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Alzheimer's disease (AD), a progressive and irreversible neurodegenerative disease
and the most common cause of dementia in the United States, is characterized by amyloid
B (AP) and tau deposition in the central nervous system (CNS), neurovascular dysfunction,
and neuroinflammation. Diagnostic modalities to detect the early phases of these CNS
pathologies in preclinical AD are inadequate. Vision abnormalities are common in AD,
and AP and tau have been detected in the retina parallel to the brain. Noninvasive detection
of early AD pathologies in the retina may enable: 1) improved understanding of the
biologic foundation of AD, 2) early diagnosis and monitoring, 3) AD risk stratification,
and 4) monitoring response to treatments. However, retinal structural or microvascular
changes in AD, that may be detectable with noninvasive depth-resolved imaging
modalities, have not been fully characterized yet. In this dissertation, several aspects of
retinal neurovascular degeneration in a well-characterized mouse model of AD, 3xTg-AD,
have been studied. Chapter one provides a rationale for studying retinal neurovascular
alteration accompanying AD. Chapter two explores retinal sublayer thickness changes by
optical coherence tomography (OCT) in young to middle age transgenic and control mice
and suggests that a pattern of retinal sublayer changes may detect AD's preclinical stage
and distinguish AD- from aging-neurodegeneration. The third chapter summarizes the age-

dependent pattern of retinal capillary layer attenuation in the transgenic model. Such



vascular degeneration may be due to amyloid and tau deposition in vessel walls and
reduced metabolic demand caused by neuronal loss. Mapping out such retinal degenerative
changes would aid in the noninvasive diagnosis of AD. In chapter four, a novel retinal
tissue preparation protocol to investigate retinal neuronal and vascular structures without
cutting through the retina and disturbing the geometric correlation of various retinal regions
is introduced. The final chapter summarizes the findings of the current project and its
contributions to the field. In summary, these studies describe several aspects of retinal
neuronal and vascular structures from young to middle age to old age in a well-
characterized murine model of AD. Our findings highlight the need for a multi-modal

imaging approach for early detection of AD.
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Chapter 1 Introduction to Neuronal and Vascular Degeneration

of the aging retina in the 3xTg-AD mouse

ABSTRACT

Alzheimer's disease (AD) is a progressive and irreversible neurodegeneration and
the most common cause of dementia in the United States. Pathologic hallmarks of the
disease are extracellular amyloid  (AP) plaques and intracellular hyperphosphorylated tau
tangles in the brain. Substantial evidence indicates that Neurovascular dysfunction and
neuroinflammation play major roles in AD neurodegeneration. Imaging biomarkers of such
neurovascular dysfunction and neuroinflammation may help with early diagnosis of AD
and monitoring its progression. Retina, as an extension to the brain, is a highly vascularized
neuronal tissue that is accessible to various in vivo imaging modalities. AP plaques and tau
tangles have been detected in the retina in AD. Detecting such pathologies and ensuing
neurovascular degeneration in the retina using noninvasive imaging tools may facilitate
early diagnosis of AD and monitoring its progression. However, retinal structural or
microvascular changes that could differentiate AD from other neurodegenerations
including aging remain unknown.

Current dissertation summarizes several aspects of retinal neurovascular
degeneration in a mouse model of AD, 3xTg-AD. We first reviewed the current state of
knowledge about Alzheimer’s disease and provided a rationale for studying retinal
neurovascular alteration in AD. Next was a presentation of our studies on retinal sublayer
thickness changes in young to middle age transgenic and control mice. The third chapter
illustrated the pattern of retinal vascular attenuation in the AD transgenic model and their
age-matched controls. Next, we introduced our novel retinal tissue preparation protocol to
investigate retinal neuronal and vascular structures in their entirety without cutting through
the retina and disturbing the geometric correlation of various retinal regions is introduced.
The final chapter summarized the findings of the current project and its contributions to
the field.
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INTRODUCTION

Alzheimer's disease (AD), the most common cause of progressive dementia in the
United States, is a growing health issue with no available treatment for our aging society.
AD's pathologic markers are widely known to be amyloid B (AB) plaques and
hyperphosphorylated tau tangles in the central nervous system (CNS). Braak and Braak
suggested that these pathologic deposits begin at a young age and progress throughout life,
culminating in the debilitating disease of the elderly.? It is now well-recognized that CNS
vasculature and neuroinflammation play central roles in initiating toxic protein deposition
and propagation of resulting destructions. However, the interplay between CNS
neurovascular units (NVU), composed of neurons, vessels, inflammatory cells (Figure 1),
and amyloid and tau deposition, is still unclear. Besides, diagnostic modalities to study
cerebral neurovasculature and inflammation are often inadequate, expensive, or invasive,
and thus, not scalable for large populations. Therefore, finding new markers of CNS
vascular and inflammatory structure and function that can be easily visualized and
quantified is a necessity.

The retina is a neuronal tissue accessible to noninvasive optical imaging. Hence, it
may be used as a tool to study the initiation and progression of AD pathology. In the
following chapters, I will summarize my studies aiming at improving the current
understanding of coupling of retinal neuronal and vascular elements in a well-established
AD animal model. I will provide evidence that a set of biomarkers composed of various
components of retinal NVU may be an indicator of AD pathology burden in the brain and

may differentiate AD from other neurodegenerative conditions.
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Figure 1. Neurovascular unit. NVU is an interactive network of cells (pericytes and

endothelial cells), glia (microglia and astrocytes), and neurons (figure reused with

permission from reference #2).2

HISTORY OF ALZHEIMER'S DISEASE

Ancient Greek and Romans considered loss of cognition an inevitable part of
growing old. In the early 1800s, the word dementia started to appear in medical literature
to indicate loss of mind. Around the same time, histologic studies linked senile dementia
to brain atrophy and brain vessel changes.® In the early 1900s, after Bielschowsky
visualized neurons using an improved silver staining, Alois Alzheimer, a German
psychiatrist, described neuronal plagues and tangles in a woman who had died young from
dementia associated with progressive confusion and hallucinations. This constellation of
symptoms was later called Alzheimer's disease. In 1927, the substance in neuronal plaques
was identified as "amyloid" due to the green birefringence of polarized light in Congo red
staining. It was suggested that the amyloid plaques and neurofibrillary tangles (composed
of microtubule-associated protein tau) interfered with normal neuronal function resulting
in neuronal cell death.3* Highly enriched amyloid B (Ap) fibers were isolated from AD
patients' meningeal vessels in 1984.°

Over the last four decades, it has become apparent that AD is a multifactorial
disease. Although the triggering event for the deposition of misfolded proteins has
remained unknown, neuroinflammation and neurovascular changes have become

increasingly known to contribute to AP and NFT deposition and eventual neuronal
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dysfunction. Searching imaging tools to identify and trace the neuronal, vascular, and

inflammatory changes in AD and other neurodegenerations is an ongoing effort.

PERSONAL AND SOCIETAL IMPACT OF ALZHEIMER'S DISEASE

AD is seen in all ethnicities and involves slightly more females than males.® AD is
the most common form of elderly dementia, accounting for about 50-75% of all cases. It is
estimated that 5.7 million Americans have AD.” AD prevalence increases with age: only
3% of people aged 65-74 are diagnosed with AD, in contrast to 17% of those aged 75-84,
and 32% of those aged 85 and older.® Considering all these, AD's economic impact is
enormous. As the size and proportion of the population aged 65 and older continue to grow,
AD's impact on society will increase dramatically unless preventive and early diagnostic
measures are developed.2 A mathematical model has projected saving up to $7.9 trillion in
medical and care costs with early and accurate AD diagnosis.®

AD is not just an American or western world problem. World Alzheimer Report
estimated that 36 million people around the world live with dementia, with a substantial
worldwide cost of around $604 billion in 2010, representing 1% of global GDP (World
Alzheimer Report 2011).

PATHOGENESIS OF ALZHEIMER'S DISEASE

AD's etiology and the neurodegenerative process leading to its clinical
presentations are complex. There is a widespread agreement that AD develops due to
multiple modifiable and non-modifiable risk factors that converge on the amyloid  and
phosphorylated tau protein deposition. The amyloid hypothesis suggests that AD's
neurodegenerative process ascends primarily from cytotoxic events prompted by
excessively metabolized amyloid precursor protein (APP) in the amyloidogenic pathway
that leads to the formation, aggregation, and deposition of AP plaques. APP is a plasma
membrane protein with a single domain found on different cell types, including neurons,
astrocytes, oligodendrocytes, and glial cells. APP is coded for by a gene located on
chromosome 21, which explains why all individuals with chromosome 21 trisomy develop
AD in their midlife. In physiological conditions (non-amyloidogenic pathway), APP is

cleaved by a-secretase producing the fragment (s)APPa and a carboxy-terminal component
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of 83 amino acids (C83) (Figure 2). The physiologic role of (s)APPa includes regulating
neural excitability, improving synaptic plasticity, and increasing neural resistance to
oxidative and metabolic stress. Under neuropathological situations (amyloidogenic
pathway), BACE (B-secretase 1) slices APP at its N (extracellular)-terminus, and y-
secretase cleaves APP at its C-terminus. This enzyme activity yields two extracellular
(s)APPB and AB40/42 fragments and an intracellular C-99 fragment. The C-99 fragment
transports to the cell nucleus to induce genes that promote neuronal death by apoptosis.
Naturally, APP regulates neuronal survival, protection against toxic stimuli, synaptic
plasticity, and cellular adhesion. However, AB40/42 deleteriously affects synapse function,
decreases neuronal plasticity, alters energy and glucose metabolism, induces oxidative
stress and mitochondrial dysfunction, and disturbs cellular calcium homeostasis.°
Soluble AP peptides are present in endosomes before the AB plaque appearance.'
Failure of the perivascular wall lysosomal pathways to efficiently clear intracellular AP
peptides foster their pathological aggregation. Thus, although AP overproduction is
probably the main driving force for plaque formation, impaired intracellular trafficking of
AP monomers in perivascular spaces (also called g-lymphatics) is increasingly suggested

as the cause of AP accumulation and deposition (Figure 3).124
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Figure 2. APP processing and AB accumulation. Mature APP (center, inside dashed box)

is metabolized by 2 competing pathways, the a-secretase pathway that generates SAPPa
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and C83 (also known as CTFa; left) and the B-secretase pathway that generates sSAPP and
C99 (right). Some P-secretase cleavage is displaced by 10 amino acid residues and
generates SAPPB’ and C89. All carboxyterminal fragments (C83, C99, and C89) are
substrates for y-secretase, generating the APP intracellular domain (AICD) and,
respectively, the secreted peptides p3 (not shown), AB-40/42 (right), and Glull AB. AB
aggregates into small multimers (dimers, trimers, etc.) known as oligomers. Oligomers
appear to be the most potent neurotoxins, while the end stage senile plaque is relatively
inert (Republished with permission of the American Society for Clinical Investigation,

from reference #15; permission conveyed through Copyright Clearance Center).*

The role of age-related cardiovasculopathies in this process is not fully understood.
The brain's high metabolic demand requires a well-controlled blood supply that is adjusted
based on neuronal activity. A close metabolic and structural interdependence between
astrocytes and neurons with blood vessels that forms the so-called neurovascular unit—
NVU- regulates local blood perfusion by regulating blood flow to the brain, blood-brain
barrier (BBB) permeability, and the chemical composition of the neuronal interstitial tissue
required for neuronal circuits' proper functioning. Cellular and noncellular components of
NVU, including neurons, astrocytes, vascular endothelium, myocytes, pericytes, and the
extracellular matrix, are altered in AD patients **1” and mouse models of AD. #1° Among
the known NV U ultrastructural changes in AD are capillary distortions, BBB dysfunction,
endothelial cell mitochondria loss, thickening of the basement membrane, endothelial
degeneration, degenerated pericytes, and perivascular neuroinflammation.?’ Such NVU
alterations are potential biomarkers for diagnosing AD and monitoring its activity.

In contradiction to the amyloidogenic and taugenic hypothesis, clinical trials
targeting amyloid and tau depositions have not been successful.?® Thus, there is an
increased realization that the role of neuroinflammation, synapse dysfunction?, and
cerebrovascular pathologies are possibly more pronounced early in the disease course. It
has been suggested that neurodegenerative changes associated with AD may begin 10-20
years before AD symptoms appear.®2® Early pathologic changes are compensated by
neuroplasticity and vascular plasticity, and for a long time, those who will develop AD in

the future do not have any apparent symptoms. Nevertheless, as the pathologic burden of
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AD accumulates, the patient starts to show symptoms of minimal cognitive impairment
(MCI) that will gradually progress to Alzheimer's dementia. Finding new diagnostic and
improving the available tools' precision and accuracy for detecting AD's early pathologic
changes is the key to future treatments' success.

Vascular factors Genetic factors

(hypertension) (APOE‘l{#.
{ J

| Environmental factors I—'| Vascular damage | *—' Senescence |

[ | \
| BBB dysfunction | | hypoperfusion |
/ J_
| Neurotoxins | | AB clearance |
Neuroinflammation AB accumulation Phospho-tau
| | | | |

!

Mitochondrial damage/synaptic dysfunction/neuronal damage |

l

| Disrupted connectivity/loss of function |

Figure 3. Alzheimer’s dementia hypothesis. The vascular hypothesis of AD states that

cerebrovascular damage is an initial insult that promotes AP accumulation in the brain

(adopted with modifications from reference #2).2

RISK FACTORS OF AD

The most significant risk factors for late-onset AD (LOAD) are older age, having a
family history of AD, and carrying the APOE-e4 gene. Individuals with a first-degree
relative with AD are more likely to develop the disease. Those who have more than one
first-degree relative with AD are at even higher risk.?” Whether this increased risk is due
to genetics or shared environmental and lifestyle factors, or both, is not clear. Those who

inherit APOE-e4 have an increased risk of developing AD at a younger age than those with
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other gene variants.?® Cardiovascular diseases, education level and social/cognitive
engagement, and traumatic brain injury (TBI) are modifiable risk factors for AD. And
finally, it should be mentioned that a small percentage of AD cases (1% or less) develop
due to mutations in the APP, presenilin 1, or presenilin 2 genes.?® All of the individuals
inheriting an APP or presenilin 1 genes and 95% of those inheriting a presenilin 2 gene
will develop the disease.?® Individuals with any of these three mutations tend to develop
AD symptoms before age 65, sometimes as young as age 30.° This is commonly referred
to as early-onset AD (EOAD).

CLINICAL FEATURES OF ALZHEIMER'S DISEASE
Dementia and dementia-like diseases

Dementia is a constellation of symptoms arising from neurodegeneration involving
parts of the brain responsible for cognitive functions such as memory, language, and
problem-solving skills. Such neurodegenerative processes will then affect essential motor
functions such as walking and swallowing, and the disease will ultimately become fatal.
Different forms of dementia, other than AD, that present with distinct symptom patterns
and brain abnormalities include vascular dementia, dementia of Lewy body,
Frontotemporal lobe degeneration, Parkinson's disease, Creutzfeldt-Jakob disease, and
normal-tension hydrocephalus.® Very often, people with dementia symptoms have brain
abnormalities associated with more than one cause of dementia. One study showed that
only 30% of people with histologic features of AD had pure AD, and half of the AD patients
also had brain changes compatible with vascular dementia.°

The primary differential diagnosis for AD and non-AD dementia includes
dementia-like symptoms without the progressive brain changes caused by depression,
delirium, side effects from medications, thyroid problems, certain vitamin deficiencies, and
excessive alcohol use. Unlike AD and other neurodegenerative diseases, these conditions

are often reversible with treatment.

Symptoms of Alzheimer’s dementia

AD's symptoms include loss of ability to gain and recall new memories, declining

decision-making abilities, and impaired cognition. With eventual impairment in both
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declarative and non-declarative memory, an individual's capacity for reasoning,
abstraction, and language will be remarkably reduced. Normal aging may be associated
with nonpathological age-related changes in memory and cognition. Such changes should
be differentiated from neurodegenerative dementia, which may be difficult early in the
disease course. AD symptoms vary among the patients, and any combination of the
symptoms mentioned above may occur. In the early stages, most individuals can function
independently in many situations but may require support with some activities to remain
independent and safe. In the moderate stage, patients may have difficulty performing daily
routine tasks, become confused about place and time, and start having personality and
behavioral changes. In the severe stage, patients require help with basic daily living
activities, such as bathing, dressing, and using the bathroom. Eventually, their verbal
communication ability becomes limited.® Physical health becomes significantly impaired
in the severe stage of the disease. Eating and drinking become difficult, and patients may
get aspiration pneumonia. Patients become bed-bound due to damage to motor centers.
Being bed-bound increases the risk of lower extremity thrombosis, skin infections, and

sepsis.

DIAGNOSIS OF ALZHEIMER'S DISEASE

AD diagnosis cannot be made with a single test. Instead, a variety of diagnostic
approaches and tools are used to make a diagnosis:

1. Comprehensive medical evaluation, including medical and family history,
including psychiatric history, cardiovascular history, and history of cognitive and

behavioral changes.

