared to Aβ +
vinpocetine group. Similarly, the TNF-α only group was compared to TNF-α+BAY and TNF-α +
vinpocetine groups. Statistical analysis of results of RT-PCR studies was performed using onetailed Student’s t-test (GraphPad Software) and significance level at p ≤ 0.05.

Statistical analysis for semi-quantitative data from IL-1β, IL-18, TNF-α, NLRP3, and caspase-1
immunohistochemistry in the in vivo studies was undertaken using the non-parametric MannWhitney U test, with significance set at p ≤ 0.05 (GraphPad Software). The statistical analysis
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for NF-κB p65 subunit was performed on the cell counts of positively labeled relative to
unlabeled nuclei in the RPE layer. Student’s t-test was used to determine the significance, which
was set at p ≤ 0.05.

Western blot data of full length and cleaved forms of caspase-1 were analyzed by first
normalizing the 20 kD band intensity to that of the GAPDH band, and then comparing between
Aβ + vehicle and Aβ + vinpocetine groups. Mann-Whitney U test was used to determine the
statistical significance, which was set at p ≤ 0.05.

Suspension array data was obtained via the Bio-Plex Manager software 4.1 (Bio-Rad
Laboratories). The cytokine concentration in the Aβ + vinpocetine group was compared to that of
the Aβ + vehicle group and a Mann-Whitney U test was used to determine the statistical
significance, with p ≤ 0.05 considered significant.

4.3

4.3.1

Results

NF-κB activation is induced by Aβ and suppressed by vinpocetine in vitro

The mechanism of NF-κB inhibition by vinpocetine has been examined in blood and epithelial
cell types167 but not in an ocular cell type. To investigate NF-κB activation, we transfected
ARPE-19 with an NF-κB-luciferase plasmid, selected and established a reporter cell line. When
challenged by TNF-α, a known stimulator of NF-κB, ARPE-19/NF-κB reporter cells
demonstrated a robust NF-κB response (Figure 4-1A), consistent with the nature of RPE as an
active cell with pro-inflammatory capabilities. Vinpocetine markedly suppressed this response,
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as did BAY11-7082, a classic NF-κB inhibitor (Figure 4-1A), suggesting that ARPE-19 is
susceptible to vinpocetine, and vinpocetine is as effective as BAY11-7082.

Given that NF-κB is readily activated in ARPE-19 cells, we next investigated whether NF-κB is
involved in Aβ-mediated inflammatory pathway. ARPE-19/NF-κB reporter cells treated with 1
μM Aβ showed a 1.92 ± 0.25 fold increase (mean ± SD, p<0.01) in NF-κB activation (Figure 41A) compared to DMSO control group. In contrast, the group treated with both Aβ and
vinpocetine showed significantly reduced NF-κB activation relative to the Aβ-alone group (0.91
± 0.21 fold, p<0.05), to a level comparable to that of the control group. Treatment of RPE cells
with 50 μM vinpocetine without Aβ decreased the level of NF-κB activation below control (0.49
± 0.05 fold, p<0.01) (Figure 4-1A). This likely reflects the inhibition of constitutive NF-κB
activation that is present in ARPE-19/NF-κB reporter cells.

4.3.2

NF-κB activation is induced by Aβ and suppressed by vinpocetine in vivo

Next, we followed up the cell culture study by assessing the activation of NF-κB in vivo using
rats that received intraocular Aβ and IP injection of either vinpocetine or vehicle. Intraocular
injection has been shown to effectively deliver Aβ peptide to the outer retina and RPE in earlier
studies without the confounding effect of mechanical disturbances to the RPE layer due to
subretinal delivery.113 Parenteral route for vinpocetine administration was chosen due to its good
blood-brain (and hence blood-ocular) penetration, and poor oral bioavailability.176 Using a
primary antibody against the phosphorylated p65 subunit of NF-κB, we probed the RPE layer in
retinal cross section. NF-κB is sequestered in the cytoplasm in the inactive state and translocates
into the nucleus when activated by phosphorylation. The nuclear presence of the p65 subunit
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therefore is an indicator of NF-κB activation. The control group receiving intravitreal Aβ and a
vehicle IP injection (Aβ + vehicle) demonstrated intense NF-κB labeling within the RPE nucleus
(arrows, Figure 4-1B, left bottom). In contrast, the treatment group that received intravitreal Aβ
and a vinpocetine IP injection (Aβ + vinpo) showed a predominance of nuclei without
intranuclear NF-κB immunolabeling (Figure 4-1B, left top). The absence of nuclear translocation
indicates a lack of NF-κB activation in the RPE in the vinpocetine treated animals. Quantitative
analysis revealed that vinpocetine treatment reduced the number of NF-κB positive RPE nuclei
by 50% (Figure 4-1B, right). Similar effects of vinpocetine treatment have been noted in
microglia,177 vascular smooth muscle cells, umbilical vein endothelial cells and lung epithelial
cells.167
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Figure 4-1 NF-κB activation is stimulated by Aβ and inhibited by vinpocetine in the RPE.
(A) ARPE-19/NF-κB-luciferase reporter cells were first challenged with TNF-α to determine NF-κB activation in
this cell type, and if this response is susceptible to inhibition. Data are presented as mRNA fold change normalized
to control conditions. TNF-α (2.5 ng/mL) stimulation resulted in a 7-fold increase in NF-κB activation in ARPE-19
reporter cells. An established NF-κB inhibitor, BAY11-7082 (10 mM), suppressed NF-kB activation by more than 3
fold. Vinpocetine (50 mM) also inhibited TNF-α-induced NF-κB activation by more than 3 fold. Stimulation with
Aβ (1 mM) resulted in a nearly-2 fold increase in NF-κB activation and co-treatment with vinpocetine (50 mM)
diminished this NF-κB activation. Treatment with vinpocetine alone reduced NF-κB activation level to less than that
of control. Data are represented as the mean and error bars denote standard deviation (SD). Statistical analysis was
performed using a one-tailed Student's t-test, *p < 0.05, **p < 0.01 (N = 3). (B) Adult rats received an intravitreal
injection of 5 μL at 1.4 μg/μL Aβ 1-40 (oligomeric form) and an intraperitoneal injection of either vinpocetine (15
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mg/kg) or vehicle (2.5% DMSO). Immunohistochemistry was used to highlight NF-κB labeling intensity and
nuclear translocation of NF-κB in the RPE. The Aβ + vehicle group demonstrated intense red AEC labeling of NFκB concentrated in the RPE nucleus (arrows), while Aβ + vinpo group displays minimal NF-κB immunoreactivity.
Tissue sections were counterstained with hematoxylin resulting in blue nuclei, and the combination of blue
counterstain with red AEC chromogen results in purple nuclei signifying activated NF-κB in the Aβ + vehicle retina.
Note that Aβ + vinpo retina illustrated blue (not purple) nuclei, identifying lack of nuclear translocation of NF-κB.
Scale bar: 10 μm. Total number of RPE nuclei and NF-κB immunopositive nuclei were counted in 4 retinal cross
sections per animal (N = 5 per group). Histogram represents the mean and error bars denote standard error of mean
(SEM). Statistical analysis was performed using Mann-Whitney U test, *p < 0.05, **p < 0.01.

4.3.3

Vinpocetine reduced the expression of NLRP3-related genes and pro-inflammatory

cytokines in vivo
The NLRP3 inflammasome is a critical cellular apparatus for the detection of noxious stimuli,
including Aβ, and the subsequent production of mature pro-inflammatory cytokines to defend
against cellular insults.123, 162 NF-κB has been proposed as a prerequisite priming mechanism for
inflammasome activation.33, 168 Based on the premise that NLRP3 inflammasome activation
relies on NF-κB, we evaluated whether vinpocetine can inhibit inflammasome and its ability to
produce cytokines.

We first assessed for the expression of cytosolic protein caspase-1 in retinal tissues. Caspase-1 is
synthesized as a pro-peptide and must be cleaved in the inflammasome complex to become the
active species. Analysis of retinal sections in the Aβ + vinpo group revealed that vinpocetine
reduced total caspase-1 immunoreactivity (both cleaved and full length caspase-1) by more than
50% in the RPE (Figure 4-2A). We next examined NLRP3 protein within RPE cytoplasm.
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Following vinpocetine treatment, there was a dramatic decrease of 80% in NLRP3
immunolabeling intensity compared to vehicle treatment (Figure 4-2B, left). Inspection of the
RPE layer revealed relatively weak immunoreactivity in the Aβ + vinpo group compared to the
conspicuous cytoplasmic labeling of NLRP3 in the Aβ + vehicle group (Figure 4-2B, right).

IL-18 and IL-1β are end products of NLRP3 inflammasome activation and are secreted by the
RPE. BM and the choroid were included in the analysis of secreted cytokines given their close
proximity to the RPE and role in progressive AMD changes. IL-18 immunoreactivity in the Aβ +
vinpo group was greatly reduced in the RPE, choroid, and BM (Figure 4-2C, left).
Immunohistological sections of the Aβ + vehicle group showed prominent IL-18 labeling
intracellularly in the RPE and in the choroidal cells and in BM (Figure 4-2C). The
immunolabeling pattern of IL-1β closely mirrored that of IL-18; vinpocetine treatment
significantly decreased immunohistochemical levels of IL-1β in the RPE and choroid (Figure 42D). Lower level of these cytokines within the cellular cytoplasm and in the extracellular matrix
suggests suppression of both the pro-peptides and the secreted mature protein products in
animals treated with vinpocetine.
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Figure 4-2 Vinpocetine reduced the expression of NLRP3-related components and pro-inflammatory cytokine
products in vivo.
(A) Immunoreactivity of total caspase-1 (pro-peptide and cleaved forms) is reduced by vinpocetine in the RPE of
Aβ-treated animals (Aβ + vinpo), compared to the vehicle group (Aβ + vehicle). The semi-quantitative
immunoreactivity score in Aβ + vinpo rats was normalized to that obtained from the Aβ + vehicle group which was
set at 100% in all graphs. (B) Vinpocetine suppressed the amount of NLRP3 protein in the RPE of Aβ-treated
animals compared to the vehicle group. Representative pictures from Aβ + vinpo rats and Aβ + vehicle rats are
shown (right). Positive immunoreactivity of RPE (arrows) is purple due to VIP chromogen. Nuclei appear green due
to counterstaining with Methyl Green. Representative semi-quantitative scoring is shown in the lower right corner of
the micrograph (white) and indicates immunoreactivity intensity, from 1 (weakest) to 3 (most intense). (C)
Vinpocetine caused a 60-80% decrease in IL-18 level in the outer retina (RPE, BM and choroid) compared to the
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vehicle group. Representative micrographs reveal prominent IL-18 immunoreactivity within the RPE (purple,
arrows) in Aβ + vehicle animals. In contrast, the cross section from Aβ + vinpo animals exhibited minimal IL-18
immunoreactivity. (D) The immunoreactivity of IL-1b in the RPE and choroid was suppressed by vinpocetine in
Aβ-injected eyes. Scale bar: 10 μm. Immunoreactivity was scored in 4 retinal cross sections per animal (N = 5 per
group). Histogram represents mean and SEM. Statistical analysis was performed using a Mann-Whitney U test, *p <
0.05, **p < 0.01.

4.3.4

Vinpocetine decreased TNF-α expression

The NLRP3 inflammasome is one of many pro-inflammatory pathways regulated by NF-κB. In
vivo stimulation of RPE with Aβ also provoked increased expression of TNF-α, a powerful
cytokine associated with NF-κB signaling170 but not dependent on inflammasome processes.
TNF-α has important ocular effects, thus we assessed the effect of vinpocetine on Aβ-induced
TNF-α expression. Immunohistochemistry results demonstrated that vinpocetine significantly
inhibited the production of TNF-α to less than 50% of the vehicle control level in the RPE,
choroid and BM (Figure 4-3A). Immunohistochemistry demonstrated intense TNF-α labeling in
the RPE cytoplasm, the cytoplasm of choroidal cells and in the extracellular matrix including
BM (Figure 4-3C). Sections from the vinpocetine treatment group demonstrated significantly
less TNF-α immunoreactivity in the outer retinal layers (Figure 4-3B). This observation supports
the inhibitory effect of vinpocetine on non-inflammasome associated NF-κB pathways, in
keeping with its putative mechanism of action.
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Figure 4-3 Vinpocetine decreased non-inflammasome-related cytokine TNF-α expression.
(A) Vinpocetine significantly reduced the immunoreactivity of TNF-α in the RPE, choroid (CH) and Bruch's
membrane (BM) by approximately 60%. (B, C) Representative micrographs from Aβ + vinpo rats and Aβ + vehicle
rats are displayed. The positive immunoreactivity is shown in purple due to the VIP chromogen. The nuclei appear
green due to the counterstaining with Methyl Green. Representative semi-quantitative scoring is shown in the lower
right corner of the micrographs (white) and indicates immunoreactivity intensity, with “0” indicating background
levels (observed in control cross sections in which the primary antibody was replace with a non-specific IgG), and
“3” indicating the highest immunoreactivity intensity level. Intense TNF-α labeling was seen in the RPE cytoplasm,
the cytoplasm of choroidal cells and in the extracellular matrix including BM from Aβ + vehicle animals (C), while
the immunoreactivity in Aβ + vinpo eye demonstrated significantly less TNF-α immunoreactivity in the outer retinal
layers (B). Scale bar: 10 μm. Immunoreactivity was scored in 4 retinal cross sections per animal (N = 5 per group).
Histogram represents the mean and SEM. Statistical analysis was performed using a Mann-Whitney U test, *p <
0.05, **p < 0.01.
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4.3.5

Western blot verifies suppression of caspase-1 activation

Quantitative analysis of NF-κB translocation to the RPE nucleus and the semi-quantitative
analysis of cytokines in immunohistochemical studies point to a strong inhibitory effect of
vinpocetine on NF-κB and its downstream pathways in the outer retina. However, because retinal
immunohistochemistry could not distinguish between the pro- and cleaved forms of caspase-1, it
was not clear if inflammasome activation was suppressed by vinpocetine treatment. To further
study this, western blot was performed on cell lysates from retinal tissues obtained from Aβ +
vinpo and Aβ + vehicle treated rats. Cleaved caspase-1 bands (20 kD) were significantly reduced
in the vinpocetine treatment group, indicating suppression of inflammasome activation (Figure 44A). Normalizing the 20 kD band luminescence to the housekeeping gene GADPH eliminates
potential difference in amount of total protein loaded. The cleaved caspase-1 protein is
dramatically diminished by 86% compared to the vehicle treated group (p<0.05, Figure 4-4B).