2. Soliciting a history of changes in thinking skills and behavior.
3. Cognitive tests and physical and neurologic examinations.
4. Ruling out medical causes of dementia by blood tests and brain imaging.

Revised guidelines for diagnosing Alzheimer's disease: The National Institute on Aging
(NIA) and the Alzheimer's Association have proposed revised guidelines for clinical and
pathological diagnosis of AD.31:3 The older diagnostic criteria and guidelines were based

mainly on a physician's clinical judgment about the cause of an individual's symptoms,
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considering reports from the patient and caregivers, cognitive tests, and general
neurological assessments.® The updated revised guidelines incorporate the same steps for
diagnosis but also incorporate biomarker tests. Brain imaging modalities to detect the
progression to AD include magnetic resonance imaging (MRI), magnetic resonance
spectroscopy (MRS), and positron emission tomography (PET). In a study to estimate the
progression rate from minimal cognitive impairment (MCI) to dementia, the model that
best predicted progression to dementia included age, sex, hippocampal volumes in MRI,
N-acetylaspartate (NAA)/creatine (Cr) on MRS, and the presence of cortical infarctions.*

A noninvasive, easily executable, convenient, and inexpensive diagnostic modality
is the key for timely diagnosis and follow-up of patients with preclinical and clinical AD.
Future treatments to slow or stop AD's progression and preserve brain function will be
most effective when administered early in the disease porgresion. A noninvasive and
simple diagnostic tool for detecting and following early AD biomarkers in individuals with
MCI or preclinical AD would allow testing if an experimental therapy can delay or prevent
symptoms in such at-risk individuals. Such diagnostic modalities would boost future
therapeutic trials' success by providing a means to follow the effect of emerging treatment

modalities.

TREATMENT OF ALZHEIMER'S DEMENTIA

No effective medication is currently available to slow or stop AD's
neurodegenerative destruction. In the decade of 2002-2012, 244 drugs for AD were
registered with clinicaltrials.gov. Only one of these 244 drugs (memantine) completed
clinical trials and received approval from the US Food and Drug Administration (FDA).®
Factors that contribute to the difficulty of developing effective treatments for AD include
1) lack of reliable and convenient disease biomarkers, 2) lack of animal models that closely
resemble the manifestation of AD in human, allowing for pre-clinical evaluation of the
safety and efficacy of promising therapeutic agents, 3) slow pace of clinical study
recruitment, and 4) long time needed to observe whether an investigational treatment
affects disease progression.® Retinal biomarkers that can noninvasively probe subtle signs

of AD progression may help monitor potential treatment effects.
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Despite the lack of effective therapies, studies have consistently shown that lifestyle
modification and active management of AD and other dementias can improve the quality

of life for affected individuals and their caregivers.3

ANIMAL MODELS OF ALZHEIMER'S DISEASE

Our current knowledge of the pathologic changes associated with AD and their
biological and genetic pathways has been gained through studying genetically modified
AD animal models. None of the existing animal models of AD fully reproduce AD's
complete spectrum; they repeat the disease's critical pathologic aspects reasonably well.
Despite the abundance of mouse models of AD for over two decades, clinically proven
treatments are not available yet. The lack of translation of knowledge from the preclinical
models to the clinical phase has multiple aspects, including 1) mouse models do not
recapitulate all pathologic aspects of the disease. Transgenic mice may overproduce
amyloid, tau, or APP, but only a few of them harbor the transgenes expressing both amyloid
and tau proteins. 2) AD is a disease of elderly when comorbid cardiovascular diseases and
normal aging neurodegeneration contribute to AD pathogenesis. Many of these aging
neuronal and vascular changes cannot be recapitulated in a 2-3-year life span of a mouse.
3) Despite all the similarities, there is a lack of substantial cell and synaptic loss in animal
models of AD, suggesting that animal models better represent the disease's preclinical
stage.

Other than many transgenic rodent models of AD that represent EOAD, AD
research is performed in late-onset AD models (ApoE KO mice), fruit fly models of AD,
and nontransgenic models (injecting AP into the brain, using cholinotoxins, and using
naturally long-living animals that show senescence neurodegenerations) too. Below, the
main features of transgenic mouse models of AD (both APP and tau transgenic models)
are summarized, and the justification for using 3xTg-AD in the current study is
presented. 33

PDAPP transgenic mice: generated by a PDGF-driven human APP (PDAPP)

shows astrocyte reactivation before plaque formation. It starts to develop plaques,
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dystrophic neurites, and more reactive astrocytes and microglia at 6 months. This model
has far less neuronal loss compared to AD and does not have tau pathology.

Tg2576 transgenic mice: This line has two Swedish mutations that express APPegs
isoform with multiple fold increase in ABi40and APi-4243. Brain pathologic and behavioral
changes are similar to patients with AD. However, neuronal loss is low, and there are no
tau pathologies.

J20 transgenic mice: This model presents with very early cognitive deficits and
shows a high level of AB. Plaques appear at the age of 5-7 months, but a significant
neuronal loss has been found at age 3 months, before the appearance of plaques.

APP/PS1 transgenic mice: mutations in PS1 account for the majority of EOAD.
However, PS1 overexpression is not enough to produce amyloid pathology, and a
simultaneous APP mutation is needed. Cerebral amyloid deposits are seen at 6-8 weeks of
age in this model.

5XFAD transgenic mice: This mouse co-expresses five FAD mutations that
accelerated AP plaque formation. AB plaques begin to deposit at the age of 2 months.
Activated astrocytes and microglia are seen at the age of 2 months, with a gradual increase
with age.

Tau transgenic mice: Tau plays a significant role in AD pathogenesis. However,
early transgenic models did not include tau expression. 3xTg-AD was developed by
inserting two transgenes containing the APP Swedish mutant and a tau mutant (P301L)
into a homozygous presenilin 1 mutant (M146V) mouse and displayed progressive
histopathologic and behavioral abnormalities such as concurrent senile plaques and
neurofibrillary tangles formation and synaptic dysfunction that progress in an age-related
manner and closely mimic the neurodegenerative process in human AD.3° The 3xTg
mouse has been extensively studied and its brain lesions, retina pathologies, and behavioral
changes have been well characterized. High levels of AP and tau deposition are found in
the 3xTg-AD mouse brain. Besides, the synaptic loss was observed even before Ap and tau
accumulation.®”*® Retinal presentation of 3xTg-AD mouse recapitulates many of the
characteristic pathologic aspects of the human AD disease in retina too. 37384145

Limitations of animal models. Although our current knowledge about AD

originates from studies on animal models, AD models have significant limitations.
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Transgenic mouse models of AD have been extensively used; however, mouse neurons are
generally resistant to AP toxicity. Besides, mice retina cannot mount an inflammatory
response like the human retina.*® Furthermore, although animal models of AD may
manifest some key features of AD-related pathologies; they miss AD's environmental and
cardiovascular risk factors.*” The pathogenesis of AD-like features in 3xTg-AD mimics
early-onset AD (EOAD) (such as patients with Down syndrome who are born with an extra
copy of amyloid precursor protein (APP) genes) more closely compared to those with late-
onset AD (LOAD).?® Also, limitations of translating mouse OCT and OCTA studies to
human disease conditions should be considered.*! Rodents, unlike the human, do not have
macula and FAZ that is shown to present AD pathologies significantly more than the other
parts of the retina.>® On the other hand, the mouse retina's layered structure with a trilaminar
arrangement of its capillary layers is almost identical to the human retina, and similar

degenerative processes occur in murine models.*®

OCULAR MANIFESTATIONS IN ALZHEIMER'S DISEASE

The retina shares embryological origin, cellular elements, and physiological
properties (such as a blood-tissue barrier) with the brain. A wide range of visual
dysfunctions has been reported in patients with AD, and multiple histology studies have
revealed structural changes in the retina, including the deposition of AP (though
structurally different from AP plaques seen in the brain)*®, hyperphosphorylated tau, and
APP in individuals involved with the disease.**49-53455 Animal studies and histopathologic
evidence from human samples suggest that these functional and structural retinal changes
parallel brain pathologies of AD. Thus, it is conceivable that the retina could serve as a
window for studying neurodegeneration caused by AD.>>->' Besides, retinal vasculature,
which can be visualized and monitored noninvasively via multi-modal imaging tools, may
serve as biomarkers of brain vasculature and enable monitoring of AD neurovascular
pathologies.*36

The retina, consisting of three neuronal and two synaptic layers, is a highly
organized neural tissue (Figures 4 and 5). Retinal cellular and synaptic layers consist of
(from innermost layer to out): the retinal nerve fiber layer (RNFL), retinal ganglion cell

layer (RGC), inner plexiform layer (IPL), inner nuclear layer (INL), outer plexiform layer
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(OPL), outer nuclear layer (ONL), and photoreceptor outer segments (OS) (Figure 4).52
Having a high metabolic demand, a rich and highly connected capillary plexus supplies
blood perfusion to the retina. In both mouse and human, blood vessels that nourish the
retina follow retinal cellular and synaptic organization and form three vascular network
layers, or plexuses, that run parallel within the retina and connect by inter-plexus vessels.
Three retinal vascular networks extend from the optic nerve head to the retinal periphery.%-
%6 Central retinal artery supplies the superficial vascular plexus (SVP) composed of larger
arteries, arterioles, capillaries, venules, and veins. SVP is mainly located within RNFL and
GCL. The intermediate vascular plexus (IVP) is located between the IPL and INL, and the
deep vascular plexus (DVP) is situated in the OPL (Figure 6).6” Vertical capillary
connections from the SVP provide for IVP and DVP perfusion.®®-% This retinal vascular
pattern is highly preserved across mammals, including rodents, monkeys, and humans.®-
% Because of the inability of fluorescein angiography to depict the three-dimensional
aspect of retinal capillary plexuses, in vivo investigation of these vascular layers has not
been possible until the recent development of OCTA 687072

The mouse retina doesn't have a macula like the human retina; otherwise, it is
organized similar to the human retina and serves as an excellent model for exploring the
physiology of vision and dissecting the pathologic mechanisms mediating retinal disease.
Similar to the human, the mouse retinal vessels develop in an overlapping stepwise process
that starts with the radial expansion from central retinal vessels onto the surface of the
retina that forms the SVP, followed by vascular sprouting deep into the retina to develop
the IVP and DVP along with numerous cellular and molecular cues orchestrated by the

vascular, neuronal, Muller, and glial (microglia and astrocyte) components. %7376
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Figure 4. Schematic drawing of the cellular components of the retina. Note the interactions
between the cells and blood vessels (BV). Amacrine cells (A), astrocytes in green (AS),
bipolar cells (B), cones (C), ganglion cells (G), horizontal cells (H), Mdller cells in blue
(M), microglia in red (Mi), rods (R), cones (C). Note the location of the different layers of
the retina (from the most internal to the outer layers): optic nerve (ON), nerve fiber layer
(NFL), ganglion cell layer (GCL), inner plexiform layer (IPL), inner nuclear layer (INL),
outer plexiform layer (OPL), outer nuclear layer (ONL), outer segment layer (OS), pigment
epithelium (PE), choroid (Ch) (Figure reused from reference #76 under Creative Commons

License).’
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Figure 5. Histologic locations for toxic proteins. Proposed histologic locations for toxic
protein deposition and resulting degenerative consequences in the retina in the process of
AD and PD (reproduced with permission from reference #77 under Creative Commons
Attribution License).”’
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Figure 6. Cellular and vascular organization in retina. Organization of the cellular and
vascular elements in mouse and human retina. A. Cartoon illustration of the retina, showing
its organization. B. Cross-section of a mouse retina stained with DAPI and GS-B4 (section

B used with permission from reference #67).%’
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Visual function in Alzheimer’s disease

Multiple visual disturbances, including visual processing and integration
dysfunctions, have been described in individuals with AD. Impaired contrast sensitivity is
common in AD and worsens with AD's progression.”® In advanced AD, disturbed facial
recognition, self-identification, and prosopagnosia (abnormal recognition of familiar faces)
may interfere with daily life.” Other visual function disturbances recognized in patients
with AD include decreased visual acuity and difficulties in writing and reading, and
fluctuations in color perception.8%-82 Further, pupil size, pupil reaction to light and near,
and ocular motility abnormalities have been reported in AD patients.?3# Finally, visual
field loss mainly occurs in the inferior quadrant (that may correlate with more severe GCL
damage in the superior quadrants).®® To clarify the longitudinal pattern of these clinical
findings with ocular imaging features in various clinical stages of MCI and AD, we need
large-scale prospective clinical studies.

Ocular imaging studies in Alzheimer’s disease
FUNCTIONAL IMAGING STUDIES

Besides visual function tests such as visual acuity, contrast sensitivity, color vision,
and visual field tests, a host of indirect evidence confirm retinal neuronal and vascular
dysfunction in AD. Increased permeability of the blood-retinal barrier (BRB) has been
shown in models of retinal degeneration.® Retinal perfusion is considered a marker of
retinal function. For example, Gameiro et al. studied retinal blood flow using Retinal
Function Imager and showed decreased tissue perfusion and tissue volume in clinical AD
patients.®” Further evidence for vascular disruption of retinal vascular comes from more
recent OCTA studies that will be discussed in detail in section b-ii below.

Common epidemiological and cardiovascular risk factors are shared between AD
and vascular dementia (VaD). The presence of regional brain microvascular abnormalities
and regional cerebral hypoperfusion in preclinical AD suggested AD as a "vascular
disease."” Indeed, patients with AD show evidence of cerebrovascular abnormalities such

as decreased cerebral blood flow, BBB dysfunction, altered trophic factors, and reduced
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clearance of toxic proteins. Thus, experts have proposed brain vascular density and
structure as potential biomarkers of AD. However, detailed cerebral vascular imaging is a
challenge partly because of the brain being encased in a bony skull and the limited
sensitivity of current imaging methods to reveal the cerebral vascular map and the dynamic
changes in cerebral vessels in detail. Because of the shared developmental, structural, and
physiologic processes between the retina and the brain, retinal microvasculature has been
proposed as a potential biomarker for cerebral vessels. OCTA is a noninvasive optical
imaging tool that provides depth-resolved volumetric information from the choroidal and

retinal microcirculation and offers a possible way to detect microvascular changes in AD.

STRUCTURAL IMAGING STUDIES
In vitro histopathological assessment of AD-induced structural changes in the retina

Neurodegenerative loss of RNFL and RGC was detected in the 1980s. Still, it was not until
2011 that AB plaques were identified from postmortem retina tissues of individuals with confirmed
AD.%52 Importantly, the retinal AB burden correlated with the severity of brain plaque pathology.%
Interestingly, retinal AP plaques were smaller than CNS plaques and were found nonuniform in
superior and inferior quadrants and mid- to far-peripheral regions of the retina.®88 These regional
and geometric patterns may have implications in noninvasive optical imaging detection of AD's
retinal biomarkers. Studies by den Haan et al. on human retina tissue from individuals with
confirmed AD have shown that AP deposits were found in various retinal cell layers, mostly in
INL. Amacrine cells, Muller cells, and horizontal cells showed immunoreactivity to AB.*° A leading
group led by Koronyo-Hamaoui reported more prominent AB deposits in RNFL and GCL of the
central retina.*® The same group has recently reported significant deposition of AB in retinal
vascular lumen associated with loss of pericytes.®! Similarly, hyperphosphorylated tau has been
identified in the retina in colocalization with retinal neuronal loss.?® Asanad et al. examined retina
samples from AD patients and observed significant RNFL thinning in the peripapillary area and
significant GCL and IPL thinning in the parafoveal area.®? Outer retinal layers were thinner than

controls, though the thinning was less pronounced than the inner retinal layer thinning.%?

In vivo non-invasive depth-resolved imaging of retina

OCT imaging in AD
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Optical coherence tomography (OCT) is an essential component of ophthalmic
diagnosis and evaluation due to its non-invasiveness and high spatial resolution that
approaches 2-3 um. This resolution is close to conventional histology resolution and better
than other imaging modalities such as PET, CT, or MRI. Based on their development time-
line and scanning speed, OCT imaging machines include time-domain (TD-capturing
approximately 400 A scan per second), spectral-domain (SD-capturing 20000-50000 A-
scans per second) and swept-source (SS-capturing 100,000-400,000 A-scans per second)
OCT. SD-OCT is the most commonly used OCT in clinical practice and is available in
almost all retina clinics nationwide.