Figure 4-4 Western blot of caspase-1 shows a significant reduction in the cleaved portion of the peptide in the
vinpocetine-treated group.
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(A) Protein lysate (including neuroretina, RPE and choroid) from Aβ + vehicle group shows intense bands at 45 kD
and 20 kD, corresponding to the uncleaved (pro-peptide) and cleaved (active) forms of caspase-1, respectively.
Vinpocetine markedly reduced the 20 kD band intensity consistent with a decrease in caspsase-1 activation. GAPDH
(36 kD) was used to visualize protein loading levels. (B) Standard ECL method was used to quantify the 20 kD band
luminescence normalized to that of GAPDH. The cleaved (active) caspase-1 peptide is reduced by greater than 80%
in the Aβ + vinpo group compared to the Aβ + vehicle group (N = 5 per group). Histogram represents the mean and
SEM. Statistical analysis was performed using a Mann-Whitney U test, *p < 0.05.

4.3.6

Vinpocetine led to decreased intravitreal cytokine concentration

The over-expression of pro-inflammatory cytokines generated by Aβ is not only present locally
in the outer retina but also evident in the vitreous.113 Here we measured the effect of vinpocetine
on secreted cytokines in the vitreous. The levels of cytokine in the vitreous from animals that
received Aβ and vinpocetine was compared with those that received Aβ and vehicle and the
results normalized as fold change. IL-1β (-3.00±0.15 fold) and IL-18 (-2.54±0.35 fold), mature
secreted products associated with NLRP3 inflammasome activation, were all statistically
significantly lowered in vitreous from the Aβ + vinpo group, consistent with
immunohistochemical results demonstrating a lowering of these cytokines by vinpocetine
treatment. Three other cytokines and chemokines demonstrated statistically significant and
greater than 2.0 fold reduction by vinpocetine: MIP-3α (-5.39±0.23 fold), IL-6 (-4.74±0.58 fold),
IL-1α (-4.19±0.41 fold), and TNF-α (-2.12±0.19 fold) (Figure 4-5). These cytokines represent
NF-κB activation products and chemokines that are produced by RPE, and immune cells such as
lymphocytes and microglia, and function in different arms of the immune response pathway.150,
178, 179
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Figure 4-5 Vinpocetine reduces secreted cytokines in the vitreous after Aβ injection
Vitreous from vinpocetine and vehicle-treated animals (N = 8 per group) were pooled, and assayed using an ELISA
based suspension array. Fold change was obtained by dividing the concentration of cytokine (in pg/mL) in the
vehicle group by that of the vinpocetine group; negative sign denotes a downregulation due to vinpocetine treatment.
Concentrations of secreted MIP-3α, IL-6, IL-1α, IL-1β, IL-18, and TNF-α were reduced by at least 2-fold in the Aβ
+ vinpo group. Histogram represents the mean and SEM comparisons of the Aβ + vinpo and Aβ + vehicle.
Statistical analysis was performed using a Mann-Whitney U test, *p < 0.05.

4.4

Discussion

New evidence is emerging to support the role of specific inflammatory mechanisms in response
to drusen components and how these pathways may contribute to the development of AMD.
Although the majority of disease burden from vision loss derives from the advanced forms of
AMD, it is known that drusen accumulation starts decades earlier and may promote a chronic
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state of parainflammation in the outer retina.92, 117, 180 Therefore, effective early AMD
intervention necessitates the understanding of these inflammatory events and towards the
identification of valid cellular targets. The present study focuses on a novel therapeutic agent,
vinpocetine, in an animal model of the subclinical stages of AMD, and expands on our earlier
findings by further exploring the pro-inflammatory effect of a drusen component, Aβ, on the
RPE. In this model, a single intravitreal injection of a drusen component, Aβ, results in an proinflammatory milieu and inflammasome activation in the outer retina that emulates features that
are hypothesized to exist in early AMD, without inducing features of late AMD such as cell
death (GA) or angiogenesis (CNV).113 By using an intravitreal, rather than a subretinal delivery,
unnecessary complications due to mechanical disruption of the RPE layer are avoided in this
model.

NF-κB is an important transcription factor that facilitates a wide range of cellular processes
pertaining to inflammation, immune response, cell survival and proliferation. Given that
inflammation is considered a driving force behind the development of AMD, it is logical to
consider NF-κB as a potential key mediator of pathogenesis. Indeed, our results support that Aβ,
a physiologic peptide in drusen, stimulates NF-κB activation in the RPE (Figure 4-1). NF-κB is
constitutively expressed by the RPE and is activated by diverse signals such as monocytes coculture,132 TNF-α, IL-17A,181 and Alu RNA.34 Vinpocetine was highly effective at suppressing
Aβ-induced NF-κB activation in the RPE both in vitro and in vivo. Vinpocetine (trade name
Cavinton®) is a dietary supplement widely used in Europe and Asia for prevention against stroke
and memory loss182 due to its vasoactive and neuroprotective properties. More recently it was
shown to inhibit NF-κB associated inflammatory pathway by inactivating IKK.167 IKK normally
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phosphorylates the inhibitory IκB molecule, which then releases NF-κB to enter the nucleus.
Thus, by inactivating IKK, vinpocetine in effect would keep NF-κB sequestered in the
cytoplasm. Our results demonstrated that vinpocetine inhibited NF-κB activation and nuclear
translocation in vitro and in vivo, in keeping with the aforementioned mechanism (Figure 4-1).
These results suggest that NF-κB plays an active role in the pro-inflammatory state induced by
drusen components in the outer retina and is suppressed by vinpocetine.

NLRP3 inflammasome is implicated in a growing list of conditions including sepsis, gout,
diabetes mellitus and atherosclerosis.183 Numerous studies have established a role for NLRP3
inflammasome in promoting inflammation and RPE damage in response to factors associated
with macular degeneration such as lysosomal destabilization, 32 oxidative stress,145 and Alu
RNA.36 The present study highlights drusen component Aβ as an important stimulus for
inflammasome activation in the RPE, in keeping with similar observation of Aβ’s effect in
microglia.123

Although vinpocetine is not known to directly interfere with NLRP3 inflammasome assembly or
activation, it effectually suppressed inflammasome activation and the production of cytokines in
our study (Figure 4-2), presumably in a NF-κB-dependent manner. The NLRP3 inflammasome is
tightly regulated and its activation requires two signals. 162 NF-κB is an essential priming signal
that promotes the expression of inflammasome components as well as that of the substrates IL-1β
and IL-18.33 Aβ oligomers and other misfolded proteins can serve as the second, activating signal
that triggers inflammasome assembly.162 By preventing NF-κB activation, vinpocetine inhibits
the expression of downstream pathways. Our data demonstrated a decrease in the synthesis of
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NLRP3 protein, which logically should lead to less inflammasome complex assembly and the
recruitment of caspase-1. Without being incorporated into the NLRP3 complex, pro-caspase-1
cannot be cleaved and remains in its full-length form (Figure 4-4). Consequently, NLRP3
inflammasome overall is inactive and there is less IL-1β and IL-18 being secreted locally
(Figures 4-2C, D). We noted that there was no marked difference in the intensity of pro-caspase1 band on Western blot between vinpocetine and vehicle groups (Figure 4-4), which appeared to
indicate that the expression of pro-caspase-1 is not inhibited by vinpocetine.
Immunohistochemistry of caspase-1 showed significant decrease in total caspase-1 labeling, but
it is rather unlikely that cleaved peptide accounted for the entirety of the 50% difference between
vinpocetine and vehicle groups (Figure 4-2A). One explanation would be that western blot
included the retina and choroid tissue which would have contributed more pro-caspase-1 protein
to the lysate sample. Because the total cellular mass of choroid and retina is orders of magnitude
greater than that of the RPE, even a small quantity of caspase-1 protein in any individual cell
would obliterate the difference in pro-caspase-1 band intensity on western blot.

In addition to blocking inflammasome activation, vinpocetine has a suppressive effect on a
multitude of cytokines due to the central position of NF-κB in the immune-response cascade. We
determined that vinpocetine decreases the intracellular labeling (Figure 4-2) of IL-18 and IL-1β
in the RPE and secreted in the vitreous (Figure 4-5), indicating a reduction in the pro-peptides
and further disabling of the NLRP3 inflammasome pathway. NF-κB inhibition also impaired the
secretion of non-inflammasome related cytokines in the vitreous, including TNF-α (Figure 4-3),
IL-6, IL-1α, and MIP-3α (Figure 4-5). TNF-α propagates NF-κB activation and its presence in
the outer retina has been shown to facilitate photoreceptor death. 124 IL-6 is a powerful cytokine
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that mediates inflammatory response in a variety of disease states and is implicated in the
progression of AMD.131 IL-1α is a homolog of IL-1β but is cleaved by the protease calpain
instead of caspase-1,184 although more recent evidence suggests there is a partial association
between IL-1α and NLRP3 inflammasome.185 MIP-3α exerts chemotaxic effect on lymphocytes
and was highly elevated in the vitreous post-intravitreal Aβ injections in rats.113 Taken together,
these affected cytokines may act on different aspects of the inflammatory pathway in all cells of
the retina.

Among the limitations of the present study, the time course of this study did not allow us to
delineate the effect of a chronic inflammatory cytokine exposure on RPE physiology or any
potential benefit of vinpocetine long term (i.e. greater than 4 days). As such, further studies with
an expanded time frame are needed to assess the utility of vinpocetine in early AMD. While this
study demonstrated that vinpocetine inhibited Aβ-induced NF-κB activation, additional
questions remain: (1) The pathway by which Aβ activates NF-κB remains under investigation;
recent evidence suggests that receptor for advanced glycation endproduct (RAGE) and Toll-like
receptor 4 (TLR4) are involved in Aβ recognition and subsequent NF-κB signaling.186, 187 (2)
Used as the vehicle to dissolve vinpocetine in this study, DMSO has been shown previously to
have profound anti-inflammatory effects and can suppress NF-κB activation.188 To separate
vinpocetine’s anti-inflammatory effects from DMSO’s potential influence in vitro, we chose the
DMSO-treated ARPE-19/NF-κB reporter cells as the control group and compared all other
groups to it. However, in the in vivo study, comparisons were drawn between the Aβ + vehicle
(i.e. DMSO) group and the Aβ + vinpocetine group that contained the same amount of DMSO.
One limitation of this animal study design is the lack of a treatment naïve group (i.e. the Aβ
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injection only group), which could have helped evaluate DMSO’s anti-inflammatory effects in
vivo. (3) NF-κB is a non-specific transcription factor that is not only involved in chronic
inflammation related to degenerative changes but also important in acute inflammatory response
to cellular insults such as infection or injury, as well as in wound healing. Complete inhibition of
this crucial transcription factor may affect other cellular processes with unforeseen
consequences. However, given vinpocetine is presently used as a dietary supplement in Europe
and Asia,182 a clinical evaluation of these populations may provide the answer to the long term
sequelae of an NF-κB inhibitor.

4.5

Conclusion

In our earlier study, we found that the transcription factor NF-κB is implicated in RPE’s response
to Aβ by providing the priming signal for NLRP3 inflammasome activation and the synthesis of
pro-inflammatory cytokines. Systemic vinpocetine, a well-tolerated anti-inflammatory agent,
inhibited NF-kΒ activation in the RPE as well as NF-κB-dependent processes including
inflammasome activation and cytokine production. NF-κB is a key upstream regulator of the
inflammatory pathways that is not only activated by Aβ but is likely involved in the RPE’s
response to other pathological, age-related stimuli and drusen components such as
carboxyethylpyrrole (CEP) and advanced glycation endproduct (AGE). 180 NF-κB inhibition may
be a useful approach to control the chronic inflammation that is believed to drive the
degenerative processes in early AMD, but more studies are needed to ascertain other cellular
changes that may be affected by long-term inhibition of this important transcription factor.
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Chapter 5: Evidence for the activation of pyroptotic and apoptotic pathways
in RPE cells associated with NLRP3 inflammasome in the rodent eye

5.1

Introduction

Age-related macular degeneration (AMD) is a neurodegenerative disease that strikes the macula,
causing irreversible blindness to people over the age of 50 in industrialized countries. The global
prevalence of AMD has created a substantial economic and social burden with a projected
estimate of 196 million people living with AMD in 2020.189 Clearly, better eye-care strategies
need to be designed to provide health care services to those in need. Clinically, AMD can be
predicted by a severity scale that is a function of drusen deposition and pigment abnormalities.190
The accumulation of drusen both in size and in number has become a hallmark of AMD
progression. As it progresses, AMD transitions from early benign stages into advanced visionthreatening stages, presenting with either choroidal neovascularization (CNV, wet form) and/or
geographic atrophy (GA, dry form). Although CNV is the severe subtype of the advanced AMD,
it is clinically managed using the anti-vascular endothelial growth factor (VEGF) therapy.191
However, there is no effective treatment to slow down the more prevalent dry form, which
makes up approximately 90% of all AMD cases. Retinal pigment epithelium (RPE) cell death
and secondary photoreceptor degeneration are two signature changes that lead to central vision
loss in GA, the advanced stage of dry AMD. Hence, it is paramount to understand the
fundamental mechanisms underlying these devastating impacts to the retina, especially the ones
that undermine RPE health.
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Despite the lack of consensus on the exact cell death pathway(s) involved, there have been three
candidate cell death mechanisms proposed to underlie RPE atrophy in GA, including necrosis,
apoptosis, and pyroptosis.36, 69, 70 Necrosis is a classic form of RPE cell death in GA, which was
reported in earlier clinical-pathological studies by Sarks et al.,69 and also in basic research
projects with ultrastructural and histochemical data.117 Apoptotic RPE cell death, on the other
hand, has gained substantial support from the literature in recent years. Using postmortem human
eyes, Kaneko and colleagues identified the activation of caspase-3 in the RPE layer of GA eyes,
but not in normal control eyes.70 Moreover, Dunaief et al. demonstrated statistically significant
differences in the number of terminal deoxynucleotidyl transferase dUTP nick end-labeling
(TUNEL) positive retinal cells in postmortem retinas with AMD, compared to normal
controls.154 The third proposed mechanism of RPE death is pyroptosis, which is an inflammatory
form of programmed cell death.192 The cornerstone of pyroptosis is the activation of an
intracellular multi-protein complex named the inflammasome. NLR family pyrin domain
containing 3 (NLRP3) inflammasome is the most widely studied machinery, and consists of
NLRP3, active caspase-1 and a bridging adaptor, apoptosis-associated speck-like protein
containing a carboxy-terminal CARD (ASC). For the NLRP3 inflammasome to function, it
requires sequential treatment of two types of pathological stimuli, (1) a priming signal to activate
nuclear factor kappa B (NF-κB) and upregulate the transcription of NLRP3 and interleukin (IL)1β precursor protein; (2) an activation signal to trigger the inflammasome assembly for the
production of two pro-inflammatory cytokines, IL-1β and IL-18. The relationship between
NLRP3 inflammasome and AMD pathology has been an attractive subject in the field and
current knowledge on this subject is reviewed elsewhere in detail.193 Although all three cell death
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pathways described above seems to govern RPE cell fate in GA to some extent, it is still unclear
whether these mechanisms act independently or in synergy.

Earlier work, including ours, demonstrated that components found in drusen, (e.g. amyloid beta,
complement cascade products, etc) increase in the aged retina.63, 171 Previously, we have
established a rat intraocular injection model to mimic the increasing amyloid beta (Aβ) load
associated with drusen in human eyes.113 We demonstrated that drusen component, Aβ, triggers a
short lasting pro-inflammatory response in RPE via the activation of NF-κB and NLRP3
inflammasome,65, 113 which can be specifically abolished by vinpocetine (an NF-κB inhibitor).194
Intriguingly, RPE cell loss is not a feature of the short lasting pro-inflammation associated with
the acute Aβ intravitreal model113. In the present study, we extended the duration of outer retina
pro-inflammation by making sequential Aβ injections, in order to better model the chronic proinflammatory events and associated cell death underlying the pathogenesis of the dry form of
AMD.

5.2

5.2.1

Methods

Preparation of oligomeric Aβ

The lyophilized, synthetic Aβ1–40 peptide (hereafter referred to as “Aβ”) in the HCl salt form was
purchased from American Peptide (Sunnyvale CA). We chose Aβ 1-40 peptide over its structurally
similar but more toxic, Alzheimer’s disease-specific, form of Aβ1–42 peptide based on earlier
studies that demonstrated the presence of Aβ 1–40 in drusen deposits in postmortem human
eyes.113 Oligomeric Aβ was prepared according to published protocols.195, 196 Briefly, the
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synthetic Aβ peptide was first reconstituted in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP, Sigma
Aldrich, St. Louis MO) and evaporated by speed vacuum, resulting in thin transparent Aβ
peptide film. The Aβ peptide film was then reconstituted in 100% DMSO (Sigma Aldrich) to a
concentration of 1 mM, and further diluted in pre-warmed PBS (pH 7.4) to produce the Aβ
injection solution of 323 μM, equivalent to 1.4 μg/μL. The injection solution was subsequently
incubated at 37 °C for 48 h to form the oligomeric Aβ. Confirmation of successful oligomeric Aβ
formation was achieved by western blot (WB) using our published protocols.171 Reverse Aβ40-1
peptide (hereafter referred to as “control”) served as a sequence control for Aβ and was prepared
in the same fashion. The absence of 6E10 antibody positive bands in the control solution
indicated proper preparation (Supplementary Figure 2).

5.2.2

Animals

All animal procedures were approved by the Animal Care Committee of the University of British
Columbia, conformed to the guidelines of the Canadian Council on Animal Care and in
accordance with the Resolution on the Use of Animals in Research of the Association of
Research in Vision and Ophthalmology. Efforts were made to ensure animal welfare and
minimize their pain, distress and discomfort whenever possible. Adult female Long-Evans rats at
the age of 4.5 month (Charles River, Wilmington MA) were randomly divided into two groups.
Group 1 (N = 16) comprised rats receiving intravitreal injections of Aβ (5 μL at 1.4 μg/μL as
previously published113) once every 4 days for a total of 3 injections in 8 days. Group 2 (N = 16)
rats received intravitreal injections of the control solution the same way as described for Group
1. All rats were sacrificed on the 14th day after initial injection. Eyes were immediately
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enucleated and frozen for WB, PCR and ELISA or fixed in 4% paraformaldehyde diluted in
DPBS (Invitrogen, Carlsbad CA) for 48-72 h prior to paraffin embedding.

5.2.3

Immunohistochemistry (caspase-1, IL-18, NF-κB, active caspase-3)

Paraffin-embedded rat eye tissues were processed following established protocols.113 Sections
from both the Aβ and the control groups were processed simultaneously in an effort to minimize
variability in immunoreactivity conditions (N = 3 per group). Primary antibodies recognizing
total caspase-1, IL-18, NF-κB and active caspase-3 are described in Table 5-1. Non-specific
isotype IgGs (Sigma Aldrich) matching the species of primary antibodies are used on negative
control tissue sections. For visualization, the slides were developed using the Vector® AEC
substrate kit (Vector Laboratories) and counterstained with Mayer’s Hematoxylin (Sigma
Aldrich) for the nuclei. Sections processed simultaneously were analyzed and scored so as to
avoid differences in immunolabeling due to conditions such as temperature, stock of antibody,
etc. Caspase-1, IL-18 and active caspase-3 immunoreactivity was scored in a masked fashion and
semi-quantitatively based on a 0-3 point scale. A score of 0 indicates no detectable staining
above the background level as compared to the negative control sections, whereas a score of 1, 2,
or 3 suggests weak, intermediate, and robust intensity of the immunoreactivity, respectively. The
immunoreactivity scores of caspase-1, IL-18 and active caspase-3 were averaged and normalized
to the control group.

To detect NF-κB translocalization, an antibody recognizing the phosphorylated Ser 276 locus on
NF-κB p65 subunit was used (Table 5-1). Immunoreactivity was measured quantitatively, in a
masked fashion, using a ×60 objective lens and ×10 eyepieces. Positive RPE nuclei were
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identified as containing both the red AEC chromogen and blue hematoxylin counterstain, thus
resulting in a purple appearance distinct from the unlabeled RPE nuclei that were blue in color
due to the hematoxylin counterstain alone. The number of NF-κB positive nuclei was converted
to percentage of all RPE nuclei in the sample area, and normalized to the control group.

5.2.4

Suspension array for vitreal cytokines

An ELISA-based cytokine assay for vitreal cytokines was carried out (Bio-Plex 200 System,
Bio-Rad Laboratories). Vitreous from rat eyes in the same group (either Aβ or control) were
pooled (N = 7). Experiments were carried out following methods in our earlier publication.194

5.2.5

Western blot

To determine the level of X-linked inhibitor of apoptosis (XIAP), whole retina tissues (including
neuroretina, RPE, bruch’s membrane and choroid) from each of the two injection groups were
used (N = 5). To investigate IL-18 secretion and gasdermin D (GSDMD) cleavage, RPE-choroid
tissues from each of the two injection groups were dissected out and pooled to use (N ≥ 3).
Tissues were homogenized in ice-cold RIPA buffer (Thermo Fisher Scientific, Waltham, MA)
containing protease inhibitor cocktail (Roche Diagnostics, Indianapolis IN). Protein lysates were
run under reducing conditions and established blotting procedures were followed. Detailed
information on the primary antibodies used in western blotting can be found in Table 5-1171. As
an internal loading control, GAPDH was detected either on the stripped membrane or using
freshly thawed protein lysates (Table 5-1). The protein band intensity of XIAP (57 kDa), IL-18
(18 kDa), pro-GSDMD (53 kDa), N-GSDMD (30 kDa) and GAPDH (36 kD) was individually
measured using Image J (NIH, Bethesda MD) and converted into ratios relative to GAPDH. The
105

final relative intensity of XIAP, IL-18, pro-GSDMD, or N-GSDMD was normalized to the
control group.

Antigen
Amyloid-beta
amino acid 1-16
(Aβ1-16)
Caspase-1

Antibody
Mouse
monoclonal
anti-Aβ1-16
(clone 6E10)
Rabbit
Monoclonal

Dilution

Source

Applications

1:2,000

BioLegend,
Dedham MA

Western blot

1:300

Phosphorylated
NF-κB p65 (Ser
276)

Rabbit
polyclonal

1:75

Interleukin-18
(IL-18)

Rabbit
polyclonal

1:100
1:1000

Active caspase-3
(aCasp-3)

Rabbit
monoclonal

1:1000

X-linked
inhibitor of
apoptosis
(XIAP)

Mouse
monoclonal

1:1000

Gasdermin D
(GSDMD)

Mouse
monoclonal

1:100

GAPDH

Mouse
monoclonal

1:10,000

Abcam,
Cambridge, UK
Santa Cruz
Biotechnology,
Dallas TX
Santa Cruz
Biotechnology,
Dallas TX
Cell Signaling
Technology,
Beverly MA
BD
Transduction
Laboratories,
San Jose CA
Santa Cruz
Biotechnology,
Dallas TX
EMD Millipore,
Billerica, MA

Immunohistochemistry
Immunohistochemistry
Immunohistochemistry
Western blot
Immunohistochemistry

Western blot

Western blot
Western blot

Table 5-1 List of primary antibodies used in Chapter 5.

5.2.6

Reverse transcription PCR (RT-PCR)

Total RNA of RPE-choroid was isolated from pooled rat eye tissues (N ≥ 3) using ultRNA
Column Purification kit (Applied Biological Materials, Richmond BC, Canada). 200 ng total
RNA from each injection group was reverse transcribed into cDNA using the High-Capacity
cDNA Reverse Transcription kit (Applied Biosystems, Carlsbad CA). RT-PCR was carried out
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on the 7500 Fast Real-time PCR System (Applied Biosystems) using the following cycling
conditions: 95°C for 30 s, 50°C for 30 s, 72°C for 30 s, 40 cycles. RT-PCR primer sequences can
be found in Table 5-2. Melting curve analysis was automatically performed right after the cycles’
completion. The results were expressed as mRNA fold-change relative to the control group after
normalization to the reference gene, GAPDH, using the 2 -ΔΔCT method.

Rat Gene
X-linked inhibitor
of apoptosis
(XIAP)
Glyceraldehyde 3phosphate
dehydrogenase
(GAPDH)

Forward Primer (5’-3’)

Reverse Primer (5’-3’)

CACACAGTCTACATCTCCT

CTACAACCTGTCCAGTTCT

CTCTTGTGACAAAGTGGAC

CCATTTGATGTTAGCGGGA

Table 5-2 List of RT-PCR primer sequences used in Chapter 5 for rat tissues.