OCT scans show the retina's layered structure (Figure 7) and provide retinal
sublayer thickness, macular volume and thickness, and choroidal volume and thickness.
While some studies have not detected any difference in total retinal thickness between AD
patients and controls with normal cognition,®%4% most studies have shown reduced retinal
thickness in patients with AD, and in some instances, in individuals with MCI. It is often
a challenge to compare AD OCT studies (with occasional contradictory findings) because
of the variation in OCT instrumentation and segmentation protocols, variation in sample
size, and variable criteria for classifying participants to normal, MCI, and AD. However,
it is almost consistent that retinal thinning is often limited to inner retinal layers, and the
outer retina is mostly preserved.®® Looking into more detailed thickness maps that include
retinal sublayers, RNFL thinning is most commonly reported from AD patients. Depending
on retinal segmentation protocol, some animal studies have not reported RNFL thickness
separately and included it in ganglion cell-inner plexiform layer (GC-IPL), a three-layer
structure referred to as the ganglion cell complex (GCC). Total retinal thickness decreases
from young age to middle-age, then to MCI, and then to clinical AD. In multiple studies,
patients with MCI were often reported to have significantly reduced RNFL thickness
compared to healthy controls.®’~*° When it comes to AD, retinal thickness often correlates
with the severity of AD. Salobrar-Garcia and colleagues found that macular thickness was
thinner in patients with moderate AD than those with mild AD. In turn, those with mild
AD had a thinner macula compared to cognitively normal controls.” Other studies have
also confirmed that patients with AD have a significantly thinner retina than healthy

controls and MCI patients.®”1%%-102 While some studies reported more pronounced thinning
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in the superior quadrant RNFL, others have not seen any difference in RNFL thickness
from various retinal quadrants.8%94103-106 |n 3 population-based study that enrolled about
3300 patients, RNFL thinning was associated with an increased risk of dementia.'%” Thus,
total and retinal sublayer thickness may represent a marker of cognitive status in the
elderly. It should be noted that retinal thickness change is a combination of degenerative
changes caused by AD and normal aging and associated neuroinflammatory trophic
changes. Furthermore, it has been shown that retinal thickness changes span a spectrum,
thus may not differentiate milder forms of AD from MC.1%®

Two recent systematic reviews have summarized various OCT studies quite
comprehensively. Chan et al. reviewed 30 eligible studies involving 1257 AD, 305 MCI,
and 1460 cognitively normal individuals. AD subjects had significant GC-IPL and GCC
and RNFL thinner than MCI and controls.’® However, these differences were less
pronounced between individuals with MCI and normal cognition.®® Similarly, Song et al.
reviewed OCT/OCTA studies in AD that included a total of 6757 individuals
encompassing 2350 AD, 793 MCI, and 2902 controls.*!® Song et al. reported that most
studies noted a significant structural and functional decline in AD compared to normal
controls. Studies including MCI yielded more mixed results, but a similar declining pattern

was noted in many studies. OCT and OCTA findings correlated with neuropsychological

and neuroimaging findings of AD.!!

Figure 7: Optical coherence tomography scan through fovea in a healthy individual. Retinal

neuronal and synaptic layers are well depicted in this scan.
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Another layer of complexity comes from the fact that retinal thickness changes are
not specific to AD and can be seen in normal aging and various neurodegenerative and
neuroinflammatory diseases. In one study, patients with AD, PD, and LBD all had reduced
RNFL thickness than healthy controls.”* A system of biomarkers that may encompass a
weighted scoring for retinal sublayer thickness may be a better diagnostic and follow-up
tool for AD neurodegeneration. Such biomarker systems may be refined using machine
learning methods and artificial intelligence.™

The choroid is thinner in patients with AD compared to healthy controls,
supposedly due to the vasculopathy triggered by AP deposition in choroidal vasculature, >~
115 similar to the cerebral vascular changes described in AD.*%7 Animal studies have
supported this hypothesis by showing inflammatory responses that led to

neurodegeneration and regression of the choroidal vasculature.!®
OCTA imaging in AD

In the past few years, there has been a surge of OCTA-based studies investigating
retinal vascular parameters, including retinal vessel density, retinal perfusion density, and
foveal avascular zone (FAZ) size. Other parameters studied sparsely include retinal vessel
fractal dimensions, vessel caliber, vessel branching, blood flow velocity, and retinal
oximetry. However, such studies have resulted in variable, inconsistent, and sometimes
contradictory results making it difficult to draw a clear conclusion about retinal vascular
changes in AD and their utility in diagnosis and following AD's progression or response to
treatments. In patients with MCI and clinical AD, most OCTA studies have revealed
reduced vessel density and perfusion density in both the superficial capillary plexus (SVP)
and deep capillary plexus (DVP).11%1%6 Below, relevant OCTA studies on patients with
AD or MCI are summarized.

One of the first OCTA studies in AD came from a rare pair of 96-year old female
monozygotic twins discordant for AD.'?" The twin with advanced AD had a significantly
reduced SVP density and a larger FAZ.*2” Another early study reported by Bulut et al. was
performed on 26 confirmed AD patients and 26 healthy controls.*® It showed that retinal
vascular density was lower and FAZ was significantly enlarged in AD.'° Although outer

retinal flow and choroidal flow were lower, the difference was not significant. The small
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number of subjects in this study may have impacted this nonsignificant difference.®
Similarly, Lahme et al. studied AD and healthy subjects with OCTA and found decreased
superficial retinal flow density in AD. Decreased flow correlated with MRI findings but
did not correlate with AB and tau levels in the CSF.}%® Zabel et al. compared OCTA
parameters in patients with AD, glaucoma, and healthy controls. In AD, DVP density was
lower, and FAZ was enlarged compared to glaucoma and healthy controls.*?* Besides, SVP
density was lower in AD and glaucoma compared to controls.'?* Zhang et al. showed
decreased SVP density in the parafoveal area in early AD patients, but DVP was not
studied.*?® Similarly, Yoon et al. did not evaluate DVP in their patient population,
consisting of AD, MCI, and cognitively normal controls.*?%?! In their study, macular SVP
vascular density and flow density was lower in AD, but there was no difference between
these parameters between MCI and controls.'?>!?! Besides, participants with AD showed
decreased GC-IPL in inferior and inferonasal quadrants.'?° Jiang et al. studied both SVP
and DVP and showed that retinal vascular networks decreased in both vascular
plexuses.1?2123 Also, they showed that DVP density correlated with GC-IPL thickness.!??

O'Bryhim et al. initially published a well-designed study on individuals with
preclinical AD in 2018.11° They reported an increased FAZ and a decreased inner foveal
thickness in subjects with preclinical AD who had PET and/or CSF biomarkers of AD. In
a three-year follow-up study on a subset of the original study population, enlarged FAZ
was confirmed again. Although there was a trend for inner and outer retinal thinning, FAZ
size and retinal layer thicknesses did not change significantly after three years of follow-
up.?® The authors note that this was a pilot study, and their sample size was small. The
authors are planning to publish a five-year follow-up report from the same study
population.

As noted above, multiple papers report decreased vascular density in SVP and DVP
in patients with AD. Yet, few publications report no change or decreased vascular density
in AD. Querques et al. and Haan et al., in two separate studies, reported that retinal vascular
density did not differentiate individuals with AD, MCI, and normal cognition.*3%3! |n
Querques et al.'s study, individuals with AD and MCI had retinal vascular dysfunction as
determined by Dynamic vessel analyzer (DVA), but OCTA parameters were not

differentiating as mentioned above. Although their sample size was small, only studying
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12 individuals with AD, the finding may suggest that the retinal vessels' functional
alterations precede their morphological changes.™®® Besides, van de Kreeke et al. showed
increased vessel density and no difference in FAZ size in healthy individuals who were
positive for Ap in PET scan and concluded that retinal vessel density was higher in
preclinical AD.%¥ Other than using different OCTA image acquisition and segmentation
protocols, a possible reason for such inconsistency is that almost all these studies
investigated vascular density, flow density, and other OCTA parameters in SVP and
ignored IVP and DVP,'21125126 or Jumped both IVP and DVP in one layer, likely due to
the limited resolution of their OCTA devices, 1910

The radial peripapillary capillaries (RPCs), too, have been studied in patients with
AD. The RPC is located in the superficial retina, like SVP, but has intercapillary
connections than the SVP; thus, RPC is likely more susceptible to vascular dropout.®* Like
retinal capillary plexus analysis, quantification of RPC in AD patients is controversial and
complicated with variable segmentation and analysis methods. AD patients and
cognitively-normal controls did not have significantly different peripapillary vascular
densities in two separate studies.’?**3* In contrast, Lahme et al. reported decreased
peripapillary vessel density in patients with AD.1%, With the current data, it is impossible
to conclude if OCT-A could identify the preclinical stage of AD or MCI.2*® Similarly, there
is no conclusive evidence supporting the association between AD and impaired
peripapillary vascularity.**®

In summary, OCTA has been promising to detect retinal capillary network
alterations and may prove useful in the diagnosis and follow-up of patients with AD.
Despite little controversies, patients with AD have shown an enlargement of the foveal
avascular zone,*®120.138 reduced capillary density in S\VP 119120.122128.136,137 anq py/p, 121,125
and decreased vascular density and flow parameters in patients with AD.119120126.128 g cpy
changes may be explained by the accumulation of AB and tau within the retinal capillaries,
amyloid angiopathy, or decreased metabolic demand due to neuronal cell loss.

Future studies should focus on improving instrumentations, recruiting larger study
populations with a more extended follow-up period, and validating the initial promising
data in the preclinical AD. Such an approach is necessary for developing a possible non-
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invasive imaging retinal biomarker to identify individuals with early AD who may
eventually benefit the most from potential treatment.**®

One of the limitations of OCTA in analyzing the vascular size and density is that
OCTA, due to the limitations in its lateral resolution, overestimates the size of retinal
capillaries.®>70138-140 |n contrast to OCTA, retinal capillaries appear smaller and more
spaced in histologic studies. Yu et al. studied microperfused human retina by confocal
microscopy and reported that the DVP covered about 17% of the field of view, whereas, in
the OCTA study by Lavia et al., DVP covered 30% to 35% of the field.’%*°

Imaging neuroinflammation and metabolism in the retina

Inflammatory microglia density, activation, and distribution have been studied in a
mouse model of AD in which microglia were tagged with green fluorescent protein (GFP).
In this study, in vivo microglia counts corresponded well with ex vivo counts on retinal
flat-mounts.’*! In the 3xg-AD model, retinal microglia assume an anti-inflammatory
phenotype in presymptomatic stages of AD but express pro-inflammatory features in
advanced stages. Evaluating retinal metabolism and oxygen consumption are among the
approaches adopted by some researchers. Autofluorescence shows oxidative damage and
photoreceptor turn around in a noninvasive way. Fluorescent lifetime imaging
ophthalmoscopy (FLIO) is an advanced imaging method that measures endogenous
fluorophores' fluorescent intensity decay. It has been shown that FLIO signals correlate
with CSF AD biomarkers and GC-IPL thickness in OCT in individuals with preclinical
AD.'*2 In another comparative study, FLIO parameters correlated with cognition and AP
and hyperphosphorylated tau concentration in CSF.'*® Another novel imaging approach is
DARCs (the detection of apoptotic retinal cells) that uses fluorescent-labeled annexin to
visualize apoptotic cells in individual RGCs. DARCs has shown RGC loss at least 18
months before the OCT signs of RNFL loss in glaucoma,* but the utility of this method
in AD hasn't been explored yet.

NEUROVASCULAR COUPLING IN ALZHEIMER'S DISEASE

Microvascular changes, including increased capillary tortuosity, capillary

rarefaction, thickened basement membrane, and "string vessels,” have been commonly
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noted in the AD brain.!*> Some studies have shown that AD patients have AP production
similar to normal controls but decreased clearance rates than non-AD individuals.4°
Besides, vascular function is impaired in AD, as demonstrated by a direct correlation of
BBB permeability with the severity of AD dementia.**” However, BBB dysfunction in MCI
and normal aging has been reported t00.2484° Further evidence for the contribution of
vascular insufficiency to AD pathology comes from the association of cerebrovascular
disease and cardiovascular risk factors with AD's development.?*%%! It is also known that
cardiovascular risk factors such as hypertension promote amyloid deposition, supposedly
due to defective AP clearance.’® In turn, amyloid impairs endothelial function and
cerebrovascular autoregulation, promotes vasoconstriction, and induces vascular oxidative
Stress.145,1537155

While interstitial fluid (ISF) of the white matter is directly drained into the
cerebrospinal fluid (CSF), the ISF of gray matter drains via perivascular spaces alongside
cerebral vessels called glymphatics. In LOAD, cerebrovascular pulsatility is impaired, so
the latter drainage pathway functions less efficiently, possibly contributing to A
deposition. In patients with AD, the progression of intracerebral amyloid deposition
correlated with the extent of white matter hyperintensities, a marker for small vessel
disease, supporting the hypothesis that impaired amyloid clearance via perivascular
drainage may contribute to AP deposition.’®® The deposition of misfolded proteins
contributes to synaptic loss and neuronal death that, in turn, causes further vascular
dysfunction and altered vascular dynamics. Such interaction, also known as neurovascular
coupling, is suggested to be the core pathogenesis of AD and a potential target for
diagnostic and therapeutic developments. However, studying neurovascular coupling in the
brain is a challenge mostly due to the limitation of current imaging tools for investigating
cerebral capillaries.

As discussed before, the similarities between the retina and brain in terms of
common embryologic origin, similar histological and physiological features, and
comparable layered structures suggest the retina as a tool for studying neurovascular
coupling in AD. Retinal neuronal and vascular elements can be visualized, quantified, and

monitored noninvasively and in-vivo with advanced retinal optical imaging tools.
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OBJECTIVES:

Amyloid-p and tau deposition, neuroinflammation, and neurovascular dysfunction
all contribute to the pathogenesis of AD. However, the link between various components
of this pathogenesis system is not fully elucidated. Revealing this link increases our
understanding of AD and its initiation and progression, which in turn opens new avenues
for novel therapeutics and provides potential targets for efficient diagnostics. Thus, there
is an urgent need to clarify the interplay between various neuronal, glial, and vascular
elements of the so-called neurovascular unit in the CNS in AD. The retina, an extension of
the CNS that is easily seen and examined by noninvasive imaging tools, frequently
manifests pathologic events similar to AD neuroinflammation and neurodegeneration. AD
neuropathology may be seen and detected noninvasively in the retina.

In this work, we aimed to probe various neuronal and vascular structures of the
retina in 3xTg-AD and age-matched non-AD control mice (C57BL/6J) to understand
changes in these neuronal and vascular structures as they age and if such changes are
detectable with noninvasive optical imaging. We first evaluated retinal sublayers in a large
group of young to middle age transgenic and control animals. We determined that a
combination system of retinal sublayer thickness changes is a better marker to identify AD
progression and differentiate it from neurodegeneration caused by normal aging. Besides,
we showed that retinal sublayer changes occur parallel to the loss of RGCs in the retina.
We then performed immunofluorescent studies on retinal vascular layers in young, middle-
aged, and old transgenic and control mice to differentiate retinal capillary changes caused
by normal aging and AD pathology. Differential age-associated changes in the retinal
capillary plexuses in nontransgenic and transgenic mice paralleled reported metabolic
demand in retinal layers and Alzheimer's pathology burden in the retina. Besides, vascular
changes detected in our histology approach were in alignment with the pattern of retinal
vascular changes reported by most OCTA studies. We further developed a novel method
to study retinal vascular network in intact, whole retina that enables us to explore retinal
capillary plexus in their undisturbed natural state. This method allows us to study retinal
vessels without the distortion caused by conventional tissue preparation methods and offers
a novel way to study hyaloid vessels in their pristine natural state. Such studies are valuable
for understanding hyaloid and retinal development in normal and disease states. Further
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work to correlate retinal vascular changes with the pattern of retinal vessels detected
noninvasively using OCTA has been initiated. Altogether, these studies confirm that
noninvasive retinal imaging may differentiate AD neurovascular degeneration from age-
related neurodegeneration. Our original work further identifies the connection between
retinal neuronal and vascular elements in AD and possibly other neurodegenerative
diseases. Findings from our studies pave ways for developing a better biomarker system

for AD diagnosis and monitoring.
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Chapter 2 Monitoring retinal sublayer thickness as a biomarker
for Alzheimer’s disease progression in young to middle age triple

transgenic mouse model of AD

ABSTRACT

Purpose: Neuronal loss due to Alzheimer's Disease (AD) starts 15-20 years before
its clinical presentation. Retinal thinning detectable by optical coherence tomography
(OCT) is consistently reported in AD. We studied retinal sub-layer thickness in young to
middle-age mouse model of AD.

Methods: We measured retinal sublayer thicknesses using annular spectral
domain-OCT scans in young to middle-age (6-60 weeks) triple transgenic mouse model of
AD (3xTg-AD, 109 eyes from 60 animals) and control mice (C57BL/6, 72 eyes from 40
animals). Retinal flat mounts were immunostained with anti-TUJ1 antibody, and retinal
ganglion cells (RGC) were quantified. Brain sections and retina flat mounts were
immunostained with AB-42 6E10 antibody.