5.2.7

RPE morphological assessment

To evaluate the morphological changes of RPE cells due to induced inflammasome activity, we
developed a custom Photoshop algorithm to measure the area of a set length of RPE monolayer
based on RPE pigmentation. For each animal group, a total of 9 sections from each animal were
used for the analysis. All RPE micrographs were taken under ×60 magnification and
subsequently cropped into 12cm x 2cm rectangular areas for further processing. Next, choroidal
pigments were manually removed and the RPE-only areas were selected by applying
“fuzziness”. Then the pixel count for the cropped area was obtained. The RPE area measurement
was expressed as number of pixels. This measure was equivalent to, but more accurate than
measuring the thickness of the RPE monolayer.
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5.2.8

Statistical analyses

Data are presented as Mean ± SD. Non-parametric tests were used throughout the study except
the vitreal cytokine levels and RT-PCR were analyzed by one-tailed Student’s t-test. For the nonparametric comparisons between the two groups (Aβ vs control), one-tailed Mann-Whitney U
tests were used. All analyses were conducted with GraphPad Prism version 6 (GraphPad
Software). Statistical significance was set at p ≤ 0.05.

5.3

5.3.1

Results

Pro-inflammatory cytokine secretion in vitreous

To understand the overall inflammatory status in the rat eyes, we collected and examined the
vitreous samples using an ELISA-based cytokine profile assay. We found monocytes
chemoattractant protein 1 (MCP-1), chemokine (C-X-C motif) ligand 1 (GRO/KC), vascular
endothelial growth factor (VEGF) and macrophage inflammatory protein 3 alpha (MIP-3α) were
increased more than 50% in the Aβ injected eyes compared to those in the reverse Aβ injected
(hereafter referred to as “control”) eyes (Figure 5-1). A smaller, but significant, increase was
associated with vitreal IL-1β, a mature secreted product following NLRP3 inflammasome
activation, which led us to look at the inflammasome activity in Aβ injected rat eyes.
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Figure 5-1 Vitreal cytokine secretion following sequential intraocular injections.
An ELISA-based rat cytokine assay was used to measure the vitreal cytokines levels. Cytokines with significant
increase in the Aβ treated eyes compared to the controls were graphed. Sequential injections of Aβ led to a robust
increase in chemokines (MCP-1, MIP-3α, GRO/KC), inflammasome product (IL-1β) and growth factor (VEGF). N
= 7, Student’s t-test, *p<0.05.

5.3.2

NLRP3 inflammasome activation by multiple Aβ injections

NLRP3 inflammasome activation is achieved by a sequential stimulation of a priming signal and
an activation signal. To examine inflammasome activation in RPE, we first looked at the nuclear
translocalization of NF-κB, a signature event of NF-κB activation. Using an antibody specifically
targeting the phosphorylated p65 subunit of NF-κB, we found strong immunoreactivity in the
nuclei of RPE cells in Aβ injected eyes compared to control eyes (Figure 5-2A-C). Next, we
immunolabelled caspase-1 in the RPE layer of both Aβ-injected and control eyes, revealing that
caspase-1 immunoreactivity was enhanced by 77% compared to the control eyes (Figure 5-3A).
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Consistent with the elevation of IL-1β in the vitreous, we found the other inflammasome
activation product, IL-18, was also upregulated, showing more than 6-fold higher
immunoreactivity in the RPE layer of Aβ injected eyes (Figure 5-3B, C) and a 58% increase of
IL-18 band intensity in protein lysates from the Aβ injected eyes, compared to the control eyes
(Figure 5-3D, E).
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Figure 5-2 Activation of NF-kB pathway in retinal pigment epithelium (RPE).
(A-C) In retinal cross sections, injections of Aβ enhanced the nuclear translocalization of NF-κB phosphorylated
p65 subunit in RPE (garnet red, arrows, A), compared to the light purple RPE nuclei in the control group (arrows,
B). By counting the number of RPE nuclei with garnet red (AEC) labeling, there was a ~50% increase in the
positive RPE nuclei over the control group (C). BM, Bruch’s membrane; Ch, choroid. Scale bar: 10 μm. N = 3,
Mann-Whitney, *p<0.05.
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Figure 5-3 Sequential Aβ injections promote NLRP3 inflammasome activation.
(A) Immunoreactivity of total caspase-1 showed a 77% increase in RPE of the Aβ injected eyes compared to the
control group. (B-C) The Aβ injected animals had a 6-fold higher IL-18 immunoreactivity than the control group
(C). Representative micrographs exhibit an overall more intense IL-18 labeling (AEC, red, panel i & ii), particularly
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in the RPE layer (iii & iv) (C). NFL, nerve fiber layer; RGC, retinal ganglion cells; IPL, inner plexiform layer; INL,
inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; IS, inner segments; OS, outer segments;
RPE, retinal pigment epithelium; BM, Bruch’s membrane; Ch, choroid. Scale bars: 20 μm. (D-E) IL-18 western
blotting showed a 58% increase of band intensity (MW = 18 kDa) in Aβ injected animals compared to the controls.
N ≥ 3, Mann-Whitney, *p ≤ 0.05.

5.3.3

Cell death pathways triggered by Aβ injections

To study the forms of RPE cell death often seen in late AMD, especially GA, we next analyzed
morphological changes in RPE after Aβ injections. We observed the presence of vacuolated RPE
cells in cross sections of Aβ injected eyes (indicated by asterisks, Figure 5-4A-C). Using a
custom Photoshop algorithm, we first applied a pigment threshold to identify the area occupied
by RPE within a standard 12 cm x 2 cm boxed area centered on the RPE monolayer. Next, the
number of pixels within the pigment threshold of that area was obtained as an index of the area
measurement occupied by the RPE. Higher pixel values indicated thicker RPE monolayers. By
comparing the Aβ-injected to the control groups, we observed a 2-fold increase in the number of
pixels, suggesting a significant area increase in the RPE, presumably due to swelling of the RPE
cells (Figure 5-4D).
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Figure 5-4 RPE morphological changes following sequential Aβ injections.
(A) Sequential Aβ injections caused RPE swelling, which was quantified by RPE area measurements using a custom
Photoshop algorithm identifying the stippled area of RPE pigment. (B) Animals’ receiving sequential control
solution injections possessed thinner RPE layer compared to the Aβ group, indicated by the stippled area of RPE
pigment. (C) Vacuolated RPE cells (asterisks) were observed only in animals receiving Aβ injections. (D) The
number of pixels is a surrogate marker for RPE area measurement, which showed about 2-fold increase in Aβ group
compared to the control group. N = 3, Mann-Whitney, *p<0.05.
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To understand what caused the RPE to enlarge or swell, we prepared RPE-choroid tissue
homogenates from both injection groups and tested them for GSDMD, a protein executing
pyroptosis and whose proteolytic cleavage is triggered by both canonical and non-canonical
inflammasome activation in immune cells.197-199 The cleaved GSDMD N-terminal fragment (NGSDMD) at 30 kDa was increased, while the uncleaved pro-GSDMD full-length protein at 53
kDa was decreased, in the Aβ group compared to the control group (Figure 5-5).
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Figure 5-5 Activation of GSDMD mediated pyroptosis in response to Aβ stimulation.
RPE-choroid protein lysates from animals receiving either Aβ or control injections were probed with a GSDMD
antibody. Compared to the control samples, Aβ significantly promoted the proteolytic cleavage of pro-GSDMD (53
kDa) into N-terminal GSDMD fragment (N-GSDMD, 30 kDa), a signature event indicating the activation of the
pyroptotic pathway. GAPDH served as a loading control (36 kDa). N ≥ 3, Mann-Whitney, *p<0.05.
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Finally, we also tested for apoptosis involvement using caspase-3 activation as a surrogate
marker. By immunohistochemistry, we found 2.5- to 4.5-fold higher immunoreactivity levels of
active caspase-3 in photoreceptor inner segments and RPE of the Aβ group, respectively,
compared to the control group (Figure 5-6A, B). Two examples of active caspase-3
immunoreactivity from both Aβ injected and control eyes were provided to demonstrate the
enhanced red AEC labeling in photoreceptor inner segments and RPE from Aβ injected eyes
(Figure 5-6C). To further support this finding, we measured the mRNA and protein levels of Xchromosome linked inhibitor of apoptosis (XIAP), a classic anti-apoptosis factor. At the
transcriptional level, there was a 10-fold reduction in the Aβ group compared to the controls
(Figure 5-7A). Consistent with the mRNA data, there was a 33% reduction in XIAP protein
compared to the control group (Figure 5-7B, C).
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Figure 5-6 Caspase-3 activation in the outer retina of Aβ stimulated eyes.
(A-B) Immunoreactivity of active/cleaved caspase-3 was 2.5-fold and 4.5-fold higher in the Aβ injected eyes for
photoreceptors inner segments (IS) and RPE, respectively, compared to the control eyes. N = 3, Mann-Whitney,
*p<0.05. (C) Representative micrographs illustrated examples of the semi-quantitative grading of active caspase-3’s
immunoreactivity in both Aβ injected and control animals. Robust caspase-3 immunoreactivity in the IS was seen in
the Aβ injected retina, whereas weak and intermediate caspase-3 immunoreactivity was seen in the control eyes.
ONL, outer nuclear layer; OS, outer segments. Scale bar: 20 μm.

117

A

XIAP

*

mRNA Fold Change
(normalized to GAPDH)

1.6
1.4
1.2
1
0.8
0.6
0.4
0.2
0

Aβ

Control

Whole Retina

B
Aβ

Control

XIAP

57 kDa

GAPDH

36 kDa

C

XIAP-whole retina

*

2

Protein Abundance
Relative to GAPDH

1.8
1.6
1.4
1.2
1
0.8
0.6
0.4
0.2
0

Aβ

Control

Figure 5-7 Decline of XIAP gene expression levels in Aβ stimulated eyes.
(A) Reverse transcriptional PCR revealed a 90% reduction of XIAP mRNA in Aβ stimulated eyes compared to
controls. N ≥ 3, Student’s t-test, * p<0.05. (B-C) In whole retina protein lysates, there was a significant 33%
decrease of the XIAP protein level in Aβ stimulated eyes compared to reverse Aβ controls. N = 5, Mann-Whitney,
*p<0.05.
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5.4

Discussion

In late stage AMD, RPE cells die, yet the cell death pathways responsible remain a mystery.
Based on pathological specimens of AMD donor eyes, atrophic RPE cells were thought to die
from a necrotic cell death pathway, in which hypopigmented RPE cells filled with membranebound melanolipofuscin were eliminated, resulting in increased pigmentation and cell body
enlargement in adjacent RPE cells.69 More recently, reports from Kaneko et al.70 and Tarallo et
al.36 highlight other cell death mechanisms (such as apoptosis and pyroptosis) that also likely
contribute to atrophic RPE demise. However, the question remains as to what factors initiate the
cell death cascades in AMD. In this study, using an animal model in which we mimic proinflammation due to chronic exposure to a drusen component, Aβ, we assessed the level of
involvement of the pyroptotic and apoptotic pathways.

5.4.1

RPE inflammasome activation is a feature of the model

NLRP3 inflammasome activation, one of the fundamental innate immune defense mechanisms,
has recently been studied for its role in the development of AMD.200 Our earlier study indicated
that a single Aβ injection resulted in a peak in pro-inflammation at 4 days post-injection, but then
dramatically subsided.113 In the current study, we extended the duration of pro-inflammation
from 4 to 14 days by making sequential injections of Aβ every 4 days to better mimic a chronic
inflammatory microenvironment in the outer retina. Our results demonstrated that longer
exposure to pro-inflammation triggered robust NF-κB p65 subunit translocalization in RPE
nuclei, elevated levels of total caspase-1 immunoreactivity, and enhanced secretion of mature
products IL-1β and IL-18. Collectively, these results support inflammasome activity in the RPE.
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Sequential injections of Aβ also provide a good model to study Aβ’s role in inflammasome
activation in the eye. Considered as one of the pathological hallmarks in AD, the deposition of
Aβ in the AD brain is associated with elevated NLRP3 inflammasome activity, particularly the
elevation of IL-1β production.201-203 Using microglia culture models, Halle et al. demonstrated
the importance of NLRP3 inflammasome activation for the recruitment of microglia to Aβ
deposits in the AD brain.123 Heneka et al. further discovered that in the absence of NLRP3 or
caspase-1, mice carrying mutations associated with familial AD were largely protected from
spatial memory loss, and demonstrated reduced IL-1β secretion and enhanced Aβ clearance.202
However, the involvement of these pathways has not been well established in the eye tissue. As a
continuation from our previous studies,113 our current Aβ multi-injection model recapitulates
seminal features associated with each step of the NLRP3 inflammasome activation cascades.

5.4.2

Pyroptosis and apoptosis may contribute to RPE cell death in this model

The involvement of NLRP3 inflammasome activation in RPE has been studied in many different
AMD models.32, 34, 145, 204 However, once the inflammasome is activated, little is known of the
exact biological events that occur and whether these events lead to cell death. Using rodent and
non-human primate models, Doyle and colleagues demonstrated the efficacy of IL-18 treatment
as a potential alternative, adjuvant therapy for CNV.35, 43, 205 On the other hand, Ambati and
collaborators showed evidence that IL-18 drives RPE degeneration after NLRP3 inflammasome
activation in murine models.36, 206 In the current study, we also assessed the changes after
activation of the NLRP3 inflammasome by Aβ. Intriguingly, after prolonged pro-inflammation in
outer retina, we found enlarged or swollen RPE cells and significant increases in the proteolytic
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cleavage of full-length GSDMD in the RPE-choroid tissues. As reported in earlier studies, the
cytolytic effects of pyroptosis are mediated by the oligomerization of the GSDMD’s N-terminal
fragments (N-GSDMD) in the cellular membrane, resulting in the cell-burst pore formation.207
Hence, it confirms the activation of pyroptotic pathway in the Aβ injected animals.197 Therefore,
we have demonstrated the co-existence of two events that occur after inflammasome activation:
the secretion of mature pro-inflammatory cytokines, including the inflammasome products (IL18 and IL-1β) and morphological and western blot evidence that supports the GSDMD-mediated
pyroptotic pathway activation in RPE cells. Such an orchestrated response has also been seen in
non-ocular cell types.208

Unlike pyroptosis, which rapidly lyses the cell, apoptosis is considered a non-inflammatory and
non-cytolytic form of programmed cell death. From a canonical point of view, pyroptosis is
biochemically characterized as caspase-1 dependent and caspase-3 independent, whereas
apoptosis is caspase-3 dependent and caspase-1 independent. Interestingly, in the current study,
we observed parallel cleavage of both caspase-1 and caspase-3 in the RPE tissue, challenging the
dogma of their mutual exclusivity. Although it is biologically impossible for one single cell to
undergo both distinctive cell death pathways, it is still likely for one type of tissue, such as the
RPE monolayer in the retina, to accommodate these pathways in a spatially discrete and stimulus
dose-dependent manner. One study using murine bone marrow derived macrophages exploited
the potential of crosstalk between pyroptosis and apoptosis. The authors exhibited a DNA-dose
dependent integral model for cell death, with apoptosis seen at a lower-dose of DNA stimulation
and pyroptosis at higher doses. They further concluded that such an explicit response is regulated
through caspase-8 activation.209
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5.5

Conclusion

In conclusion, we have demonstrated the activation of two distinct cell death pathways in RPE
following prolonged pro-inflammation induced by drusen component, Aβ. For the first time, we
show that GSDMD cleavage is associated with inflammasome activation in RPE, providing the
molecular basis for pyroptosis participation in this model. The biochemical events revealed here
will benefit future endeavors in the search of therapeutic agents to slow down, or even prevent,
RPE cell death in AMD.
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Chapter 6: The reduction of XIAP is associated with NLRP3 inflammasome
activation in RPE: implications for AMD pathogenesis

6.1

Introduction

AMD is a complex disease with various risk factors contributing to its pathogenesis. Despite the
fact that the exact molecular basis underlying AMD is not yet fully understood, several candidate
cellular and biochemical pathways associated with its development have been hypothesized. Our
work (Chapter 5) and those of others, point towards the activation of the NLRP3 inflammasome
as a pathway associated with RPE cell demise36. A salient factor in the development and
homeostasis of all organs and tissues is the balance between cell death and cell survival. There
are many routes to cell death and it remains challenging to determine which pathway a particular
cell population takes under developmental or pathological conditions210. In keeping with this
idea, it appears that the NLRP3 inflammasome is a powerful double-edged sword that needs
precise, well-balanced regulation. Clinically, inflammasome antagonists are being explored as
novel therapeutics for treating human immune diseases.38, 211 The inhibition of inflammasome
activity can potentially be achieved at four different levels along its activation pathway38. These
include blocking cell membrane receptors (e.g., P2X7 receptor for ATP), controlling cytoplasmic
second messengers (e.g., K+, cathepsin B, ROS), preventing inflammasome components from
assembling, and antagonizing released cytokine products and/or their cognate receptors. Given
the fact that NLRP3 inflammasome senses a variety of activation signals, it is arguably more
beneficial to slow down or stop the inflammasome assembly and subsequently, the release of
pro-inflammatory cytokines. Undoubtedly, further investigation is warranted to uncover the
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uncharted cell survival mechanisms that inhibit inflammasome activity, and thus suppress RPE
atrophy in GA.

As mentioned in Chapter 1.1.9, XIAP is a classic potent anti-apoptosis factor, which has been
recently shown to be involved in NLRP3 inflammasome activation in non-ocular cells.81, 82, 212
However, it has not yet been characterized in RPE, the relevant cell type afflicted in AMD. The
purpose of the research conducted in this chapter is to provide a closer look at XIAP’s immune
regulatory role.

6.2

6.2.1

Methods

XIAP plasmid construct

The design of the XIAP plasmid was modified with advice of Dr. Catherine Tsilfidis (University
of Ottawa): the generic mammalian cytomegalovirus (CMV) promoter was engineered to drive
the transcription of hemagglutinin-XIAP fragment (HA-XIAP) in an eukaryotic expression
vector pcDNA3.1(+) (Invitrogen, Carlsbad, CA). Restriction enzyme sites were introduced to
flank the HA-XIAP fragment (BamHI on the 5’ end, XhoI on the 3’ end) using the following
PCR primer pair: BamHI-HA-XIAP 5’-TTTCGGATCCATGTACCCATAC-3’; HA-XIAP-XhoI
5’-TCTCCTCGAGGGGCTTAAGATCTATTTAAGAC-3’. To ligate the HA-XIAP fragment
with the pcDNA3.1(+) backbone, both DNA sequences were digested by BamHI/XhoI enzyme
mixture at 37°C for overnight. Next, the ligators were separated by 2-D DNA gel
electrophoresis. Only the band with correct molecular weight (sum of HA-XIAP and
pcDNA3.1(+)) was incised for gel digestion and DNA purification (QIAquick PCR Purification
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Kit, Qiagen, Toronto ON, Canada). The pcDNA3.1(+)-HA-XIAP plasmid was then transformed
into E. coli DH5α competent cells and spread onto LB-agar-ampicillin culture plate for overnight
growth of ampicillin-resistant bacterial colonies. Single, large E. coli colonies were then
inoculated into LB-ampicillin liquid medium for plasmid amplification and extraction (QIAamp
DNA Mini Kit, Qiagen, Toronto ON, Canada). The extracted plasmids were digested with
BamHI/XhoI enzymes and run on DNA gels again to verify the proper molecular weight and
plasmid integrity (Figure 6-1). The plasmid concentrations and A260/A280 ratios were
determined by a spectrometer (Bio-Tek Synergy H1). To assure the accuracy of XIAP sequence,
the extracted plasmid was further analyzed by sequencing (primer sequences: 5’GGCTAACTAGAGAACCC-3’ and 5’-CCTGGTCAGAACACAG-3’).

Figure 6-1 Restriction enzyme digestion of XIAP plasmid to verify correct insertion
The XIAP plasmid construct extracted from E. coli overnight cultures was digested by BamHI/XhoI restriction
enzymes. The digested DNA fragments were separated in 1% agarose gel showing a large band of pcDNA3.1(+)
backbone at ~5400bp and a small band of HA-XIAP at ~1500bp, compared to their theoretical molecular weight in
parentheses.
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6.2.2

In vitro model of inflammasome activation

To fully assess the molecular mechanisms underlying the inflammasome activation in RPE, lowpassage ARPE-19 cells were used. Cells were maintained in complete culture medium, including
DMEM/F12, high glucose, 1% penicillin/streptomycin and 10% fetal bovine serum (FBS), and
incubated at 37ºC in a humidified atmosphere of 95% air and 5% CO2. To activate the
inflammasome, ARPE-19 cells were seeded in complete culture medium in 6-well plates at a
density of 6 x 105 cells per well and cultured for overnight. Then the cells were washed twice in
DMEM/F12 medium before subject to various stimulation conditions. L-leucyl-L-leucine methyl
ester (Leu-Leu-OMe; Chem-Impex International, Wood Dale, IL), a lysosomotropic agent
endocytosed by cells and converted into (LeuLeu)n-OMe (n>3) in lysosomes causing lysosomal
destabilization,213 was applied with or without the recombinant human IL-1α pre-incubation at
10 ng/mL for 48 h (‘priming’). Leu-Leu-OMe concentration of 1 mM was proven effective to
destabilize RPE lysosomes according to previously established protocol. 32 After 3 h of Leu-LeuOMe stimulation (1 mL/well at 1 mM), cell culture supernatants were collected and cells were
lysed in 200 μL/well ice-cold RIPA buffer supplemented with protease inhibitors. After
centrifugation at 14,800 rpm, 4°C for 20 min, 900 μL of cell-free culture supernatant and 200 μL
of cell lysates for each stimulation conditions were stored at -20°C.

6.2.3

XIAP siRNA knockdown and plasmid overexpression

The validated Silencer® Select human XIAP 21-mer siRNA, which have been functionally tested
to reduce human XIAP gene expression, the recommended Silencer® Select negative control
siRNA that is experimentally tested not to target any gene product, and the Silencer® Select
GAPDH positive control siRNA were purchased from Life Technologies. Preliminary tests were
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run in house to assure the minimal off-target effects and the efficiency of siRNA delivery.
ARPE-19 cells transfected with or without the negative control siRNA did not exhibit significant
difference in XIAP mRNA levels (data not shown). The XIAP siRNA knockdown procedures
were conducted as per the manufacturer’s protocols. Briefly, ARPE-19 cells in complete culture
medium were seeded into 6-well plates at a density of 6 x 105 cells per well one day before the
siRNA transfection. At the time of transfection, ARPE-19 cells were at ~80% confluence. The
cells were first washed twice in DMEM/F12 only medium and then 3 mL of serum-/antibioticsfree DMEM/F12 medium was added onto each well. A lipid-based transfection reagent,
RNAiMAX (Invitrogen), was used to prepare the siRNA-lipid complex in serum-/antibiotics-free
DMEM/F12 medium. A series of three different XIAP siRNA final concentrations were tested
during a 48 h-incubation period: 2.5 nM, 5.0 nM and 10 nM, of which the lowest effective dose
(2.5 nM) was determined by reverse transcription PCR (RT-PCR) of XIAP mRNA (Figure 64A). For the rest of the in vitro XIAP siRNA experiments, a final concentration of 2.5 nM and
incubation duration of 48 h were used throughout. The effectiveness of siRNA knockdown was
further assured by XIAP western blot.

To overexpress XIAP in ARPE-19 cells, the XIAP plasmid (pcDNA3.1(+)-HA-XIAP) and its
vector control (pcDNA3.1(+) plasmid without the insertion of the HA-XIAP transgene) were
transfected into the cells following our established protocol.102 Briefly, transfection was
performed in the 6-well plate format, using 2 ug total DNA for each well. A 30 h transfection
incubation regime was applied, followed by 3 h inflammasome activation by Leu-Leu-OMe (1
mL per well at 1 mM).
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6.2.4

Reverse transcription PCR (RT-PCR)

Total RNA of ARPE-19 cells from different stimulation condition groups (in triplicates) were
extracted using ultRNA Column Purification kit (Applied Biological Materials). 1 μg total RNA
from each well was reverse transcribed into cDNA using the High-Capacity cDNA Reverse
Transcription kit (Applied Biosystems). RT-PCR was carried out on the 7500 Fast Real-time
PCR System (Applied Biosystems) using the following cycling conditions: 95°C for 30 s, 50°C
for 30 s, 72°C for 30 s, 40 cycles. RT-PCR primer sequences can be found in Table 6-1. Melting
curve analysis was automatically performed right after the cycles’ completion. The results were
expressed as mRNA fold-change relative to the control group after normalization to the reference
gene, using the 2-ΔΔCT method.
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Human Gene

Forward Primer (5’-3’)

Reverse Primer (5’-3’)

X-linked inhibitor of apoptosis (XIAP)

CAGACTATGCTCACCTAACC

CCAAAAGTAAAGATCCGTGC

GTAACCCGTTGAACCCCA

CCATCCAATCGGTAGTAG

TCCCTCCAAAATCAAGTGG

GGCTGTTGTCATACTTCTC

18S RNA (reference gene for siRNA
assays)
Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) (reference gene
for plasmid overexpression)

Table 6-1 List of RT-PCR primer sequences used in Chapter 6 for ARPE-19 cells.
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6.2.5

Animal tissue samples

All animal procedures were approved by the Animal Care Committee of the University of British
Columbia, and conformed to the guidelines of the Canadian Council on Animal Care and in
accordance with the Resolution on the Use of Animals in Research of the Association of
Research in Vision and Ophthalmology. Rat eye tissue protein lysates from previous chapters’
experiments were used again in this chapter to evaluate the association between XIAP and
NLRP3 inflammasome. These tissue protein sample groups include: Aβ1-40 + vinpo vs Aβ1-40 +
vehicle (N = 5 per group, see Chapter 4 for details); ATAC vs NO ATAC (N = 6 per group, see
Chapter 2 for details).