Results: Total retinal thickness did not change from young to middle age in
transgenic and control animals (p=0.479). Retinal nerve fiber layer (RNFL) thickness
decreased (linear regression model, p=0.0002) from young to middle-age in transgenic (-
0.1491um/week, p<0.0001), but not in control, (-0.0271um/week, p=0.2525) animals.
Ganglion cell-inner plexiform layer (GC-IPL) thickness decreased in control but not in
transgenic animals (p=0.0072). Other retinal sublayers did not change differently in
transgenic and controls. RGCs were significantly attenuated in 8- and 12-month-old
transgenic animals compared to age-matched controls (p=0.0426 and p=0.0002,
respectively). AB-42 6E10 staining was noted first in the 4-month-old retina and 8-month-
old brain sections.

Conclusion: Retinal neurodegeneration in middle-age AD model was detectable
with retinal sublayer thickness measurement using OCT. RNFL, but not GC-IPL, thickness
reflected AD-related neurodegeneration, possibly due to the compensatory increase in GC-
IPL thickness in the AD model.
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Translational Relevance: Retinal sublayer thicknesses may show Alzheimer's
disease-related neurodegeneration in middle age and differentiate it from

neurodegeneration caused by aging.

INTRODUCTION

Alzheimer's disease (AD) affects millions of people worldwide and has no
treatment available despite decades of research.™®’ The deposition of extracellular amyloid-
B (AP) plaques and intraneuronal hyperphosphorylated tau tangles are believed to be the
leading causes of neurodegeneration and loss of mental abilities in AD.®"1 AD is
typically a disease of elderly, however, neuroimaging studies such as magnetic resonance
imaging (MRI) and positron emission tomography (PET) scan, cerebrospinal fluid (CSF)
analysis, and histology studies on the genetically at-risk population who developed AD
later in their life indicate that the deposition of AP and tau starts in midlife, decades before
dementia becomes clinically apparent.’*%° The success of future treatments for AD
depends on detecting such at-risk individuals. However, MRI, PET scan, and CSF analysis
are expensive or cumbersome methods, not suitable for screening healthy, middle-aged, at-
risk individuals or for the daily care of millions of patients with confirmed AD. As a result,
AD's diagnosis is almost always delayed until the appearance of clinically detectable
cognitive decline when no therapeutic intervention could reverse the amount and impact of
neuronal loss. Thus, a non-invasive and easily executable method for the detection of
preclinical AD is an absolute necessity.

The retina is an extension of the central nervous system (CNS) and shares
embryological origin, cellular elements, and physiological properties (such as a blood-
tissue barrier) with the brain. The retina is easily accessible for examination and imaging
via non-invasive optical diagnostic devices. Visual symptoms such as diminished spatial
contrast sensitivity, color discrimination, and visual integration are common in patients
with AD.*1162 idespread retinal ganglion cell loss, and optic nerve axonal degeneration
were first found in postmortem analysis of patients with AD in the 1980s.5%%% More
recently, amyloid and tau deposits, pericyte loss, axonal transport impairment, and

microglia reactivation have been detected in the retina from both animal models of AD and
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AD patients 3940424991183 gy ch similarities between the retina and brain physiology and
pathologies have encouraged finding methods to detect and monitor AD through retinal
imaging. An ideal tool for such non-invasive detection is optical coherence tomography
(OCT), a non-contact optical imaging method that generates cross-sectional high-
resolution tissue images. OCT utilizes a scanning near-infrared beam of light that
penetrates through the retina, retinal pigment epithelium (RPE), and choroid, and an
interferometer processes the reflected light to reconstruct the depth and volume profile of
selected retinal locations.% Multiple OCT-based studies have shown cross-sectional and
volumetric retinal changes, mostly thinning of retinal nerve fiber layer (RNFL), in patients
with AD and the transitional stage before clinical AD, known as mild cognitive impairment
(MCI).184+187 Although there is a consensus about said functional and structural ocular
abnormalities in patients with AD, it is not resolved whether AD-related retinal changes
can be detected in normal middle-aged individuals who will eventually develop clinical
AD in their elderly. This question can be answered by longitudinal OCT studies on a cohort
of normal individuals with an enhanced risk of developing AD to find a subset who will
progress to preclinical and clinical AD.?1% However, such a study has not been done yet.
Many OCT studies on mouse models of A have studied retinal thickness changes in
advanced pathologic stages of the disease'®®"%; however, and longitudinal analysis of
layers from young to middle age to old age are sparse.>”*"* In an OCT study on 4- to 16-
months old triple transgenic mouse model of AD (3xTg-AD), progressive age-dependent
thinning of the inner retina was detected, suggesting that preclinical AD can be identified
and monitored noninvasively.>” However, RNFL thickness, which has been consistently
shown thinning in AD human studies®*19%165172 \was not analyzed. Besides, no study has
shown retinal sublayer changes and concurrent GC loss in the same group of young and
middle-age AD model animals.2®"1® We aimed to fill these gaps by OCT-assisted analysis
of retinal sublayers and correlating OCT findings with histologic evidence of retinal
neurodegeneration and retinal and brain deposition of Ap in young to middle-age 3xTg-
AD model. We observed that total retina thickness remained stable up to middle age in
transgenic mice. RNFL thickness and not GC-inner plexiform layer (GC-IPL) thickness
decreased in transgenic mice compared to controls. Parallel to such RNFL thinning,

immunofluorescent studies on flat-mount retina preparations showed significant RGC loss
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in 3xTg-AD mice compared to age-matched controls. These findings support monitoring
retinal sublayers, including RNFL and GC-IPL as a biomarker to differentiate AD-related
neurodegeneration in the preclinical stage of the disease from neurodegeneration caused
by normal aging.

MATERIAL AND METHODS

The University of Texas Medical Branch (UTMB) Institutional Animal Care and
Use Committee (IACUC) approved all the experiments. Animal use and care were per the
ARVO statement for animal use in ophthalmic and vision research. Two to five mice were
housed in a single cage.

Animals. Sixty triple transgenic BG6; 129-Psenltm1Mpm
Tg(APPSwe,tauP301L)1Lfa/Mmjax (3xTg-AD) mice and forty C57BI/6 J control mice
between the ages of 6 to 60 weeks were used for this study. The original line of 3xTg-AD
mice was obtained from The Jackson Laboratory (Bar Harbor, ME) and bred and
maintained at UTMB animal facilities with genotyping confirmation of the mutations in
randomly selected progenies. Only female mice were used in the experiments as they have
shown less variable and more severe disease phenotype compared to their age-matched
males.}’® OCT imaging was performed in the morning or early afternoon, and the animals
were returned to their housing unit the same day. The investigators were not blind to the
study groups during in-vivo imaging sessions.

OCT imaging. Animals were anaesthetized with an intraperitoneal injection of a
60 mg/kg Ketamine and a 0.5 mg/kg Dexmedetomidine combination to ensure movement
restriction during imaging procedures. Pupils were dilated with topical 1% tropicamide and
2.5 % phenylephrine drops. Eye surfaces were lubricated using Systane eye drop (Alcon,
Fort Worth, TX). Following pupil dilation, the mice were positioned into an animal
Imaging Mount and Rodent Alignment System (AIM/RAS) setup that allowed x, y, and z-
axis manipulation to align the eyes properly. Bioptigen spectral-domain ophthalmic
imaging system (SDOIS) (Bioptigen, Inc., Durham, NC) that uses an 840 nm probe
providing a 5 micrometer (um) axial resolution was used to obtain spectral-domain-OCT
images. Optic nerve head (ONH) was visualized, centered, and focused within the viewing

pan depicting a three mmx3 mm, 50-degree field of view.}’” Then, the Bioptigen annular
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scanning protocol centered on the ONH was run. The scan captured a 0.4 mm width circle
encompassing 1000 B scans, each comprised of 150 A-scans. One investigator performed
all OCT scans for consistency. Eyes were excluded from the study if vitreous opacities or
optic nerve head vascular anomalies obstructed the retina.

Bioptigen's Envisu Diver Analysis Software, a built-in automated retinal thickness
analysis tool for small animals, was used to populate a retinal sublayer segmentation output
that identified boundaries of these eight retinal layers: RNFL, ganglion cell + inner
plexiform layer (GC-IPL), inner nuclear layer (INL), outer plexiform layer (OPL), outer
nuclear layer plus inner segments (ONL+IS), outer segments (OS), and RPE (Figure 8).
We further defined inner retina (IR) as the sum of RNFL, GC-IPL, and INL thickness and
outer retina (OR) as the sum of OPL, ONL+IS, and OS.1"" RPE layer thickness stability
was considered as an internal control for the validity of the measurements in different

ages.’®

RNFL
GC-IPL
INL

OPL
ONL + IS
os

RPE

Figure 8. Representative automated retinal layer segmentation by Bioptigen Envisue
imaging system used in this study. RNFL.: retinal nerve fiber layer; GC-IPL: Ganglion cell
+ inner plexiform layer; INL: inner nuclear layer; OPL: outer plexiform layer; ONL+IS:

outer nuclear layer + inner segment; OS: outer segment; RPE: retinal pigment epithelium.

Immunostaining. Three 3xTg-AD and three control eyes in each age group of 4-,
8-, and 12-months were used for retinal flat mount immunostaining for RGC
quantification. Animals were anesthetized as described above and euthanized by cervical
dislocation. After euthanasia, the animals were perfused with 30-50 ml of ice-cold
Phosphate-buffered solution (PBS) and then with 30-50 ml of freshly prepared 4%
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paraformaldehyde (PFA). Both eyes were enucleated and were immediately immersed in
ice-cold Hanks' balanced salt solution (HBSS). Only one eye from each animal was used
for immunostaining. Under a dissecting microscope, a circumferential incision was made
around the limbus, and the cornea, iris, lens, and vitreous body were removed. The
eyecups were washed in PBS three times for 5 minutes each time and were incubated in
4% PFA for 10 minutes, followed by carefully dissecting the retina from RPE, choroid,
and sclera. Four to five radial cuts were made in the retinal periphery to mid-periphery,
and the retina was spread on a glass slide, RGC side up. The samples were then
permeabilized with 0.2% Tween-20 in PBS for 20 minutes at room temperature (RT).
After washing with PBS (3 times, 5 minutes each time), retina flat mounts were incubated
with 5% normal goat serum (NGS) in PBS containing 0.25% Triton X-100 for 1 hour
(RT) and incubated overnight at 4° C with anti-human TUJ-1 (Abcam, ab80579, 1:200).
Following incubation with the primary antibody, the tissue was washed three times with
PBS (5 minutes each time) and probed with mouse-specific fluorescent-labelled Alexa
Fluor 546 secondary antibodies (Life Technologies, 1:200) for 3 hours (RT). Slides were
washed with PBS, mounted with ProLong Gold Antifade medium (ThermoFisher,
P36930), and covered with a cover glass. Under 10x viewing lens, four 100x100 pm
regions of interest (ROI) (one ROIs per retina flat mount petal)*"®° from retinal mid-
periphery were imaged using Zeiss LSM 510 scanning confocal microscope. RGC
number was counted by two independent observers who were blind to the genotype and
age groups. There was a strong linear correlation between the two observers' cell counts
(Pearson correlation coefficient of 0.9816).

3xTg-AD mouse is a well-established model for AD pathologies where AB and tau
deposition in the retina has been established before.*? Only representative retina flat mounts
and brain sections from transgenic and control mice in each of 4-, 8, and 12- month old age
group were immunostained for AB-42, and no quantifications were performed. Ap-42
staining of retina flat mounts followed the immunostaining method described above with
anti-Ap-42 6E10 (BioLegend #803002, 1:300) and Alexa Fluor 488 (Thermo Fisher
Scientific, #A32723, 1:500) as primary and secondary antibodies, respectively.

Brain tissue was collected and fixed in 4% PFA for 24h and then immersed in 30%

sucrose solution for three days. *° The brain samples were sliced at 30 um using Cryostat
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(Thermo Shandon) and mounted onto a glass slide, incubated in 0.25% Triton-X100 for 1
hour, blocked by 5% NGS- 0.1% Triton-X100 for 1 hour, and then incubated with primary
antibody against human AB-42 6E10 (1:300) at 4° C overnight. The samples were then
washed in PBS (3 times, 5 minutes each) and probed with Alexa Fluor 488 secondary
antibody (Thermo Fisher Scientific, #A32723, 1:500). Hoechst stain was used for nucleus
staining. Slides were covered with a coverslip and were imaged with a Zeiss LSM 510

scanning confocal microscope.

Data analysis and statistics. Retinal layer thicknesses were populated by the OCT
machine's auto-analysis software that provides minimum, maximum, mean and standard
deviation (SD). We performed the stratified analysis by fitting a linear regression model
on each genotype separately with mean thickness measurements as response and age (in
weeks) as an independent variable. Coefficient and p-value are reported to evaluate the
impact of age on measurements. A greater than 0 coefficient implies positive impact (when
age increases, measurement also increases); a significant p-value suggests the coefficient
is different from 0O, in other words, age has some impact (positive or negative) on
measurements. To further compare the differences in age impact between control and
transgenic groups, we fit a combined linear regression model with both genotypes and age-
by-genotype interaction. All comparisons were performed within and between the groups,
and all reported p-values were two-sided with p<0.05 considered statistically significant.
A significant p-value suggests differences in age impact between genotypes. When
appropriate, p-values are corrected with Bonferroni procedure for family-wise error rate.
All analyses were performed using SAS version 9.4 (SAS Inc., Cary, North Carolina). All
graphs were made using Python (Python Software Foundation. Python Language

Reference, version 3.7).

RESULTS

Retinal sublayer thickness measurements from a total of 60 (109 eyes) 3xTg-AD
and 40 (72 eyes) control mice were analyzed. Total retina thickness did not change
significantly from young to middle age in transgenic (-0.02 pum/week, p=0.4850) and
control (-0.07 um/ week, p=0.1803) animals. A linear regression model with interaction
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term showed no difference in total retinal thickness between transgenic and control animals
(p=0.4790) (Figure 9A). RNFL thickness decreased significantly from young to middle
age in transgenic animals (-0.1491 pm/week, p<0.0001), but not in controls (-0.0271
pm/week, p=0.2525). A linear regression model with interaction terms showed that RNFL
thickness in transgenic mice decreased faster than RNFL thickness in controls (p=0.0002)
(Figure 9B). In contrast, GC-IPL thickness decreased significantly in control animals (-
0.13 pm/week, p=0.0196) but not in the transgenic group (0.05 pm/week, p=0.174). A
linear regression model with interaction term showed that GC-IPL thinning in control
animals was significant compared to transgenic animals (p=0072) (Figure 9C). INL
thickness change was minimal in both transgenic (-0.05 um/week, p=0.0181) and control
(-0.04 pm/week, p=0.1071) mice. A linear regression model with interaction term showed
no difference in INL between transgenic and control animals (p=0.9152) (Figure 9D). OPL
did not show a noticeable change in control (-0.01 pum/week) or transgenic (0 um/week)
animals. A linear regression model with interaction term showed no difference between
transgenic and control animals (p=0.5220) (Figure 9E). ONL+IS thickness did not change
significantly in transgenic (0.04 pum/week, p=0.0526) or control animals (0.05 pm/week,
p=0.1027). A linear regression model with interaction term showed no difference in
ONL+IS between transgenic and control animals (p=0.8360) (Figure 9F). OS thickness did
not change significantly in transgenic (0 pm/week, p=0.6793) or control animals (0O
pm/week, p=0.7896). A linear regression model with interaction term showed no
difference in OS thickness between transgenic and control animals (p=0.9296) (Figure 9G).
RPE thickness did not change significantly in transgenic (-0.01 um/week, p=0.2364) or
control animals (0.01 um/week, p=0.1443). A linear regression model with interaction term
showed no difference in RPE thickness between transgenic and control animals (p=0.9457)
(Figure 9H).

Inner retinal thickness decreased significantly in control animals (-0.11 pm/week,
p<0.0051) but not significantly in transgenic animals (-0.05 pum/week, p=0.0640). Linear
regression model with interaction term showed no difference in inner retinal thickness
between transgenic and control animals (p=0.1880) (Figure 10A). Outer retinal thickness
did not change significantly in transgenic (0.04 pum/week, p=0.1132) or control animals

(0.04 pm/week, p=0.2152). Linear regression model with interaction term showed no
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difference in outer retinal thickness between transgenic and control animals (p=0.9286)
(Figure 10B).

RGCs were counted in flat-mount projections (Figure 11A). RGC numbers
decreased significantly in transgenic and control animals from 4 to 12 months of age
(Figure 11B). RGC numbers were not significantly different between transgenic and
control 4-month-old animals (p=0.5996). However, 3xTg-AD animals had a significantly
lower RGC count than controls in 8-month-old and 12-month-old groups (p=0.0426 and
p=0.0002, respectively) (Figure 11C).

We did not observe any human AB-42 staining in control animals (0/3 in 4-, 8-, 12-
month-old control groups). AP deposition was detected in the extracellular space of retinal
ganglion cells in the 4-month-old 3xTg-AD retina (Figure 12). AB deposition in RGC
increased with increasing age, and larger aggregates were noted from 4 to 12 months of
age. Immunostaining of the brain sections from the same 4-month-old 3xTg-AD mice did
not show A deposition (Figure 12). AP deposition was observed in brain sections of all
(3/3) 8-month-old mice. AP deposition increased in distribution and intensity in 12-month-
old mice (3/3).
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Figure 9. Retinal sublayer thickness changes in young to middle-age in 3xTg-AD and
control mice. Total retinal (TOTAL), retinal nerve fiber layer (RNFL), ganglion cell +
inner plexiform layer (GC-IPL), inner nuclear layer (INL), outer plexiform layer (OPL),
outer nuclear layer + inner segment (ONL+IS), outer segment (OS), and retinal pigment
epithelium (RPE) thickness in young to middle-age 3xTg-AD and control mice. RNFL
thickness decreased from young to middle age 3xTg-AD, but not in control animals (A).
GC-IPL thickness decreased in control, but not in 3xTg-AD, animals (B). Although there
was a trend for increasing or decreasing thickness from young to middle-age, changes were
not significant in INL (C), OPL (D), ONL+IS (E), OS (F), and RPE (G) thicknesses. There
was no significant difference between the 3xTg-AD and control eyes in INL (D), OPL (D),
ONL+IS (E), OS (F), and RPE (G) thickness changes from young to middle-age.
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Figure 10. Inner and outer retinal layer thickness in young to middle age 3xTg-AD and
control mice. Inner retina (IR) is defined as the sum of retinal nerve fiber layer, ganglion
cell-inner plexiform layer, and inner nuclear layer thickness, Outer retina (OR) is defined
as the sum of inner nuclear layer, outer plexiform layer, outer nuclear layer + inner
segment, outer segment, and retinal pigmented epithelium thickness. Inner retinal thickness
(A) was stable in young to middle age transgenic animals, but IR thickness decreased
significantly in control eyes. There was no significant difference between the two groups.
Outer retinal (B) thickness change was not significant from young to middle age in

transgenic and control groups.
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Figure 11. Retinal ganglion cell quantification from young to middle-age 3xTg-AD (TG)
and control (WT) mice. The ganglion cell layer was stained with anti-TUJ-1 antibodies.
GC density was quantified in 4-, 8-, and 12-month-old 3xTg-AD and control mice (A).
While there was no significant difference in GC density between the transgenic and control
animals at age 4 months, the GC number was significantly lower in transgenic eyes than
their controls at age 8 months and 12 months (B). Ganglion cell numbers decreased

significantly in both groups as their age advanced (C). (scale bar: 20 pum)
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Figure 12. Amyloid-p 42 (AB-42) immunostaining of retina flat-mount and brain sections.
Transgenic and control retina and transgenic hippocampus and cortex sections from 4-, 8-
, and 12-month-old mice were stained for A-42. 3xTg-AD retina flat mounts were positive
for AB-42 in 4-, 8- and 12-month-old mice. Immunoreactivity to AB-42 increased in the
ganglion cell layer with age. No AB-42 positivity was detected in the control retina (scale
bar: 20 um). AB-42 positivity was not detected in the cortical sections of 4-month-old mice
but was noted in cortex and hippocampus sections at 8-month and 12-month-old transgenic

mice (scale bar: 200 pm).

DiSCUSSION

Preferential involvement of inner retinal layers has been consistently reported in
transgenic mouse models of the disease.’"1/017418L182 However, the changes involving
distinct retinal sublayers have not been consistent among these studies. Chiquita et al.
studied 3xTg-AD mice at 4-, 8-, 12-, and 16- months of age and showed GC-IPL thinning
in the transgenic model.>” Although this may seem contradictory to our findings, the results
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are possibly more similar when the difference in retinal sublayer segmentation methods is
considered. Chiquita et al., similar to Harper et al. and Gardner et al., included RNFL
thickness within GC-IPL thickness, likely because their segmentation method did not
differentiate RNFL from other inner retinal layers.>"181182 Sg it is possible that the changes
in RNFL thickness have influenced the amount of change that occurred in GC-IPL
thickness. While Chiquita et al. reported GC-IPL thinning from 4 to 8 months of age, GC-
IPL thinning did not progress from age 8 to 12 months. Although Chiquita et al. did not
explain such lack of time effect on GC-IPL thickness,*’ it could be due to the thickening
effects of the simultaneous increase in AD-related inflammatory burden in retinal nuclear
layers that neutralizes the thinning effect of AD neurodegeneration. Neurodegeneration,
neuroinflammation, and neurovasculapathy ensue simultaneously, but possibly at a
different rate, in AD, and their effect on retinal sublayers vary depending on the
predominance of neuronal, glial, and vascular components in each of these layers.*?> RNFL
is mostly acellular, unlike GC-IPL, and may not be influenced by the trophic processes

183 and Miiller cell hypertrophy.*>184 Such

such as microglia activation,’’ neuronal swelling
inflammatory processes may offset volume loss associated with neurodegenerative cell
death in AD.2%? Lim et al. also showed progressive RNFL thinning but stable total retinal
thickness in 6 to 17 months old 5XxFAD mice that may similarly imply the variable impact
of AD pathology on different retinal sublayers.}”* Human OCT studies have suggested that
neuronal loss may eventually overwhelm the concurrent trophic inflammatory processes in
advanced AD. A comparison between MCI and clinical AD by Ascaso et al. found that
total macular thickness remained stable while RNFL thinning occurred in the preclinical
stage of AD (MCI); however, in advanced AD, both total macular and RNFL thicknesses
declined.'%2 In summary, these studies may indicate that RNFL, which is devoid of major
cellular elements, may be less influenced by the inflammatory-trophic processes in early
AD. As a result, RNFL may better represent the neurodegenerative process in preclinical
AD.

Both human and animal studies have shown retinal RGC loss in AD.#051102.175,185
However, we are not aware of other studies showing OCT-based retinal thickness changes
and concurrent RGC loss in the same animal AD models. While RGC loss occurred in both

3xTg-AD and control mice, the RGC loss rate was more remarkable in 3xTg-AD animals,
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as shown before.*17> The trend of RGC loss and RNFL thinning were parallel, indicating
that RNFL thickness is a surrogate marker of ganglion cell loss caused by AD
neurodegeneration. Two possible mechanisms have been proposed for RNFL thinning in
clinical and preclinical AD: 1) Retrograde loss of ganglion cell axons due to the central
involvement of visual pathways in CNS.1® 2) In situ retinal neural loss caused by AD
pathology as evidenced by observing retinal neuronal death occurring adjacent to AP
plaques.®173175.187-189 Oy findings did not directly differentiate between retrograde versus
in situ retinal neurodegeneration. Confirmation of such in situ retinal neuronal loss in AD
may prove retina as a suitable tool to study local medication delivery for neuroprotection.

The longitudinal correlation of AD pathologies in the brain and retina has been
debated. Georgovsky et al. showed that AP deposition occurred in APP/PS1 model's brain
and retina in parallel.1® In contrast, Chiasseu et al. showed an age-related increase in retinal
tau deposition and a reduction of RGC numbers in 3xTg-AD mice as early as three months
of age, preceding tau aggregation in the brain.*® In another study, Koronyo-Hamaoui et al.
observed retinal AP deposition in a double transgenic mouse model as early as 2.5 months
of the age preceding brain AP aggregates seen in 5-month-old animals.*® In our study, AB-
42 deposits were noted in the 4-month-old 3xTg-AD mouse retina; but AB-42 deposition
in the brain sections was first detected at eight months. Similarly, Cho et al. did not observe
6E10-positive plaques in the brain of 5-month-old 3xTg-AD mice but detected diffuse
plagues in 7-month-old animals.'®® These observations agree with Chiasseu et al. and
Koronyo-Hamaoui et al. findings that retinal AD pathologies precede the brain pathologies;
thus, supporting retinal screening as a potential method to identify early AD. Identifying
such healthy individuals in the preclinical stage of AD before their neuronal loss reaches a
threshold to present as MCI or clinical AD is the key to modify risk factors and implement
potential treatments.

We observed an age-related RGC loss and a corresponding GC-IPL thinning in
C57BL/6J mice. Similarly, Shariati et al. showed ganglion cell complex thinning on their
OCT analysis of 3- to 12-month old C57BI/6 mice.*®! Cenni et al. also observed that the
density of ganglion cells in wild-type murine eyes declined from 112,000 + 17,400 at birth
to 45,000 + 4000 by 6 to 8 months of age.!®? Also, Samuel et al. showed that total retinal,

ganglion cell layer, and inner plexiform layer thicknesses decreased by about 15% from
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young (3 to 5 months) to old (24 to 48 months) C57BL/6 mice.'®® Taken together, these
findings corroborate a moderate attrition of RGC with normal aging that is reflected as GC-
IPL thinning in OCT scans. The pattern of retinal sublayer thickness changes may help to
noninvasively differentiate neurodegenerative and neuroinflammatory conditions from
neurodegeneration caused by normal aging.

This study has several limitations, including the choice of C57BL/6J as controls.
3xTg-AD mouse has been developed on C57/129 SVJ genetic background; however,
C57BL/6J has been widely used as controls in previous studies on 3xTg-AD mice. 42171194~
196 The difference in total retinal, RNFL, GC-IPL, and ONL+IS thicknesses in the younger
mice may have originated from such difference in 3xTg-AD and C57BL/6J genetic
background. Alternatively, the neuroinflammatory and vascular processes that had already
started before our measurements may have contributed to such differences. Regardless, we
drew our interpretations based on the slope of changes from young to middle age within
each transgenic and control group, not the absolute amount of the changes. Translating
mouse OCT studies to human bears some limitations.*! Rodents, unlike the human, do not
have macula where AD pathologies concentrate,® however, the layered structure of the
mouse retina is otherwise identical to the human retina, and similar degenerative processes
occur in murine models t00.#® Also, rodent models of AD may manifest AD-related
pathologies, but they miss environmental and cardiovascular risk factors of AD.*
However, such environmental and cardiovascular risk factors are probably less pronounced
in young and middle-age at-risk individuals. OCT scans from very thin mouse retina tissue
are inherently prone to segmentation errors and motion artifacts (for example, when
differentiating very thin layers such as RNFL from GC-IPL); however, our results showed
a significant trend for thickness changes in transgenic and control groups. The
discrimination and quantification of such changes in the thicker human retina are
potentially more feasible and less prone to errors. GC density decreases toward the
periphery; however, GC density is relatively consistent in areas with equal distance from

the optic nerve,'%’

and we measured GC density in areas equidistance from the optic nerve
head. The choice of animal model in the current study may increase the translational value
of our findings. 3xTg-AD mouse is born with no AP and tau pathologies and develops an

increasing AP and tau burden in the CNS, resulting in progressive neurodegeneration and
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behavioral and cognitive abnormalities, arguably similar to human AD disease."384145
We used an annular OCT scan protocol with automated segmentation and thickness
averaging that has been shown to minimize biased measurements possibly seen in manual
segmentations.’® While some reports!®1% have shown significant RNFL thinning in
superior quadrant compared to the other quadrants of the retina, most studies, including a
meta-analysis of the studies that measured RNFL thickness in AD, reported a balanced loss
of RNFL in all quadrants.®>?% Thus, we only analyzed the average retinal sublayer
thickness based on the annular scans and did not differentiate between the quadrants.
Conclusion Our study offers a robust analysis of retinal sublayer thicknesses in
young through middle-age triple transgenic mouse model of AD. The total retinal thickness
stayed stable but RNFL, and no other retinal sublayers, thinned out progressively as 3xTg-
AD mice aged through their midlife. The thickness of RNFL in 3xTg-AD retina was
quantifiable with non-invasive OCT imaging and correlated with the reduction in retinal
GC numbers and an increasing retinal and brain AD pathology load. Retinal AB-42
deposition appeared before the appearance of such depositions in the brain, as reported in
similar studies.*®2173 Qur data supported OCT-based non-invasive monitoring of retinal
sublayers as a possible biomarker for AD progression in midlife, as a potential component
of a decision-making tree to differentiate AD-related retinal changes from retinal changes
associated with normal aging, and as a likely outcome measure in future preclinical

treatment interventions. Our finding should be validated in human.
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Chapter 3 Retinal vascular plexus attenuation in the triple

transgenic mouse model of Alzheimer's Disease

ABSTRACT

Purpose: Retinal vessel structure and function may be markers for cerebral vascular
pathology in Alzheimer's disease (AD). However, differentiating age- versus AD-related
retinal vascular changes is unresolved. To answer this question, we studied superficial
(SVP), intermediate (IVP), and deep (DVP) vascular plexuses in young to old triple
transgenic mouse model of AD (3xT-AD).

Methods: Retinal flat-mounts from young, middle-age, and old 3xT-AD
(transgenic) and C57BL/6j (control) mice were immunostained for collagen-1V. The
number of vessel intersections and endpoints and total vascular length were quantified, as
vascular density parameters, in SVP, IVP, and DVP using AngioTool. Mixed effect linear
regression modeling was used to detect the difference among groups.

Results: All three layers had equal densities in young 3xTg-AD and control
animals. In control animals, IVP and DVP densities decreased by aging (-14.1% to -
32.36% change from young to old, p<0.05). In the transgenic group, all three layers'
densities decreased by aging (-12.03% to -48.68% change from young to old, p<0.05). The
number of SVP intersections was lower in the old transgenics than the old controls
(p=0.028). DVP vessel length and the number of intersections were lower in the old
transgenics than the old controls (p=0.037 and p=0.016, respectively).

Conclusion: Vascular rarefaction with natural aging and AD occurs differentially
in retinal capillary plexuses. Vascular densities correlated with the reported AD pathologic
burden and metabolic changes in the retina. SVP and DVP may serve as indicators for AD-
related vascular attenuation and differentiate AD-related vasculopathy from age-related

neurodegenerations.
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INTRODUCTION

Cerebral vessels are increasingly known as significant contributors to the
pathogenesis of Alzheimer's disease (AD). Amyloid B (AP) and tau accumulation in
cerebral and leptomeningeal capillaries, loss of pericytes, attenuation of endothelial tight
junctions, impaired vasoregulation, and disrupted blood-brain barrier are among vascular
pathologies identified in the AD brain.?21-2% Besides, acquired and genetic risk factors of
AD are closely linked to vascular dysfunction.?2%52% Thus, there is a strong belief that
cerebral vascular biomarkers indicate AD pathology’s severity and progression in the
brain.2%32% Indeed, imaging modalities such as arterial spin labeling magnetic resonance
imaging (ASL-MRI) have shown that cerebral blood flow (CBF) is defective years before
AD's clinical presentation and CBF abnormalities increase as patients progress to clinical
disease.?®” However, such expensive and time-consuming vascular imaging methods are
not suitable for screening millions of AD patients and at-risk individuals.

The retina is an extension of the central nervous system (CNS), shares many
structural and functional properties with the brain, and is readily visible using noninvasive
optical imaging modalities. Retinal vasculature is organized in three layers: superficial
vascular plexus (SVP), located within the retinal nerve fiber (RNFL) and ganglion cell
(GCL) layers, intermediate vascular plexus (IVP), located between the inner plexiform
(IPL) and inner nuclear (INL) layers, and deep vascular plexus (DVP), situated between
the INL and outer plexiform layer (OPL).676913%208 S\/p js mainly composed of main
retinal arteries, veins, and arterioles; VP is mainly composed of arterioles and capillaries;
DVP is formed by a rich capillary network and collecting venules.?>%1° Connecting arteries
and veins travel between these vascular layers.?0%?10

Retinal vascular abnormalities in senescence correlate with hippocampal
microvascular abnormalities and cognitive impairment, suggesting that retinal vascular
structure and function may indicate brain neurodegeneration.?*-?13 In AD, histopathologic
studies on animal models and human samples show amyloid and tau deposition in retinal
and brain vasculature and comparable perivascular neuroinflammation.°188.214-216 Begjdes,
noninvasive optical imaging studies with OCTA show retinal vascular changes in
preclinical and clinical AD supporting the idea that retinal vessels change in AD may

correlate with brain pathologies 8//119121.122126.130132.133.217 However, these findings have
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sometimes been contradictory,®%132 and differentiating the extent of Alzheimer’s-related
retinal vascular changes from vascular alterations due to aging and cardiovascular diseases
have remained unresolved. Besides, although it has been shown that retinal blood flow in
each vascular plexus is differentially regulated and tightly coupled with metabolic demand
in their respective retinal layers,?® it is unclear if retinal vascular distribution follows the
variable burden and vulnerability of retinal vascular and neuronal layers to Alzheimer’s
pathology. To answer these questions, we investigated, for the first time, retinal vascular
distribution in young, middle age, and old age groups in an AD mouse model and its
controls. We used the 3xTg-AD model because it expresses both amyloid and tau
pathologies and closely mimics AD's cerebral and retinal pathologic manifestations in
human.®4%57 Using an immunofluorescent approach combined with tissue optical clearing
to easily visualize deeper retinal vascular layers for confocal microscopy and vascular
quantification, we showed that all three vascular layers attenuate from young to old age in
the AD model retina. SVP and DVP densities were significantly lower in old transgenic
than age-matched control eyes. Our data suggested SVP and DVP vascular density as a

marker for AD.