6.2.6

Western blot

To detect the secreted IL-18 and caspase-1 in ARPE-19 cell culture supernatant after Leu-LeuOMe stimulation, 10 μL of the StrataClean resin solution (hydroxylated silica particles, Agilent
Technologies, Santa Clara, CA) was added into each of the 900 μL culture supernatant samples.
Next, the sample-resin slurry was vortexed to achieve a homogeneous distribution and incubated
them at 4 °C for 2 h on a 360-degree rotator. Concentrated supernatant proteins were then
collected by pelleting the StrataClean resin at 14,800 rpm, 4 °C for 20 min and the non-protein
liquid phase removed. The resin-protein complexes were then resuspended in 1x reducing
loading buffer (40 μL per sample) and denatured at 95 °C for 5 min to release the bound
proteins. The resin-sample-loading buffer solution was pelleted, and the upper phase proteincontaining solution was loaded onto gels.
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To detect the intracellular proteins, cell protein lysates were quantified by BCA assay (Pierce,
Thermo Fisher Scientific) for total protein concentrations and run on gels under reducing
conditions. Established blotting procedures were followed to visualize the proteins of interest.171
A list of primary antibodies used in western blot is included (Table 6-2). As an internal protein
loading control, GAPDH was detected. The protein band intensity of XIAP (57 kD), cleaved
caspase-1 p20 (20 kD) and GAPDH (36 kD) was individually measured using Image J (NIH,
Bethesda MD) and converted into ratios relative to GAPDH. The final relative intensity of XIAP,
cleaved caspase-1 p20 was normalized to the control group (naïve, non-stimulated ARPE-19
cells).

Antigen

Antibody

Dilution

Interleukin-18 (IL-18)

Rabbit polyclonal

1:1000

X-linked inhibitor of
apoptosis (XIAP)

Mouse monoclonal

1:1000

Caspase-1

Mouse monoclonal

1:1000

GAPDH

Mouse monoclonal

1:10,000

Source
Santa Cruz
Biotechnology, Dallas
TX
BD Transduction
Laboratories, San Jose
CA
R&D Systems,
Minneapolis, MN
EMD Millipore,
Billerica, MA

Table 6-2 List of primary antibodies used in Chapter 6

6.2.7

Statistical analysis

Data are presented as Mean ± SD. All experiments were repeated three times. Statistical analysis
was performed using GraphPad Prism version 7 (GraphPad Software). To compare two groups,
Mann-Whitney U test was used for western blot analysis of animal tissue samples, whereas onetailed Student’s t-test was used for RT-PCR analysis of XIAP mRNA levels after plasmid
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transfection. To compare more than two groups, a Kruskal-Wallis and a post hoc Dunn’s
multiple comparison test was used for western blot analysis of ARPE-19 cell lysates, whereas a
one-way ANOVA and a post hoc Bonferroni multiple comparison test was used for RT-PCR
analysis of XIAP mRNA levels after siRNA knockdown. Statistical significance level was set at
p<0.05.

6.3

6.3.1

Results

XIAP is involved in the inflammasome activation step

The concept that XIAP may regulate the inflammasome pathway is novel. There is little
knowledge as to what role XIAP might play in the immune regulation, especially in the
inflammasome cascade. In our previous study, we established an in vivo model of inflammasome
activation in RPE, demonstrating robust caspase-1 immunoreactivity and cytokine secretion (IL18 and IL-1β) (Figures 5-1, 5-3). Intriguingly, in that model, we also found evidence of
concomitant XIAP reduction at both the mRNA and protein levels when the inflammasome was
activated (Figure 5-7). This prompted us to further investigate XIAP and its potential association
with inflammasome activity. Using vinpocetine, a potent NF-κB blocker, we were able to show a
strong inhibition of caspase-1 cleavage in a prior study (see Chapter 4).102 However, when we
tested the same set of protein samples for XIAP by western blotting, there was no significant
difference in XIAP protein abundance, suggesting that XIAP is not affected by the NF-κB
‘priming’ signal (Figure 6-2A). We then looked at the involvement of XIAP in the pathway
associated with the ‘activation’ signal. From our earlier study, MAC induced caspase-1 cleavage
by the ‘activation’ pathway, and this was prevented by ATAC, a drug known to prevent MAC
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formation (see Chapter 2).171 By testing these samples, we found that XIAP protein level was
increased by more than 50% when animals were given ATAC, compared to controls (Figure 62B), indicating that XIAP is regulated by the inflammasome activity.

Figure 6-2 XIAP protein level is associated with inflammasome activation step.
XIAP western blot was performed using rat eye tissue protein lysates from previous studies. 102, 171 Significant
difference in XIAP protein levels was observed between ATAC-fed animals and No-ATAC controls (N = 6, MannWhitney, *p<0.05). There was no difference in XIAP levels with vinpocetine administration compared to control.

6.3.2

Reduction of XIAP protein under inflammasome activation in vitro

To verify this inverse correlation between XIAP and the inflammasome activity, we tested
ARPE-19 cells under four conditions: non-stimulated ARPE-19 cells (Ctrl); ARPE-19 cells
primed with IL-1α for 48 h; ARPE-19 cells stimulated with Leu-Leu-OMe for 3 h; ARPE-19
cells first primed with IL-1α for 48 h and subsequently stimulated with Leu-Leu-OMe for 3 h.
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Comparisons among the four groups revealed strong cleaved caspase-1 p20 bands in the cell
lysates from Leu-Leu-OMe alone and IL-1α + Leu-Leu-OMe combined stimulation groups,
confirming inflammasome activity. Comparing XIAP protein levels in these four groups revealed
that there was a greater than 50% decrease in XIAP band intensity in the presence of Leu-LeuOMe stimulation, compared to Ctrl and IL-1α priming alone groups (*p<0.05). However, IL-1α
+ Leu-Leu-OMe combined stimulation did not further reduce the XIAP level (Figure 6-3).

Figure 6-3 Leu-Leu-OMe stimulation alone is sufficient to activate inflammasome and reduce the XIAP
protein level.
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(A) Caspase-1 western blot was performed using ARPE-19 cell culture supernatants and cell lysates from four
stimulation groups: non-stimulated RPE; IL-1α primed RPE; Leu-Leu-OMe (LLOM) stimulated RPE; IL-1α primed
and LLOM stimulated RPE. The cleaved caspase-1 (Casp-1) p20 bands were observed under LLOM stimulation
regardless of IL-1α priming. (B) XIAP protein levels were studied using cell lysates from the same groups, where
LLOM stimulation was able to decrease XIAP in RPE cells with or without IL-1α priming, compared to nonstimulated RPE cells or cells only primed with IL-1α (N = 3, Kruskal-Wallis, *p<0.05).

6.3.3

XIAP siRNA knockdown promotes IL-18 release but not caspase-1 cleavage

Next, we studied the kinetics between the decline of XIAP protein and the caspase-1 cleavage,
with the assumption that transient knockdown of XIAP will change the level of caspase-1
cleavage if XIAP reduction is a prerequisite for inflammasome activation. RT-PCR assays were
used to select the lowest effective dose of XIAP siRNA after a 48 h transfection period. It
appeared that XIAP siRNA was effective at 2.5 nM, the lowest of all three concentrations tested,
causing a reduction in XIAP mRNA level of more than 75% (Figure 6-4A) and a dramatic
decrease in XIAP protein level (Figure 6-4B). When combined with Leu-Leu-OMe (LLOMe)
stimulation, the 2.5 nM XIAP siRNA induced an even greater depletion of XIAP protein in
ARPE-19 cells (Figure 6-4B), compared to non-stimulated cells. However, such changes in
XIAP did not correlate with the level of caspase-1 cleavage, with XIAP siRNA having no
observable effects on the intensity of the cleaved caspase-1 p20 bands (Figure 6-4B).
Nonetheless, we saw a steady increase of released IL-18 in the culture supernatants of siRNALeu-Leu-OMe combined stimulation, compared to those with only Leu-Leu-OMe stimulation
(Figure 6-4B). Neither the XIAP siRNA alone nor the non-stimulated RPE cells secreted IL-18,
confirming that IL-18 secretion is a downstream event of inflammasome activation and
insufficient XIAP levels leads to enhanced IL-18 secretion during inflammasome activation.
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Figure 6-4 XIAP siRNA knockdown in ARPE-19 cells enhances IL-18 release, but not caspase-1 cleavage.
(A) The selection of effective XIAP siRNA concentration was determined by RT-PCR assays, where a lower dose
of XIAP siRNA (2.5 nM) achieved more than 75% inhibition on XIAP mRNA. Increasing the XIAP siRNA
concentrations (5 nM or 10 nM) did not provide additional inhibition. N = 3, one-way ANOVA, p<0.001. (B)
ARPE-19 cell lysates and culture supernatants from different stimulation groups were collected for protein analysis.
LLOMe stimulation alone triggered caspase-1 cleavage, IL-18 secretion and XIAP reduction. Cells pre-treated with
XIAP siRNA exhibited more IL-18 secretion and further decrease of XIAP, but not caspase-1 cleavage, compared to
LLOMe alone group. LLOMe: Leu-Leu-OMe.

6.3.4

Inflammasome activation reduces the XIAP level post-translationally

A decline of protein abundance is generally the result of either: (1) insufficient gene expression
(transcriptional and/or translational) or (2) undesirable post-translational regulation. To better
understand the mechanism responsible for downregulation of XIAP under inflammasome
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activation, we constructed an XIAP overexpression plasmid and transfected ARPE-19 cells
before inflammasome activation. If aberrantly low XIAP gene expression occurred in response to
Leu-Leu-OMe induced inflammasome activation, then we predicted that overexpressing XIAP
by plasmid transfection should counter balance the effects. However, it is less likely for LeuLeu-OMe to influence the NF-κB priming pathway since the literature suggests it as an
activation signal.32 We showed that transfection of the XIAP plasmid led to an upregulation of
XIAP mRNA level by 15,000 fold compared to vector control (Figure 6-5A, *p<0.05). XIAP
protein level was also increased dramatically (Figure 6-5B). Surprisingly, there were also more
lower molecular weight bands (17 kDa, 25 kDa, 34 kDa, 43 kDa) present in the XIAP plasmid
transfected group after inflammasome activation was induced, compared to the vector transfected
and the non-transfected control cells, suggesting inflammasome-related post-translational
regulation of XIAP.

Figure 6-5 Inflammasome activation lowered XIAP protein level post-translationally.
(A) Transfection of the XIAP plasmid increased its mRNA transcription by ~15000 fold, compared to the vector
control (N = 3, Student’s t-test, *p<0.05). (B) Under Leu-Leu-OMe (LLOM) induced inflammasome activation,
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ARPE-19 cells transfected with the XIAP plasmid exhibited more lower molecular weight XIAP bands (less than 57
kD), compared to the non-transfected cells or cells transfected with the control vector.

6.4

Discussion

6.4.1

XIAP: more than just an anti-apoptotic factor

XIAP is well known for its role in regulating apoptosis. In fact, it is even considered as the most
potent caspase inhibitor in vitro.214 However, compared to its anti-apoptotic function, little is
known about XIAP’s involvement in immune regulation. Mutations in the XIAP gene were
found to result in a primary immunodeficiency condition in humans, named X-linked
lymphoproliferative syndrome 2 (XLP2, OMIM entry number: 300635),215 while XIAP
polymorphisms are responsible for idiopathic periodic fever,216 suggesting that XIAP may play a
key role in immune homeostasis. In a recent review, Beug et al. further examined the relationship
between the members of inhibitors of apoptosis proteins family (IAPs) and inflammasome
activity.217 The authors conclude that IAPs are involved in many aspects of the innate and
adaptive immunity, either through the regulation of NF-κB and MAPK pathways or through the
control of inflammasome activity. So far, examples of IAPs, in particular XIAP, regulating
inflammasome activity have been reported mainly in immune cells. 81, 212, 218 However, research
shows that inflammasome activation is a fundamental defense mechanism used by not only
immune cells but also epithelial cells.219-221 Indeed, several research groups have independently
demonstrated the existence of inflammasome activity in RPE, a type of ocular epithelial cells.32,
34, 36, 145

But none of those studies have looked into the question of whether XIAP regulates the

assembly or activity of the inflammasome. In this study, we sought to investigate an inverse
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relationship between XIAP and inflammasome activation from one of our established animal
models of AMD (see Chapter 5). By comparing our data with two other models (Chapter 2 and
4), we were able to map the XIAP into the inflammasome’s activating signal pathway (Figure 62), and to exclude the involvement of the NF-κB pathway in XIAP-inflammasome interactions.