METHODS:

Animals and their care. The University of Texas Medical Branch (UTMB)
Institutional Animal Care and Use Committee (IACUC) approved all animal experiments.
Mice were maintained with food and water access ad libitum and on a 12-hour light and
dark cycle.

The triple transgenic B6; 129-Psen1tm1Mpm Tg(APPSwe,tauP301L)1Lfa/Mmjax
(3xTg-AD), and C57BL/6j mice were used for the studies. The original line of 3xTg-AD
mice was obtained from The Jackson Laboratory (Bar Harbor, ME) and maintained at the
University of Texas Medical Branch animal facility with genotyping confirmation of the
mutations in randomly selected progenies. 3xTg-AD mice will be referred to as
"transgenic” in this manuscript. C57BL/6j mice served as controls. Animals were grouped
into three age groups of 2-month-old that will be called “young,” 8-14-month-old that will
be called “middle-age,” and 18-20-month-old that will be called “old. Only female mice

were used in this study.?®
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Retinal flat-mount immunofluorescent staining and optical clearing.
Anesthesia was induced by an intraperitoneal injection of a 60 mg/kg Ketamine and a 0.5
mg/kg Dexmedetomidine combination followed by cervical dislocation for euthanasia.
Then, cardiac perfusion was performed using 20-40 ml of ice-cold PBS, followed by 20-
40 ml of freshly prepared 4% paraformaldehyde (PFA). Both eyes were enucleated and
were immediately immersed in ice-cold PFA 4% for overnight fixation. Then, under a
dissecting microscope, an incision was made around the limbus, and the cornea, iris, lens,
and vitreous body were removed. The retina was carefully dissected from the underlying
retinal pigment epithelial (RPE), choroid, and sclera. Retina tissue was then washed in
PBST (PBS containing 0.3% Tween 20) and incubated in PBST containing 5% normal
goat serum for 4 hours at room temperature (RT) or overnight at 4 C. A 48-hour incubation
with anti-mouse anti-collagen 1V antibody (Abcam, ab19808, 1:200 in PBST containing
5% normal goat serum) at RT followed. Following incubation with the primary antibody,
the retinas were washed with PBST and probed with fluorescent-labeled secondary
antibodies (Alexa Fluor 546, 1:200, Life Technologies) for 12 hours at RT. The samples
were washed with PBS, and then 2,2'-Thiodiethanol (TDE) tissue clearing method was
applied as described in detail before.??% In brief, each sample was incubated at room
temperature in an increasing concentration of TDE that started with 10% TDE in PBS for
1 hour and then in progressively increasing TDE solution concentrations, in 10%
increments, up to 60% TDE. Retinal tissue generally started to clear after incubation in
50% TDE solution. Retina samples were placed on a glass slide, and four to six radial cuts
were made to spread them flat with retinal ganglion cell side up. The samples were then
mounted with 60% TDE solution and covered with a cover glass.

Microscopy. A confocal microscope (LSM880, Carl Zeiss) equipped with 405,
488, 561 nm lasers with a x20 air objective (20x/0.8) was used for imaging. Midperipheral
fields (0.5-1.5 objective distances from the optic nerve head margin) were selected while
focusing only on the superficial microvascular plane (Figure 13). Two non-overlapping
regions of interest (ROI) from each petal (eight ROIs in total for each sample) were imaged.
After selecting each field, the focal plane was reset to the superficial vascular plexus. Z-
stacks encompassing all three retinal vascular networks (usually 40-60 pm in thickness)

were captured at 1 pm intervals. Initially, four 413 x 413 pum squares were scanned and
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stitched with Zen lite (blue edition; Carl Zeiss Meditec) to create a composite 810 x 810
pm picture. Since image quality was poor at some areas of this larger square, only one of
the 413 x 413 um captures from each area was used for final quantification. The contrast
and brightness of the images were adjusted within ZEN lite (blue edition; Carl Zeiss
Meditec). The average projection orthogonal views of each SVP, IVP, and DVP layer were
extracted and saved as .tif files.

Vascular quantification. Images with faint vascular outlines were opened in the
Microsoft Paint program, and vessels were traced manually®??! with a 10-15-pixel width
Wacom Intuos pen. The orthogonal views were subsequently processed by AngioTool
0.5a, a Java-based publicly available open-source software accessible from the National
Cancer Institute (https://ccrod.cancer.gov/confluence/display/ROB2).222 AngioTool has
been used to study retinal capillary plexus, post-embryonic retinal vascular development,
and choriocapillaris.?2?2®> AngioTool quantifies vascular network morphological and
spatial parameters such as ROI area, vessel area, vessel density, the total number of
intersections, total vessel length, and the total number of endpoints based on a set of user-
defined intensity, vessel diameter, and particle size thresholds. These parameters were
optimized to delineate the vascular structure in different retinal vascular layers.??2-2%* The
analysis of vessel structure in AngioTool is summarized here in the following steps: 1.
Enhancement of vessel structure with the multiscale Hessian analysis and smoothing with
a recursive Gaussian filter. 2. Segmentation and skeletonization of the vessels. 3.
Calculation of the morphometrical parameters. First and second-order retinal arteries and
veins were studied in a pilot analysis of the pictures and were found to have a diameter
greater than 30 pixels. Any vessels wider than 30 pixels were filtered out from the
quantification, and retinal arterioles, venules, and capillaries were quantified.?%%10
Because collagen 1V antibody stains both intact and degenerated vessels, we set a lower
width limit of 5 pixels to eliminate degenerated vessels from quantification. AngioTool
quantification was performed by a trained investigator who was blind to the age and
genotype assignment of the samples. One or two senior investigators reviewed faint and
noisy images to adjudicate the vessel's outline in doubt. Vessel intensity was set at 20-50
for all images (on a scale of 0-255). The option checkboxes, "Remove small particles™ and

"Fill holes," were selected if the immunofluorescent artifacts were seen as small particles
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on the background or small holes within the thickness of the vessels (Figure 14).22> We
analyzed three density parameters: total vessel length (TL-linear pixel length), the total
number of intersections (TI), and the total number of endpoints (EP) (Figure 2B).?2422
Total vessel length was calculated as the sum of all the vessels length defined by the
distance between two vessel intersections or between an intersection and an endpoint. Since
some images were manually enhanced for the analysis using a digital pen, as described
above, vessel diameter and total vessel area were excluded from the analysis.

Data analysis and statistics. Descriptive statistics, including means and standard
deviations, were used to describe the sample population. The study outcomes were
modeled to detect differences among groups using mixed-effects linear regression for
accounting for repeated observations within the subject. Since all subjects contributed
multiple biological samples from each eye, 3-level models were initially employed with
subject id as first, eye (right/left) as second, and observation as the third level with each
subsequent level being nested within the previous one. Initial analysis revealed that the
second level (eye) did not contribute significantly to the observed variation in any of the
outcomes; therefore, in the final analyses, 2-level models were employed using random
intercept for subject id to account for repeated observations within subjects. Mixed-effect
linear regression modeling was performed using the R package nlme.??” All analysis were

performed using the R language for Statistical Computing.??®

63



Figure 13. Retinal flat-mounts were stained for collagen V. Eight non-overlapping regions
of interest (ROI) from the midperipheral retina were imaged (A). Tissue optical clearing
allowed better visualization of intermediate and deep vascular plexuses for AngioTool
analysis. B demonstrates a magnified orthogonal view of all three layers from a
representative ROI. The orthogonal projections of each superficial, intermediate, and deep
vascular plexuses were created with ZEN Lite, and the layers were analyzed using

AngiTool (20x, scale bar 1000um) (Figure 14).
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Figure 14. Representative superficial (SVP), intermediate (IVP), and deep (DVP) vascular
plexus views before and after AngioTool analysis (A). Vessel outlines and intersection
points were highlighted. Only vessels with 5-29-pixel diameter were filtered for detection.
Intersections (thick arrow) and end points (thin arrow) were detected by AngioTool. Total

vessel length is the sum of vessel lengths in each field.

RESULTS:

Table 1 shows the comparisons between various age and genotype groups in
regard to vascular density parameters.
Superficial vascular plexus (Figures 15 and 16)

In the SVP, the total number of intersections (T1), total vessel length (TL), and the
total number of endpoints (EP) decreased by age in the transgenic group but not in the
control group. The relative difference of the total number of SVP intersections (TI) in old
relative to young subjects was -34% in the transgenics (p=0.004) and -18.64% in the
controls (p=0.181). The relative difference of the total SVP vascular length (TL) in old
relative to young subjects was -20.66% in the transgenics (p<0.001) and -5.96% in the
controls (p=0.7). The relative difference of the total number of endpoints (EP) of SVP in
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old relative to young subjects was -32.23% in the transgenics (p=0.006) and -16.10% in
the controls (p=0.161).

In young subjects, the SVP total number of intersections (25.5+4 in 3xTg-AD and
22.31£5 in control eyes; p=0.336), total vessel length (7717+1154 for 3xTg-AD and
740921605 control eyes; p=0.347), and the total number of endpoints (39.2+9 for 3xTg-
AD and 37.2+7 for control eyes; p=0.319) were not statistically different between 3xTg-
AD and control groups.

Similarly, in the middle age group, SVP parameters did not differ by mice genotype

(TI: 19.944 in 3xTg-AD and 20+3 in control eyes; p=0.955; TL: 6766+660 in 3xTg-AD
and 7014+1097 in control eyes; p=0.699; EP: 3046 in 3xTg-AD and 31.944 in control
eyes; p=0.578).
Regarding the SVP in old subjects, the total number of intersections (16.3£1 in 3xTg-AD
and 18.3£1 in controls; p=0.028) was lower in 3xTg-AD relative to controls. In contrast,
total vessel length (6135281 in 3xTg-AD and £196 in controls; p=0.065) was marginally
lower in the old transgenic group, and number of endpoints (26.9£2 in 3xTg-AD and
30.2+4 in controls, p=0.156) did not differ by mice type.
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Table 1: Comparison between vascular density parameters and respective p values.

Significant values presented as bold. A mixed-effects linear regression model was used to

account for repeated observations within the subject.

P values Total Number Total Total Number
of Vessels of End Points
Intersections  Length
SVP WT young vs middle vs old 0.181 0.7 0.161
TG young vs middle vs old 0.004 <0.001 0.006
WT young vs TG young 0.336 0.347 0.319
WT middle vs TG middle 0.955 0.699 0.578
WT old vs TG old 0.028 0.065 0.158
IVP WT young vs middle vs old 0.041 0.14 0.393
TG young vs middle vs old 0.026 0.001 0.111
WT young vs TG young 0.432 0.86 0.355
WT middle vs TG middle 0.47 0.02 0.967
WT old vs TG old 0.208 0.596 0.919
DVP WT young vs middle vs old 0.001 0.018 <0.001
TG young vs middle vs old 0.004 0.001 0.023
WT young vs TG young 0.759 0.98 0.403
WT middle vs TG middle 0.438 0.1 0.558
WT old vs TG old 0.037 0.016 0312
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SVP Young Middle age old

3xTg-AD

C57BL/6j

Figure 15. The vascular wall was stained with anti-collagen IV antibody. Tissue clearing
was applied, and images were captured by LSM880, Zeiss confocal microscope.
Representative images from superficial vascular plexus (SVP) in young, middle-age, and

old transgenic and control mice (20x, scale bar 50 pum).
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Figure 16. Bar graph representing SVP TI, TL, and EP in young, middle-age, and old

transgenic and control eyes. A significant difference is marked by ** (p=0.028).

Intermediate vascular plexus (Figures 17 and 18)

In the IVP, TI, TL, and EP differed by age in transgenic and control groups. The
relative difference of the total number of IVVP intersections in old relative to young subjects
was -31.44% in the transgenics (p=0.026) and -30.97% in the controls (p=0.041). The
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relative difference of the I'VP total vessel length in old relative to young subjects was -
13.04% in the transgenics (p=0.001) and -14.24% in the controls (p=0.14). The relative
difference of the total number of 1\VVP endpoints in old relative to young subjects was -
24.4% in the transgenics (p=0.111) and -12.92% in the controls (p=0.0393).

In young subjects, IVP parameters total number of intersections (33.5+10 in 3xTg-
AD and 28.5%8 in control eyes; p=0.432), total vessel length (93081731 for 3xTg-AD
and 9262+1816 control eyes; p=0.86), and the total number of endpoints (62.2+19 in 3xTg-
AD and 56.5+14 in control eyes, p=0.355) were not statistically different between the
3xTg-AD and control groups.

Similarly, in the middle age group, IVP Tl and EP did not differ by mice genotype
(TI: 20.9£1 in 3xTg-AD and 21.4+2 in control eyes; p=0.47 and EP: 49.9£3 in 3xTg-AD
and 50£7 in control eyes; p=0.967). IVP TL was significantly lower in the middle age
transgenic than the middle age control groups (7217+301 in 3xTg-AD and 7949+492 in
control eyes, p=0.02).

Regarding the IVP in old subjects, the total number of intersections (23£3 in 3xTg-
AD and 19.7+5 in control eyes; p=0.208), total vessel length (8070+689 in 3xTg-AD and
727+1111 in control eyes; p=0.596), and the number of endpoints (48.5+3 in 3xTg-AD and

47.7+2 in control eyes; p=0.919) did not differ between the transgenic and control groups.
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Young

IVP

Middle age

3xTg-AD

C57BL/6j

Figure 17. Vascular wall was stained with anti-collagen IV antibody. Vascular wall was

stained with anti-collagen IV antibody. Tissue clearing was applied, and images were

captured by LSM880, Zeiss confocal

microscope.

Representative images from

intermediate vascular plexus (IVVP) in young, middle-age, and old transgenic and control

mice (20x, scale bar 50 pum).
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Figure 18. Bar graph representing Tl, TL, and EP in I\VVP layer in young, middle-age, and

old transgenic and control eyes. A significant difference is marked by ** (p=0.02).
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Deep vascular plexus (Figures 19 and 20)

In the DVP, TI, TL, and EP differed by age in transgenic and control groups. For
TI, the relative difference in old relative to young subjects was -48.7% in the transgenics
(p=0.004) and -32.7% in the controls (p=0.001). For TL, the relative difference in old
relative to young subjects was -24.0% in the transgenics (p=0.001) and -14.1% in the
controls (p=0.018). For EP, the relative difference in old relative to young subjects was -
26.9% in the transgenics (p=0.023 and -30.5% in the controls (p<0.001).

In young subjects, DVP total number of intersections (79.7+21 in 3xTg-AD and
76.2+3 in control; p=0.759), total vessel length (14628+1600 in 3xTg-AD and 14952+1331
in control; p=0.98), and the total number of endpoints (62.2+13 in 3xTg-AD and 67.0+13
in control, p=0.403) were not statistically different between the 3xTg-AD and control
groups.

Similarly, in the middle age group, DVP parameters did not differ by mice genotype
(TI: 49.5+7 in 3xTg-AD and 53.6+8 in control, p=0.438; TL: 11438+1133 in 3xTg-AD
and 12869+1291 in control, p=0.1; EP: 50.5+6 in 3xTg-AD and 49.3t4 in control,
p=0.558).

Regarding the DVP in old subjects, the number of intersections (40.9+1 in 3xTg-
AD and 51.6x10 in controls; p=0.037) and total vessel length (11262571 in 3xTg-AD and
12869+1291 in controls; p=0.016) were significantly lower in 3xTg-AD relative to
controls. In contrast, the number of endpoints (46+3 in 3xTg-AD and 47.6+5 in controls;
p=0.312) did not differ by mice type.
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DVP Young
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3xTg-AD

C57BL/6j

Figure 19. The vascular walls were stained with anti-collagen IV antibody. Tissue clearing

was applied, and images were captured by LSM880, Zeiss confocal microscope.