6.4.2

Inflammasome mediated XIAP reduction is required for IL-18 secretion

To address the question of whether XIAP functions as a positive or negative regulator, we
performed XIAP siRNA knockdown experiments on ARPE-19 cells with, or without, the LeuLeu-OMe induced inflammasome activation. We showed that knocking down XIAP strengthens
the cells’ capacity to secrete IL-18 when inflammasome activation is induced, without changing
the caspase-1 cleavage level (Figure 6-4B). Considered counter-intuitive at first, this finding
makes sense when we take into account the recent report on human patients diagnosed with
XLP2 disease (XIAP deficiency), where strikingly elevated IL-18 concentrations were
discovered in these patients’ sera samples which remained high after treatment despite the fact
that other pro-inflammatory cytokines returned to the normal range.222 Moreover, longitudinal
examination of these patients revealed marked increase of IL-18 serum concentration, suggesting
a clinical association between XIAP deficiency and high IL-18 levels. Of note, the loss of XIAP
protein alone in ARPE-19 cells did not trigger inflammasome activation (i.e. no caspase-1 p20
bands, Figure 6-4B) or IL-18 secretion, compared to naïve ARPE-19 cells. Therefore, it indicates
XIAP is a negative regulator of inflammasome-mediated IL-18 secretion. Nevertheless, the
molecular structural basis that enables the XIAP-mediated regulation of IL-18 secretion remains
unknown and warrants future investigation.
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In addition to the augmented IL-18 secretion, we also reported no change of caspase-1 cleavage
in response to XIAP siRNA, which suggests XIAP is downstream of caspase-1 activation.
Considering we have also showed an inverse correlation between caspase-1 cleavage and XIAP
reduction, it is probable that inflammasome activation causes the reduction in XIAP. To support
this interpretation, we overexpressed XIAP in ARPE-19 cells and then induced inflammasome
activation. Interestingly, a clear trend of more full length XIAP (57 kDa) turning into small
fragments (Figure 6-5B) was observed in XIAP plasmid transfected cells, which is consistent
with another study where caspase-1 cleavage and XIAP degradation are both present in injured
rat neurons and suppressing caspase-1 cleavage helped to retain XIAP in its full length form.212
Moreover, our data showed a further reduction of XIAP protein abundance when ARPE-19 cells
were subject to stimulation with both Leu-Leu-OMe (inflammasome activation) and XIAP
siRNA, compared to the cells treated with XIAP siRNA alone (Figure 6-4B), supporting the idea
that XIAP can be downregulated by the active inflammasome. The observed XIAP-caspase-1
relation here is likely cell type specific, as caspase-1’s cleavage levels were increased by XIAP
siRNA knockdown in murine macrophage cell line, RAW264.7 (Supplementary Figure 3).
Collectively, these findings favor the notion that XIAP is positioned downstream of caspase-1 in
ARPE-19 cells. Whether XIAP is a natural substrate of, or indirectly influenced by, caspase-1 in
RPE cells needs further investigation.

6.5

Conclusion

In this study, we identified a novel role of XIAP in regulating IL-18, an inflammasome-related
cytokine secretion. Using a combined approach of siRNA and protein overexpression, we were
able, for the first time, to pinpoint XIAP’s position along the inflammasome activation pathway.
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The results reported here help provide insights into the biological consequences of
inflammasome activation in RPE and reveal the caspase-1/XIAP/IL-18 axis as a target for
broader applications in AMD biology and treatment design.
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Chapter 7: Conclusion

7.1

Significance and strengths

AMD is a degenerative eye disease with individual, societal, governmental and global impact.
The global costs of visual impairment due to AMD are estimated to be $255 billion in direct
health care.9 More sobering is the fact that lack of effective treatment exists for the prevalent, but
yet incurable late stage dry AMD that leads to RPE and photoreceptor death. Therefore, it is
paramount to further research into the molecular basis of RPE cell death in order to achieve
better clinical treatments for dry AMD. The results from this dissertation provide several original
contributions to the field of AMD research.

7.1.1

Inflammasome activation contributes to low-grade chronic inflammation in RPE

during aging
As the leading risk factor, aging brings significant, irreversible changes to RPE tissues, affecting
cellular processes including metabolic pathways, impaired mechanism of autophagy, disrupted
proteolytic and lysosomal function, decline in ability to combat oxidative stress and enhanced
mitochondrial dysfunction.223 However, the fact that not everyone gets AMD draws a clear line
between normal aging and the age-related pathological changes in AMD.84 Therefore, it is vital
to elucidate the biological events facilitating the transition from normal aging to AMD in RPE
tissues. Given its multifactorial nature, human AMD-like pathology can be initiated and
replicated in different ways using animal models. 70, 157, 224-227 The search for a common pathway
that connects all risk factors to the ultimate AMD pathogenesis is a daunting task for today’s
AMD researchers. Various single nucleotide polymorphisms (SNPs) have been shown to
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predispose individuals to higher risk of AMD, but so far there has been no single “master gene”
of AMD.140, 228-230 Low-grade inflammation is a feature of normal aging and maintains tissue
homeostasis.231 Inflammation becomes chronic when tissue stressors persist for a significant
length of time, which in turn contributes to the initiation of age-related diseases.92 Our data
(Chapter 2) support this idea by demonstrating the age-dependent accumulation of two proinflammatory tissue stressors, MAC and Aβ (both drusen components), in RPE-choroid tissues.
We further showed an endogenous, constitutive level of caspase-1 activation, which can be
blocked by the application of the MAC inhibitor ATAC. The causal relationship established
between age-dependent MAC deposition and the endogenously induced caspase-1 activity
suggests a crucial role of inflammasome activation in aged rodents. Thus, our results indicate
that monitoring, or even suppressing, the inflammasome-mediated inflammation in RPE may be
a way to control, or delay, the transition from normal aging to pathological aging in AMD.

7.1.2

Aβ: a novel inflammasome inducer in RPE

Aβ is one of the major pathological peptides that is responsible for the onset and progression of
AD. It is involved in many aspects of AD pathology and more recently has been implicated in
the activation of the inflammasome pathway. Both the immune cells and the brain tissues from
AD animal models exhibit robust inflammasome activity associated with Aβ accumulation.123, 202
More interestingly, Aβ deposition is not limited to the brain but also present in the retina of an
amyloid precursor protein/presenilin (APP/PS1, Tg2576) bitransgenic mouse strain, causing proinflammatory responses and neurodegeneration.100 Much stronger evidence for the role of Aβ in
retinal degeneration, in particular AMD, is found in studies of drusen composition in which the
accumulation of Aβ in drusen deposits is associated with the inflammatory status in AMD donor
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eyes.50, 62, 66 Furthermore, using a primary human RPE cell culture model, we previously
suggested that Aβ triggers a pro-inflammatory response, based on microarray data.65 However,
no study has been conducted to reveal the mechanisms underlying the Aβ induced inflammatory
responses in AMD. Whether the inflammasome pathway is activated by Aβ in RPE similarly to
the immune and neuronal cells in AD is not known. In this dissertation, I contributed to this
knowledge gap by studying the relationship between upregulated inflammasome activity and cell
death mechanisms in RPE after intravitreal Aβ injections (Chapter 3, 5). As proof-of-principle, I
also demonstrate the merits of using vinpocetine, a specific NF-κB inhibitor, to ameliorate Aβinduced inflammasome activity (Chapter 4). All together, these findings emphasize a crucial role
that Aβ plays in the inflammasome pathway in RPE and provide first-of-its-kind knowledge to
promote the awareness of inflammasome involvement in AMD pathogenesis.

7.1.3

XIAP’s role in inflammasome activity: a part-time job?

XIAP is considered as one of the most efficient regulators of the apoptotic form of programmed
cell death in mammalian cells.232 Besides its ‘full-time job’ in keeping apoptosis in check, recent
studies identify XIAP’s potential in other biological contexts, for instance, immune regulation.217
It is reported that XIAP is specifically required to combat against certain types of bacterial
infections via the regulation of nucleotide-binding and oligomerization domain (NOD)dependent immune responses.233-236 However, there are few studies that report XIAP’s role in
“sterile” (non-infectious) inflammation. My work in Chapter 6 adds to this line of investigation
by identifying XIAP’s involvement in inflammasome activation in RPE. The data reported here
demonstrated correlations between the levels of XIAP and inflammasome activities.
Mechanistically, the results suggest that hyperactivity of the inflammasome causes harm to the
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RPE—by degrading XIAP, which in turn would likely make the cells more vulnerable to other
deleterious AMD-related stimuli in the environment.

7.2

Limitation

While this work has made several contributions to our understanding of AMD, there are a
number of limitations of the study, as detailed below.

7.2.1

Route of ocular Aβ administration: intravitreal vs subretinal

There are many ways to deliver drugs to the retina. In AMD treatment, such administration can
be achieved by intravitreal and periocular injection (subconjunctival, subtenon, and posterior
juxtascleral).237 The intravitreal injection offers a direct route for the molecules to enter the
vitreous, and is the current strategy used for anti-VEGFs treatments for wet AMD. However,
there are three major drawbacks limiting the therapeutic efficacy of intravitreally delivered
drugs. First, the distribution of injected molecules is size-dependent, with small molecules more
easily penetrating through and reaching the retina. This is a significant challenge for retinal gene
delivery due to the high binding affinity between vitreous and the cationic lipids/DNA
complexes.238 Second, the inner limiting membrane of the retina constitutes a physical barrier for
intravitreally delivered drugs to enter retina. Lastly, the half-life of intravitreally delivered drugs
varies significantly depending on their hydrophilicity and molecular weight to avoid elimination
from the vitreous.239 To circumvent the size barrier, in my study, a relatively small molecule, the
oligomeric form of Aβ (< 20 KDa in size) was injected intravitreally into the rodent eye (Chapter
3-5). For comparison, intravitreal injection of Avastin (one of the commonly used humanized
anti-VEGF antibody with a molecular weight of 148 KDa) reaches the choroid of the outer retina
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and is effective at suppressing CNV. The benefits of choosing the intravitreal injection route are
to achieve a direct and fast delivery to the vitreous and to maintain a relatively sustainable Aβ
level. The retinal penetration of the injected Aβ molecules was demonstrated using
immunohistochemistry, showing a strong retinal layer presence (reaching the RPE layer) at Day
1 post-injection. However, such Aβ retinal presence became much weaker at Day 4 postinjection, resulting in the peaks of most inflammatory gene responses at Day 4 (Chapter 3). In
comparison, using the surgically more challenging subretinal injection benefits from: (1) closer
range RPE-Aβ contact (less interference from other retinal cell types) and (2) longer-lasting
effects on RPE up to Day 7 post-injection.120 This approach is also suitable for retinal gene
therapy. However, subretinal injections have their own set of limitations. For instance, retinal
detachment and the disruption of retinal layers often occur as the major side effects of this more
invasive delivery approach. After weighing these factors, I chose the intravitreal delivery for the
animal studies throughout this dissertation.

7.2.2

ARPE-19 cell line vs human primary RPE cells

In this dissertation, in vitro cell culture models were used to explore the mechanistic aspect of
RPE’s responses to Aβ and inflammasome activation, providing us with additional information
to the in vivo animal studies. A vital question to ask, when selecting an RPE cell culture model,
is if the chosen type of cells resembles the native RPE’s functional and physiological phenotypes
in situ. The immortalized ARPE-19 cell line has been widely used as a dependable alternative to
native RPE under a great number of experimental conditions. These cells express several RPE
specific genes, such as retinoid isomerohydrolase (RPE65) and cellular retinaldehyde-binding
protein (CRALBP), and retain the capacity to phagocytose photoreceptor outer segments, a key
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function of native RPE.204 However, the use of ARPE-19 cells does come with a limitation in
that these cells tend to lose their phenotypes after multiple passages, likely due to a process
called epithelial-mesenchymal transition.240 In Chapter 4 and Chapter 6, low-passage ARPE-19
cells (passage 10 or lower), as suggested previously,241 were used to establish the ARPE-19/NFκB-luciferase reporter cell line and to conduct inflammasome activation assays because they are
more likely to resemble native RPE in functionality than high-passage cells. Human primary
RPE cells, on the other hand, may possess the best model of native RPE in vitro as they preserve
many key characteristics of the functional human RPE. Adult human primary RPE cells are
thought to be the most physiologically and functionally mature model of in vitro RPE.242 But
human primary RPE cultures have inherent weakness such as limited number of expansions,243
the heterogeneity of the donor eyes’ genetic background, and the considerable length of time to
achieve a statistically significant sample size for donor eyes. Therefore, we chose the more
practical approach of using the ARPE-19 cell line. Future studies with human primary RPE
cultures will allow us to validate and extend the findings observed from ARPE-19 cells.

7.2.3

RPE-specific vs choroidal macrophage-mediated responses in vivo

The ability to dissect RPE-choroid from neuroretina was demonstrated in our earlier work113, 171
and those of others.244 However, it is possible that in the RPE-choroid sample, the choroidal
component with macrophages, may also contribute to the inflammasome activity in our in vivo
work. Testing for activated macrophages by immunohistochemistry in paraffin sections or by
microdissection of choroidal tissue alone75 may help us better understand the migration of
immune cells from choroid in our Aβ-injected animal groups. It is possible that the choroidal
macrophages, important immune cells associated with AMD,84, 245 in combination with RPE
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(studied here) may both work to exacerbate the chronic inflammatory milieu in the AMD eye.
Therefore, in vitro work on cultured RPE cells and choroidal macrophages will allow us to
define the role of each cell type without the confounding effects from the other.