Representative images from deep vascular plexus (DVP) in young, middle-age, and old

transgenic and control mice (20x, scale bar 100 pm).
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Figure 20. Bar graph representing Tl, JD, TVL, and AVL DVP layer in young, middle-

age, and old transgenic and 3xTg-AD eyes. Significant differences are marked by **

(p=0.037) and **** (p=0.016).
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DisCUSSION

Structural and functional abnormalities of cerebral vessels are common in AD.
Indeed, vascular dysfunction has been proposed to contribute heavily to the initiation and
propagation of Alzheimer's pathology.® Similarly, retinal vascular changes are commonly
reported in histopathology studies and OCTA scans from individuals with AD. However,
OCTA studies have been inconsistent, showing decreased,11%120126.128217 aqua 1% or even
increased!® retinal vascular densities, highlighting the uncertainty about the extent of
retinal vascular changes in AD and their correlation to the disease pathology in the brain.
Our study provides robust histopathologic evidence that may help mitigate this uncertainty.
We quantified retinal SVP, IVP, and DVP densities in young, middle age, and old AD
transgenic and control mice using a novel approach. DVP and, to some extent, IVP
densities decreased by natural aging in control animals. However, all three retinal vascular
plexuses, SVP, IVP, and DVP, attenuated in transgenic group. We found that SVP and
DVP densities were significantly lower in old transgenic mice compared to their age-
matched controls. Although IVP density was lower in middle age transgenic animals
compared to middle age controls, no difference was noted in IVP density between the old
transgenic and control groups. Thus, we propose that SVP and DVP densities are markers
of AD-related vascular rarefaction in the retina, as shown by most human OCTA studies.

More than a histopathologic confirmation for OCTA studies, our study reveals the
pathophysiologic consequences of AD and senescence in the retina. The underlying
mechanistic pathways for the loss of retinal vascular density in AD are complex and not
fully understood. However, it is evident that retinal vascular distribution and flow couples
with respective retinal layers’ metabolic demand in the short and long terms. Kornfield and
Newman showed different vascular diameter and flow changes in three retinal vascular
layers immediately after a flicker light stimulation.?!® Retinal vascular density changes
with long-term alteration of metabolic demand too, as shown by the loss of DVP parallel
to the rate of photoreceptor loss in a rodent model of retinitis pigmentosa, a photoreceptor
degeneration disease.?? In the 3xTg-AD mice where inner and middle retina deposition of
tau and amyloid and the resulting GCL and INL degeneration are more prominent, %%:188:216
SVP and DVP attenuation in old animals possibly match altered metabolic demand caused
by the AD neurodegeneration.8”2%° Besides, retinal vascular attenuation in the AD model
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may be influenced by the availability of local trophic factors too. In one study, it was noted
that RGC detects metabolic stress and orchestrates SVP remodeling in response to vascular
growth factors.?? Thus, SVP thinning in the AD model may be secondary to a combination
of disturbed RGC-mediated vascular growth, decreased metabolic demand due to RGC
loss, and amyloid- and tau-mediated vascular damage. Similarly, decreased DVP density
in the aged 3xTg-AD is possibly secondary to decreased metabolic demand’®??! and
capillary occlusion due to amyloid and tau deposition in and around deep retinal
capillaries®®230.231 (equivalent to cerebral vascular pathologies seen in AD).57:140:230.232 ¢
is also possible that DVP, as a network of endcapillaries within the retina's trilaminar
vascular system, is more vulnerable to reduced blood flow and vessel drop out than SVP
and IVP.

Although aging and cardiovascular diseases usually cause diffuse cerebral vascular
pathologies,?®® Alzheimer's-related cerebral vasculopathy are skewed toward areas with a
higher amyloid and tau burden, such as the hippocampus.?1234-2%" |t appears that a similar
pattern is seen in the retina. In the retina, amyloid and tau deposition are concentrated in
GCL, inner and outer plexiform layers, and INL,"?1¢ perfused by SVP, IVP, and DVP.
IVP, which supplies for the metabolic activities in IPL and INL and assumes a transitory
network to transfer blood to DVP, is a very reactive layer in response to metabolic
demands.?*® Although the estimated blood volume in IVP is significantly less than SVP
and DVP, IVP flow increases in response to the light stimulus significantly more than the
other layers.?!8 I\VP's better response to increased metabolic demand may be derived from
the stimulus type (for example, flicker light stimulates middle retinal neurons served by
IVP),%° or, it may alternatively show differential autoregulation pathways in retinal
vascular plexuses and, possibly, differential pathologic burden around these vessels. IVP
attenuation from young to old age occurred in both transgenic and control animals. 1VP
density was lower in middle age transgenic animals than controls, but it was not different
between old transgenic and control groups. This observation may be due to a faster VP
attenuation in AD transgenic retina from young to middle age compared to middle age to
old age. It may also show a comparable aging and AD degenerative burden on bipolar and
amacrine cells located in INL™ and higher IVVP resilience to AD metabolic insult in older

transgenic animals.?t®
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Decreased SVP and DVP density in 3xTg-AD animals is likely associated with
compromised retinal vascular function caused by amyloid and tau deposition.®*?'® Such
altered retinal vascular function (that may include blood-retinal barrier dysfunction,
increased vascular leakage, and toxic protein accumulation) possibly contributes to the
retinal thickness and volume as quantified by OCT and OCTA. Retinal thickness is
determined by the sum of its vascular and neuronal mass. Then, it is conceivable that SVP
atrophy contributes to inner retinal thinning detected by OCT in patients with AD.02
Meanwhile, a simultaneous increase in vascular permeability due to the amyloid/tau
vasculopathy counters the thinning effect of degenerative processes, highlighting that a
combination of complex trophic and atrophic processes will ultimately determine the
retinal sublayer thicknesses.

Aging is the most significant risk factor for AD, possibly because age-related
cerebral neuronal and vascular changes predispose individuals to AD neurodegeneration.
Similarly, senescence-associated retinal vascular changes may contribute to or exacerbate
AD-related pathology in the retina. However, isolating aging- versus AD-related changes
in retinal vascular studies is a challenge. Histology studies on human and mouse retina
have shown that aging degeneration, unlike Alzheimer’s pathology, primarily affects outer
retinal layers.?*%24! Thus, a relatively stable SVP, mildly attenuated VP, and severely
attenuated DVP in nontransgenic animals, as observed by us and others,?! may be
explained by natural aging-associated outer retinal degeneration and the resulting decline
in outer retinal metabolic demand. However, in contrast to animal studies, OCTA studies
on human have found that all three superficial, intermediate, deep capillary plexuses
attenuate in the parafoveal retina with natural aging.’®%*? Absence of a macula in rodents
and the relative discordance between the histologic and OCTA approaches may explain
these seemingly contradictory observations. Nevertheless, vascular attenuation
accompanying natural aging should be considered when studying retinal vascular changes
in neurodegenerative diseases.

Our study has some limitations. Creating orthogonal projections of retinal vascular
plexuses, manual corrections, and quantifications were all standardized but not automated
in our research. However, retinal vascular layer segmentation cannot be reliably automated

due to SVP and IVP's proximity.’ Interlayer connecting arterioles penetrate retinal layers
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vertical to the imaging plane, so their junctions were not seen and quantified with our
method. Besides, some endpoints reflect a vessel when it bends vertically to continue as an
interlayer connecting arteriole.?%%%1% Thus, the values we quantified are approximations of
retinal vascular density that should be interpreted with such methodology limitations. AP
deposition in the retina is location-dependent, with arguably more deposition in the
superior retina.® As a result, retinal vascular changes may also vary by geographic
area.®8% Although we captured images from multiple ROIs distributed 360 degrees around
the retina to account for possible regional variations in retinal vascular densities, the whole-
retina vascular analysis would be a better approach. Our study has multiple strengths,
including the choice of the 3xTg-AD mouse model that expresses both amyloid and tau
pathologies and mimics AD pathology more closely to human disease.®"* Tau deposition
in vascular wall contributes to cerebral vascular changes in AD models,?'® and it is essential
to have both AP and tau pathologies when modeling retinal vascular changes in AD.?*
Imaging deeper retina with conventional confocal microscopy is possible?°®21% put often
compromised due to the optical diffraction from retina's inner nuclear and plexiform
layers.??* We applied a modified tissue optical clearing method to render deeper retinal
vasculature visible for better vascular quantification.??® Finally, semiautomated vascular
quantification using AngioTool??222% is more reproducible than the manual tracing of the
vessels as used before.??

Conclusion. Amyloid and tau deposition have been studied extensively as the
underlying pathologic mechanism of neurodegeneration and neuroinflammation in AD.
However, the role of vascular dysfunction in AD pathogenesis is increasingly known.
Aging is the leading risk factor for AD, and aging-associated vascular changes may
contribute to such predisposition. Whether vascular changes are the initiating triggers for
toxic protein deposition and neurodegeneration, or a result of decreased demand from
neuronal loss, or a combination of each phenomenon is unknown. Cerebral blood flow
abnormalities may precede the degeneration of neurons and synapses in the AD brain,?*
and individuals with preclinical AD show decreased retinal vascular density,?2132244
However, the extent of age-related versus AD-related retinal vascular pathologies is not
clear yet. While our findings need validation in human, we showed for the first time in an

animal model of AD that more significant SVP and DVP rarefaction might differentiate
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age-related versus AD-related vascular attenuation. Future studies should investigate
whether retinal and cerebral vascular changes precede or follow the depositions of AB and

other AD pathologies.
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Chapter 4 Intact Whole Retina Imaging

ABSTRACT:

The interplay between retinal neuronal and vascular structures during development
and diseases is best explored by probing the morphologic and molecular targets in an intact
whole retina. However, immunofluorescent imaging of intact whole retina imaging is
hindered by the opaque coatings of the eyeball, i.e., sclera, choroid, and retinal pigment
epithelium (RPE), and the light-scattering properties of retinal cellular layers that prevent
the transmission of confocal microscope light through the full retinal thickness. Currently
available pigment bleaching and tissue clearing protocols are mostly not suitable for
imaging endogenous fluorescent molecules such as green fluorescent protein (GFP) in the
intact whole retina. Presented here is an intact whole eye immunofluorescent imaging
protocol that combines surgical dissection of the sclera/choroid/RPE layers with a modified
tissue clearing and lightsheet fluorescent microscopy (LSFM). Surgical removal of
sclera/choroid/RPE offers an unprecedented view to the vascular and neuronal elements of
the retina and vitreous in their intact, uncut organization. The clearing method allows
microscope light penetration through retinal layers, and LSFM provides a robust tool for
three-dimensional visualization of neuronal and vascular pathways involved in physiologic

and pathologic states.2

@ Reused with permission from: Hossein Nazari, Maxim Ivannikov, Lorenzo Ochoa, Gracie Vargas,
Massoud Motamedi. Microsurgical Dissection and Tissue Clearing for High Resolution Intact Whole
Retina and Vitreous Imaging. J Vis Exp. 2021:¢61595. doi:10.3791/61595
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INTRODUCTION:

The interaction between retinal neuronal and vascular elements is important for
retina biology in health and disease states. 2#°24 Conventional histology studies of retinal
vasculature and neurons are currently performed with physical sectioning of paraffin- or
cryo-fixed retinas or retina flat preparations. However, tissue sectioning disrupts retina
neuronal and vascular continuity, and although three-dimensional reconstruction of the
adjacent retina sections is suggested as a possible solution, it is subject to errors and
artifacts. Retina flat-mount preparations, too, markedly disturb the integrity of retinal
vascular and neuronal elements and the geographic connection between adjacent retinal
areas.?*’ Alternatively, the intact whole retina has been recently used to visualize retinal
neuronal and vascular elements in their natural anatomic position where they extend their
projections in all three dimensions.?4"-2%0

In intact whole retina imaging, fluorescent signals from the vascular and neuronal
elements of adjacent retina areas (tiles) of an intact whole retina are captured using a
Lightsheet microscope and then these tiles are “stitched” together to reconstruct a three-
dimensional view of the entire whole retina.?*’~2> Intact whole retina imaging provides an
unprecedented view to the retina to study the pathogenesis of retinal vascular, degenerative,
and inflammatory diseases.?*’2° For example, Prahst et al. showed a previously “un-
appreciated” knotted morphology to pathological vascular tufts, abnormal cell motility, and
altered filopodia dynamics and oxygen-induced retinopathy (OIR) model using live
imaging of a whole intact retina. 2*” Similarly, Henning et al. and Chang et al. showed the
complex three-dimensional retinal vascular network in an intact whole eye.?*8:24
Vigouroux et al. used an intact whole eye imaging method to show the organization of the
retina and visual projections in the perinatal period.? To create such an unprecedented
3D views of the retina, intact whole retina imaging protocols have overcome two major
limitations: 1) opaque and pigmented coatings of the eyeball (sclera, choroid, and RPE)
and 2) limited penetration of the microscope light into full retina thickness due to the light
scattering properties of retinal nuclear and plexiform layers. Henning et al. and Vigouroux
et al. applied H202 bleaching of choroid/RPE pigments to be able to image an intact
retina.2*4%0 However, bleaching is not suitable for animal strains with endogenous

fluorophores such as green fluorescent protein (GFP) or after in-vivo immunofluorescent
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staining.2482%0.%%1 [ addition, Henning et al.’s method of H202 treatment was carried out
in aqueous conditions, which may generate microbubbles that result in retinal detachment.
In addition, the H202 treatment was performed at 55°C, further deteriorating tissue
antibody affinity. In addition, bleaching may damage the retina, eliminate endogenous and
in-vivo stained fluorophores, and introduce heavy autofluorescence originating from
oxidized melanin.?? Other depigmentation protocols for eye sections using potassium
permanganate and oxalic acid were able to remove RPE pigments in embryonic sections,
but this depigmentation method also has been shown to reduce the efficacy of
immunolabelling.?>32% Prahst et al. and Chang et al. removed sclera and choroid and
cornea to render a whole retina reachable to microscope light.?424% However, removing
cornea, lens, and peripheral retina may distort peripheral retinal and hyaloid and peripheral
retinal vessels and disrupt vitreous and hyaloid vessels that make these methods unsuitable
for studying hyaloid vasculature.

Intact whole eye imaging protocols include tissue optical clearing to overcome the
light scattering properties of retinal layers. Tissue optical clearing renders the retina
transparent to microscope light by equalizing the refractive index of a given tissue, here
retina, across all its cellular and intercellular elements to minimize light scattering and
absorption.?® Choroid and RPE should be removed or bleached before tissue optical
clearing is applied to the retina as the pigmented coatings of the eyeball (choroid and RPE)
are not efficiently cleared.?242°6-262

The development of vitreous and hyaloid vascular system in diseases such as
retinopathy of prematurity (ROP), persistent fetal vasculature (PFV), Norrie Disease, and
Stickler Disease is best studied when retina and hyaloid vessels are not disrupted in tissue
preparation.?5>-267 The existing methods for intact whole retina imaging either remove the
anterior segment of the eye, which naturally disrupts the vitreous and its vasculature, or
apply bleaching that may remove endogenous fluorophores. There is a lack of published
methods to visualize vitreous body and vasculature in their intact, untouched condition.
We describe here a whole retina and vitreous imaging method that consists of the dissection
of pigmented and opaque coatings of the eyeball, a modified tissue optical clearing
optimized for retina, and lightsheet fluorescent microscopy. Sample preparation, tissue

optical clearing, lightsheet microscopy, and image processing steps are detailed below.

80



a) Protocol:

All experiments were approved by the University of Texas Medical Branch
Institutional Animal Care and Use Committee (IACUC). Animal use and care were in
accordance with the ARVO statement for the use of the animals in ophthalmic and vision
research.

All the materials that are needed to carry out this procedure are listed in the Table
of Materials. Wear powder-free gloves during all the steps. For steps 6 and 7 of the
protocol, also refer to the official microscope operating manual.

1. Preparation of the animals
1.1.  Euthanize the experimental mouse (age and sex preference based on the

purpose of study) with the appropriate use of anesthetic medication based on applicable
Institutional Animal Care and Use Committee approved protocol (a combination of
Ketamine 60 mg/kg and Dexmedetomidine 0.5 mg/kg was used here). Immediately
proceed to stabilize the animal on a platform for dissection and heart perfusion.

1.2.  Dissect the abdomen and thorax to expose the heart. Cardiac perfusion will
be performed by transfusing the heart via a 27-gauge needle placed in the left ventricle and
creating a small (~1mm) incision in the right atrium to allow egress of blood.?® First,
transfuse 30-50 ml of ice-cold phosphate balanced saline solution (PBS) and then 30-50
ml of freshly prepared 4% paraformaldehyde (PFA). A successful PFA transfusion will be
noted by observing muscle twitches throughout the body and tail. Proceed to the
enucleation step.

2. Eyeball enucleation and fixation

2.1. Useacurved jeweler’s forceps to gently push over the upper or lower eyelid
to force the eyeball out of its socket. Use another set of forceps to puncture the conjunctiva
from the side and hold the globe from the optic nerve side. Slowly lift the globe from its
socket until it is severed from the optic nerve.

2.2.  Transfer the globe to a tube containing freshly prepared ice-cold 4% PFA.
Label the tube accordingly. Allow the globe to stay in 4% PFA in a 4° fridge for 12 hours
(overnight).