7.2.4

Other limitations

In Chapter 3, I demonstrated Aβ’s ability in triggering NLRP3 inflammasome activation when
compared to the reverse peptide or PBS vehicle control groups. Based on those findings, I
continued to explore ways to suppress the inflammasome activity and chose to investigate the
therapeutic merits of vinpocetine in Chapter 4. The comparisons were then made between the
two animal groups, Aβ + Vehicle (i.e. DMSO) and Aβ + vinpocetine (containing the same
amount of DMSO), by which I successfully demonstrated the inhibitory role of vinpocetine in
the inflammasome pathway in RPE. However, it would have been better to include a treatment
naïve group (i.e. Aβ only group) in the study, which would allow us to appreciate the role of
DMSO in those experimental conditions, especially when DMSO has been previously reported
to carry anti-inflammatory properties.188

In Chapter 6, siRNA experiments were used to probe the relationship between the XIAP protein
level and the NLRP3 inflammasome activation. All the control siRNAs including a positive
control GAPDH siRNA and a negative control non-targeting siRNA were purchased at the same
time from the same commercial vendor as the XIAP siRNA. They were tested in the preliminary
assays to ensure the sequence-specific knockdown of XIAP in ARPE-19 cells. Subsequently,
only the XIAP siRNA transfected and the non-transfected ARPE-19 cells were used in the
comparisons throughout Chapter 6, given that the preliminary results suggested similar levels of
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XIAP gene expression in both the non-transfected and the negative control siRNA transfected
ARPE-19 cells. It would have been better to include all siRNA controls in every siRNA
experiment. Alternatively, scramble siRNAs can also be used as negative controls in siRNA
experiments. However, these scramble siRNAs are synthesized by randomizing or reversing the
same nucleotide sequence as the target (or test) siRNA and must be confirmed not to recognize
any known genes or miRNA regions. Compared to the non-targeting siRNA negative controls,
this scramble siRNA control strategy is less practical and often impossible.

7.3

7.3.1

Future directions

Biological roles of inflammasome-mediated IL-18 secretion: friend or foe?

Being one of the mature cytokines processed by the active caspase-1, the biological consequence
of IL-18 secretion remains a controversial topic in AMD research. Opposing findings from
different research groups have presented contradictory data regarding this issue. On one hand,
IL-18 is hypothesized to be a detrimental pro-apoptotic factor to RPE in dry AMD.206, 246 In line
with this model, Tarallo et al. and Kim et al. together mechanistically uncovered a caspase-8mediated apoptotic RPE cell death pathway in MyD88- and Fas ligand-dependent manner in
response to IL-18 secretion,36, 74 suggesting IL-18’s involvement in dry AMD but not in CNV.
On the other hand, using recombinant IL-18, Doyle et al. shows effective reduction in lesion size
in experimental animal models of CNV,35, 43, 205 promoting the protective role of IL-18 in CNV.
In Chapter 3, the acute Aβ intravitreal stimulation triggers the elevation of several NLRP3
inflammasome related genes, including IL-18. The data demonstrate marked increase of IL-18
mRNA and protein in RPE-choroid at post-injection Day 4 and Day 14, respectively. However,
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no significant change of VEGF levels (both mRNA and protein) was observed at those time
points. When RPE cells were exposed to chronic Aβ intravitreal stimulation (Chapter 5),
augmented IL-18 protein levels were evident in RPE-choroid tissues along with an increase of
active caspase-3 and cleaved GSDMD fragments, with no sign of aberrant choroidal vessel
growth. Furthermore, knocking down XIAP, a potent anti-apoptotic factor, led to enhanced IL-18
secretion in cultured ARPE-19 cells under inflammasome activation (Chapter 6). Collectively,
my data suggest that IL-18 serves as a “threat” rather than a “helper” to RPE cells in the context
of dry AMD. Nonetheless, in order to fully address this issue, an RPE-choroidal endothelial cell
co-culture model should be useful for testing the exact role of RPE-derived IL-18 on choroid
vasculature.

7.3.2

Mechanisms of IL-18 secretion in RPE and the influence by XIAP

In Chapter 6, I demonstrated the secretion of IL-18 after inflammasome activation in ARPE-19
cells. I also showed that lowering XIAP protein levels by RNA interference could further
enhance IL-18 secretion. However, the detailed mechanisms underlying these findings are still
unknown. Given that the IL-18 precursor protein lacks the signal peptide sequence for
transmembrane exocytosis, its mature product cannot exit the cell via the canonical secretory
pathway.247 Instead, the unconventional protein secretion, or endoplasmic reticulum/Golgiindependent protein secretion mechanism, is likely involved. More specifically, reports suggest
that IL-18 is translocated from the cytosol into secretory lysosomes for exocytosis.248 Whether
this process exists in RPE cells and is regulated by inflammasome activity remains unclear.
However, IL-1β, the other cytokine product released after inflammasome activation was shown
by Martin-Sanchez et al. to be released by membrane permeabilization in parallel with the death
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of the secreting cell.249 The authors further clarified that this type of IL-1β release is independent
of the non-specific leakage of proteins during common cell death events, indicating it is a tightly
controlled process. Considering IL-18 is another secreted cytokine downstream of
inflammasome activation, it is likely to share a similar mechanism with IL-1β and to invoke cell
death along with its secretion. Therefore, it brings up the opportunity for us to further evaluate
XIAP’s role in the potential cell death phenotype associated with IL-18 secretion.

7.3.3

Ubiquitylation and deubiquitylation: new for inflammasome regulation

Ubiquitylation is a common post-translational modification of proteins through a cascade of
enzymatic activity of ubiquitin ligases. It has multiple effects on proteasome- or lysosomemediated protein degradation, cell signal transduction and protein activity regulation. According
to the type and length of ubiquitin linkage, there are three major forms of protein ubiquitylation
currently studied, including lysine 48 (K48) linked ubiquitylation, lysine 63 (K63) linked
ubiquitylation and methionine 1 (Met 1) linked linear ubiquitylation.250 Mounting evidence has
implicated the involvement of ubiquitylation in AMD pathophysiology. By looking at the retinal
distribution of several class III ubiquitin-conjugating enzymes in mice, Mirza et al. reported
robust protein expression of one such enzyme, UbcM2, in murine photoreceptors and RPE cells.
The authors further experimented with UbcM2’s protective effects on photoreceptors using an
acute bright-light-damage model. It was shown that mice with only one copy of functional
UbcM2 allele were protected from acute excessive light damage to photoreceptors, suggesting a
strong relationship between UbcM2-mediated ubiquitylation and photoreceptor survival.251 In
human RPE cells, it is evident that there is an active ubiquitin-proteasome mediated protein
degradation pathway, with low endogenous levels of ubiquitin to fight against cellular
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stressors.252 In the context of AMD, Ramos de Carvalho et al. tested the proteasome activity of
primary human RPE cells in response to complement factor C3a, another known drusen
component. C3a stimulation significantly reduced proteasome activity without changing its
component at either protein or mRNA levels, indicating a potential functional suppression of the
proteasome in primary human RPE.253 On the other hand, the family of deubiquitinating
enzymes (DUBs) is another force balancing protein activity. Glenn and colleagues reported
altered proteomic profiling of ARPE-19 cells cultured on advanced glycation end products
(AGEs, known drusen component) modified Matrigel BM extract compared to non-AGE
modified control BM. Of note, by immunocytochemistry, the authors were able to localize
upregulated protein expression of a DUB protein, ubiquitin carboxyterminal hydrolase-1 (UCHL1), in AGE-stimulated ARPE-19 cells, suggesting a potential role for DUBs in AMD
pathogenesis.254

However, few reports exist on the roles of both ubiquitinating and deubiquitinating enzymes in
NLRP3 inflammasome regulation. Recently, Py and colleagues demonstrated that BRCC3, a
JAMM domain-containing zinc metalloprotease DUB, promotes NLRP3 inflammasome
activation by deubiquitinating the mixed K64 and K48 ubiquitin chains on both the NACHT and
LRR domains of NLRP3.255 The authors further suggested that the deubiquitylation of NLRP3
was critical for inflammasome activation based on the facts that inhibiting BRCC3 could abolish
NLRP3 inflammasome activation under a diverse range of classic “activation signals”, including
K+ efflux, ROS overproduction and lysosomal destabilization. Perhaps more intriguing is the
report by Rodgers et al. of the discovery that the linear ubiquitylation of the ASC adaptor protein
by the linear ubiquitin assembly complex (LUBAC) is also essential for NLRP3 inflammasome
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activation, independent of NF-κB activity256 (Figure 7-1). Clinically, these studies provide
potential alternative approaches for the treatment of inflammasome related diseases, such as
AMD, by better controlling the ubiquitylation levels of separate NLRP3 inflammasome
components, instead of targeting secreted levels of the mature pro-inflammatory cytokines.

Figure 7-1 Summary of NLRP3 inflammasome activation and regulation in RPE
(1) Priming of the RPE by one of the following factors (LPS, TNF-α, IL-1α, CEP, and Aβ1-40) is needed in order to
activate the NF-κB pathway, which can be specifically blocked by vinpocetine or BAY11-7082. Intriguingly,
DICER1 deficiency induced Alu RNA accumulation has also been shown to prime NF-κB signaling, independent of
toll-like receptors (TLRs). (2) Once the NF-κB pathway is active, it promotes the transcription of NLRP3 and proIL-1β. (3-7) For the production of mature IL-1β and IL-18; separate inflammasome components are assembled as a
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multiprotein complex triggered by one of the following mechanisms: K+ efflux via P2X7 receptor activation in
response to extracellular ATP accumulation or intracellular Alu RNA (3); cytoplasmic cathepsin B released from
destabilized phagolysosomes of lipofuscin/A2E (4); ROS overproduction caused by 4-HNE (5); MAC formation (6).
Other NLRP3 inflammasome activation mechanisms that have been reported in immune cells but not validated in
RPE cells are shown in red text and arrows. These include drusen components (C1q and fibrillar Aβ) induced
lysosomal damage (4), C3a triggered ATP efflux, BRCC3-mediated deubiquitylation and LUBAC-mediated
ubiquitylation (7). (8) Successful assembly of NLRP3 inflammasome triggers autoproteolysis of pro-caspase-1 into
active caspase-1, which further reduces XIAP and converts pro-IL-1β and pro-IL-18 into bioactive peptides. (9) The
biological significance of NLRP3 inflammasome activation is to release active IL-1β and IL-18 into extracellular
space through exocytosis. The secreted IL-1β will facilitate inflammation process in the tissue whereas IL-18 will
either promote caspase-3 dependent RPE apoptosis via MyD88 signaling or suppress neovascular vessels growth in
the choroid capillaries.

7.4

Summary

Much of our knowledge of the mechanisms associated with activation and regulation of the
inflammasome comes from studies in immune cells. Validation of these mechanisms in ocular
cells, such as RPE and photoreceptors, will be useful for designing inflammasome-related
treatment strategies for chronic inflammatory diseases of the retina, such as AMD. The results
from my dissertation work may guide the development of new strategies for the implementation
of earlier treatments towards prevention of AMD. Hopefully my work will lead to new treatment
strategies and lead to a brighter future for individuals who suffer from this devastating eye
disease, improving the quality of life for those individuals and their families.
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Appendices

Appendix A Supplementary Figures

Supplementary Figure 1 C5a is not affected by vinpocetine-mediated NF-κB inhibition.
Since the intraocular Aβ1-40 injection has been previously implicated in promoting NF-κB activation and NLRP3
inflammasome activation,113 we assessed the level of activated C5 (C5a) as a surrogate marker for complement
activation and MAC formation when NF-κB activity was specifically inhibited by vinpocetine. Western blot of
retina protein lysates shows equal amounts of C5a (MW = 41 kDa; rabbit polyclonal C5a complement antibody, cat#
250565) in the vinpocetine-treated group, when compared to vehicle controls (Mann-Whitney, p > 0.05; N = 5). For
a full description of the experimental procedures, refer to Chapter 4.
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Supplementary Figure 2 Preparation of oligomeric Aβ: optimization and injection.
Synthetic Aβ peptides were purchased and prepared following our published protocol.171 A series of different
incubation time points were tested for the optimal formation of Aβ oligomers (left). For in vivo rat eye injections,
oligomeric Aβ peptide solutions (both Aβ1-40 and the reverse control, Aβ40-1) were incubated for 48 h, tested by the
6E10 anti-Aβ antibody in western blot (right), and then delivered to the animals.
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Supplementary Figure 3 XIAP siRNA knockdown enhances caspase-1 cleavage in murine macrophage cell
line RAW264.7.
The murine macrophage RAW264.7 cell line was used as a positive control cell type to study the relationship
between caspase-1 cleavage and XIAP protein level. Under the same LPS/ATP combined stimulation, RAW264.7
cells pretreated with 10 nM XIAP siRNA showed enhanced cleavage of full-length pro-caspase-1 (45 kD) into
cleaved caspase-1 bands (20 kD).
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