3. Dissection of the sample (Figure 21 and 22)

3.1.  Under a stereomicroscope, locate the cornea-sclera junction (Figure 21-a)
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and, using the sharp cutting tip of a 30-gauge needle, make a very superficial cut at the
sclera about 0.5- 1 mm behind the cornea-sclera junction (Figure 21-b). Advance one of
the blades of a sharp tip dissecting scissors through the incision that is just made into the
potential space between the sclera/choroid/RPE and retina (Figure 21-c). Advance the
scissors and cut circumferentially until the sclera/choroid/RPE can be peeled off the outer
surface of the retina (Figure 21-d and 21-e). Radial relaxing cuts can be made on the
sclera/choroid/RPE to facilitate the process of circumferential cutting and subsequent
peeling of the optic nerve and sclera/choroid/RPE. Small patches of RPE (Figure 21-f) can
be removed using a wet size 1 painting brush. Transfer the whole intact eyeball to a tube
containing PBS. Proceed immediately or preserve in 4°C for next day immunolabeling.

NOTE: It is important to perform this step slow and gently. The dissector should
be constantly careful to avoid puncturing the retina. The first few cuts are more critical to
avoid cutting through the retina.

NOTE: Marks may be placed on the eyeball after enucleation and then after
dissection to preserve the orientation of the eye if needed.

NOTE: The protocol may be paused here, and the samples may be preserved
overnight in a 4°C fridge before proceeding to the next steps.

. Vascular staining

4.1.  Permeabilize the tissue by immersing it in PBS containing 0.2% Tween-20
at room temperature for 20 minutes.

4.2.  Wash the sample with PBS 3 times on a shaker for 10 minutes.

4.3.  Incubate the sample with 5% normal goat serum (NGS) in PBS containing
0.25% Triton X-100 at room temperature for 1 hour.

4.4. Incubate with the primary antibody at 4°C overnight. Here, an anti-mouse
Collagen IV antibody was used (1:200 prepared in PBS containing 0.2% Tween-20).

4.5.  Wash with PBS 3 times, each for 5 minutes.

4.6.  Incubate the sample with fluorescent-labeled secondary antibodies. Here,
an anti-rabbit Alexa Fluor 568 was used for 12 hours at 4 degrees (1:200 dilution in PBS
containing 0.2% Tween-20).

4.7.  Wash with PBS 3 times, each for 1 hour, and proceed with tissue clearing

steps.
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5. Optical Clearing with 2,2’-thiodiethanol (TDE)

5.1.  Prepare working TDE concentrations by stock TDE solution with PBS for
a final concentration of 10%, 20%, 30%, 40%, 50%, and 60% volume to volume (v/v).
Prepare at least 2 ml of solution for each eye sample to allow enough excess volume to
penetrate the tissue.

5.2.  Incubate the samples in a 6- or 12-well plate well at an increasing
concentration of TDE. Start with immersing the intact whole eyeballs in 10% TDE solution
for 2-4 hours on a shaker at room temperature. Successively, transfer the sample to a higher
TDE concentration each for 2-4 hours.

NOTE: Retina starts to clear at 40%-50% concentration, but maximum clearing
occurs after incubation in 60% solution. Retina becomes less transparent at 70% and higher
concentrations.

NOTE: The clearing process may be stopped overnight at any of the successive
clearing exchange steps.

Whole eye imaging using a lightsheet microscopy

5.3.  Mount the samples based on your lightsheet microscope platform. Cleared
eye preparations can be imaged using a variety of commercial or custom-built confocal and
lightsheet microscopes. In this protocol, a dual-side illumination lightsheet microscope has
been used. Follow your microscope and acquisition software instructions to properly mount
the sample and set up acquisition parameters, including Lightsheet alignment and
illumination and detection optical paths.

5.4. Immerse the sample within the Lightsheet microscope chamber in 60%
TDE solution (the final clearing concentration).

Note: Use the final TDE concentration (60%) in the microscope chamber. Use a
plastic transfer pipette to transfer the globe. The pipette tip should be cut, and the opening
may be widened with a second pipette to avoid damage to the sample with sharp edges.

Note: Separation of illumination and detection optical paths in lightsheet
microscopy improves both the imaging speed and the signal-to-noise ratio compared to
point-scanning confocal microscopy and, thus, is the preferred method for imaging large
samples.
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NOTE: Use low resolution and magnification imaging (5x, NA 0.16) to image
cellular morphology and cellular process tracing, especially when combined with tiling.
Use high resolution and magnification imaging (20x, NA 1.0) to image both cellular
morphology and large sub-cellular organelles such as nuclei and mitochondrial clusters.

NOTE: In most cases, image intensities can be well represented by 8-bit digitization
(256 shades), which will save disk space and image processing time for large imaging
volumes.

NOTE: Whole eye samples can be glued to a hypodermic needle tip or to a custom-
built platform depending on the type of lightsheet microscope (as was done here), or
coverslip-bottom dishes filled with the clearing solution and agarose support blocks for
imaging in an inverted confocal microscope.

NOTE: Be extra gentle while placing the needle mounted sample into the
microscope chamber as touching the walls may cause dislodge the sample from the needle
tip.

Post-acquisition image processing

6.1.  Post-acquisition processing depends on the type of file and software
compatible with imaged files.

NOTE: Apply deblurring or deconvolution to further augment the raw images
before proceeding with stitching the imaged tiles. Weiner filter can be applied to deblur the
images. Alternatively, images can be iteratively deconvolved after denoising with the
Richardson-Lucy deconvolution and a theoretical or experimentally measured PSF using
modeling tools such as the ImageJ PSF generator plugin.?®°

NOTE: Stitching of pre-processed z-stacks and affine and non-rigid volume
transformations followed by multi-view volume registration and fusion can be performed
using a variety of commercial or public-domain software packages (ImageJ — BigStitcher
plugin).?™®

REPRESENTATIVE RESULTS:

A zero-angle projection of the peripapillary vascular network and microglia is
shown in Figure 23A. Also, intact whole retina microglia distribution in a CX3CR1-GFP

mouse is presented in Figure 23B. A major advantage of the method presented here is its

84



ability to image innate fluorophores. Figure 23C, D show microglia in representative Z
projections (green channel) from samples prepared with the current method of intact whole
eye imaging (Figure 23C) and flat-mount preparations (Figure 23D). Microglia were
quantified and compared in randomly selected regions of interest from the intact whole
retina and flat-mount preparations. No statistically significant difference was noted
between the flat-mount and intact whole retina imaging in terms of microglia numbers
(Figure 23E). All representative images in Figure 23 were captured from the CX3CR1°
mouse retina.

GFP-tagged microglia (green channel) and the vascular network (red channel) in a
CX3CR1-GFP mouse retina that was imaged using the current intact whole retina imaging
protocol is further described in Supplemental Video 1. Endogenous and in vivo staining
fluorophores would have been bleached if the pigment bleaching methods used by Henning
et al.>*® and Vigouroux et al.?® were used to remove choroid and RPE pigmentation.
Supplemental Video 2 shows a view of the hyaloid vessels and retrolental vascular plexus
in their natural state. It should also be noted that removing the anterior segment of the eye

as described by Prahst et al.?*” and Chang et al.?*® would have disturbed the hyaloid vessels.
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b) Figures:

Figure 21. Dissecting out sclera/choroid/retinal pigment epithelium. Removal of outer
opaque and pigmented layers allows optical imaging of retina and vitreous cavity without

interference from these pigmentations.
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and mounting the intact eyeball to the lightsheet microscopy platform.

Figure 22. Cartoon depicting the steps to dissect sclera/choroid/retinal pigment epithelium
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Figure 23. Representative results for intact whole retina imaging. (A) Zero angle projection
of the peripapillary vascular network and microglia in an 8-month-old female CX3CR1¢F°
mouse intact whole retina. (B) Flat projection of the green channel showing microglia
distribution in an intact whole retina from an 8-month-old female CX3CR1° mouse.
Peripheral retina was distorted in this flat projection of the cup shaped intact retina. (C-D).
Representative 250 pm x 250 pm square flat projection from an intact whole retina scans
(C) and flat-mount preparation (D), both from 8-months old female CX3CR1¢ mice
(scale bar 50 um). (E) Retinal microglia enumeration in flat-mount preparations versus
intact whole retina imaging using Lightsheet fluorescent microscope: Three regions of
interest (ROI) were randomly selected from the mid-peripheral retina for microglia
quantification. Orthogonal projections of the entire retina thickness in green channel were
prepared for each ROI. Microglia numbers were counted within ImageJ. A two tailed
Student’s t-test did not show statistically significant difference in the number of microglia
in flat-mount and intact whole eye preparations.

Supplemental video 1:
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Intact whole eye imaging of a CX3CR ™ mouse. Retinal vessels are visualized in
their entirety. Imaging was performed without a need for choroid/RPE pigment bleaching.
In this GFP-tagged mouse (and similar strains with innate fluorophores), choroid/RPE
bleaching would have removed the GFP-tagged microglia signals. In this video, the three-
dimensional depiction of retinal microglia distribution shows the strength of this method
in detecting microglia distribution and activation. Microglia morphology may be better
visualized in higher resolution still images using this technique.

Supplemental video 2:

Hyaloid vasculature and retrolental vascular plexus in a 4-day old mouse. Anterior

segment of the eyeball including cornea, iris, and lens are not removed so the vitreous

cavity and its vasculature are not disturbed.

DISCUSSION:

Retina and vitreous development and pathologies are best studied with intact whole
retina imaging techniques where retina is not cut for sections or for flat-mount preparations.
Existing intact whole eye imaging methods either use pigment bleaching that removes
innate fluorophores or remove the opaque coatings of the eyeball (RPE, choroid, and
sclera) along with cornea and lens that may disturb peripheral retina and vitreous body.
Chang et al. and Prahst et al. removed the outer coatings of the eyeball but also removed
cornea that possibly disrupts vitreous and hyaloid vasculature and peripheral retina.?*:24
Alternatively, Henning et al. and Vigouroux et al. used pigment bleaching to render choroid
and RPE transparent to microscope light.?+2%0

Pigment bleaching protocols remove GFP and other innate/endogenous
fluorophores as well as the fluorophores used for in-vivo staining.?*! One of the advantages
of the current method is that no bleaching is used. Instead, we dissected out
sclera/choroid/RPE but left the cornea, iris, and lens untouched. By not removing the
anterior segment of the eye, peripheral retina and hyaloid vessels can be visualized in their
undisturbed state. The majority of the existing methods described for studying hyaloid
vessels in diseases such as PFV and ROP involve dissecting anterior segment of the eye

that disturbs the vitreous body and inevitably hyaloid vasculature.?6%267
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All the current methods for intact whole eye imaging, including ours, use tissue
optical clearing, a method used to match a tissue’s refractive index to the surrounding
medium to minimize light scattering and absorption.?®®>?"* Three major tissue clearing
approaches include hydrophobic, hydrophilic and hydrogel-based methods. 257271273
Tissue clearing in the current intact whole eye imaging methods is time consuming, taking
3 to 7 days.**?° Qur protocol uses 2,2'-thiodiethanol (TDE) as a glycol derivative
hydrophilic clearing agent and the process of clearing can be completed in less than two
days without quenching the fluorescent proteins.?’* TDE is miscible with water in any ratio
that makes it possible to create a gradient of concentration to allow penetration of this high
refractive index solution into the tissue. The intact whole retina was immersed in an
increasing concentration of TDE to achieve a refractive index gradient that gradually
equalized the tissue’s refractive index and rendered it clear. TDE does not quench the
fluorescence of various fluorophores unlike some other clearing methods such as
CLARITY and CUBIC.?”® In addition, TDE does not have the potential to damage
equipment, as is the case for organic solvent based clearing agents such as benzyl
benzoate/benzyl alcohol (BABB). It also prevents the growth of contaminating organisms
that can be seen in fructose based SeeDB clearing method.?"

Lightsheet Fluorescent Microscopy (LSFM) offers a high temporal and spatial
resolution by viewing the sample from different angels (isotropic resolution-multiview
imaging mode).?’® LSFM operates based on a thin sheet of light that is directed through the
sample to excite fluorophores only in a thin imaging plane that in turn allows lower
phototoxicity and photobleaching, faster imaging, and higher contrast due to the minimal
out of focus excitation. Imaging of the dissected and optically cleared whole murine eyes
could be performed using one of the many commercially available LSFM or confocal
microscopes. In the current method, LSFM allowed a fast and detailed view to retinal
neurons and vessels and allowed quantitative analysis of vascular thickness, vascular
arborization, and vessel tortuosity indices.

The current method is applicable -with modifications- to intact whole eye samples
from other rodent and non-rodent eyes. Two critical steps for the success of the current
methods is good surgical dissection of the ocular coatings and tissue optical clearing.

Dissecting sclera/choroid/RPE layers in a small rodent eye maybe technically difficult and
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one should be careful not to cut through peripheral retina when dissecting
sclera/choroid/RPE. However, this technique requires the same set of skills used for retina
flat-mount preparation and, in our experience, essential dexterity can be acquired after
performing the dissection steps on three to five eyes.

In summary, the method described here combines pieces of the previously
described techniques is optimized for imaging molecular and structural targets including
those of innate and in-vivo staining fluorophores in an intact whole retina and vitreous.
This method addresses some of the limitations of the existing whole retina preparation
methods and is unique in providing an unprecedented view to hyaloid vasculature
(supplemental video 2).
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Chapter 5 Discussion and Future Direction

ABSTRACT:

Our studies provided insight into differentiating age- and AD-related retinal
neuronal and vascular changes in a well-established mouse model of AD and were
compatible with the findings from the majority of current OCT and OCTA studies in terms
of retinal sublayer thickness and retinal vascular density changes in AD. Besides, the
whole-retinal imaging method we introduced a novel method to study the regional
variability of the retinal vascular and cellular components. The retinal structure and
function have many common pathways to change in response to the wide varieties of
neurodegenerative and neuroinflammatory diseases. As a result, there is an overlap
between the retinal neuronal and vascular changes caused by natural senescence and
pathologic neurodegeneration. Considerable evidence indicates that no single image-based
biomarker would differentiate AD from aging and other neurodegenerations. Thus, it is
imperative to combine multiple biomarkers to detect preclinical and clinical AD
progression and differentiate it from retinal changes caused by normal aging. Using a well-
established mouse model of AD, we recognized a combination of retinal structural and
functional biomarkers that may help differentiate age-dependent changes in multi-layered
components of the retinal neurovascular unit in AD. Such changes were detected
noninvasively in middle age and old 3xTg-AD animals, a preclinical model simulating
clinical stages of AD in human. Based on the observations summarized in this chapter, we
confirmed that the retina goes through a complex structural and functional AD-induced
changes in middle age and old AD; thus a multimodal approach to interrogate various
neuronal and vascular components of the retina is required to identify alterations in various
retinal neurovascular components as a method for reliable noninvasive AD diagnosis,

monitoring and differentiating it from other conditions leading to retina neurodegeneration.
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SUMMARY OF FINDINGS

Utilizing noninvasive retinal imaging for Alzheimer's disease diagnosis and
monitoring has received increasing attention because of a growing body of studies that
indicate a relationship between retinal structure and function and AD progression. The
retina is part of the CNS and is directly connected to the brain via neuronal axons. Retinal
neurons, neuronal connections, and vascular supply are organized in layers, much like the
brain cortex. From developmental biology, physiology, and pathology standpoints, the
retina and brain share many similarities. Considering these similarities and the eye’s
transparent media, retinal imaging and functional studies could illustrate the CNS's normal
physiology and pathologies. Indeed, many retinal abnormalities (i.e., structural and
functional alterations) can be detectable and visualized with noninvasive high resolution
imaging modalities such as OCT and OCTA in individuals with stroke, multiple sclerosis,
Parkinson's disease, and Alzheimer’s disease. However, the ability of these imaging
modalities for early diagnosis of neurological diseases and establishing a longitudinal
correlation with their progression has not been yet fully demonstrated in pre-clinical and
clinical studies. Besides, concurrent cardiovascular risk factors, systemic disease, and
aging neurodegeneration overlap with the retinal imaging findings that have been reported
as potential markers for CNS diseases. In the field of Alzheimer’s disease, a continuous
effort is focused on establishing a set of AD-specific retinal structural or microvascular
patterns that reflect AD pathology in at-risk and diseased individuals and distinguish AD
from non-AD neurodegeneration.

In the current project, novel animal studies were conducted to further explore the
potential for applications of noninvasive retinal imaging for detection of retinal neuronal
and vascular degeneration in a mouse model of AD. Our goal was to untangle the
interaction between the retina’s neuronal, vascular, and glial elements in AD and identify
a set of neuronal and vascular imaging biomarkers for AD neurodegeneration. We used the
3XTg-AD model that expresses both amyloid and tau pathologies and mimics many
pathologic features of the disease. First, we showed that the RGC population declined from
young to middle age in the mouse retina. Such reduction was more pronounced in 3xTg-
AD mice compared to age-matched nontransgenic controls. Loss of RGC population was

parallel to increased deposition of AP in the retina and brain. Most importantly, retinal
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sublayer analysis by OCT showed a significant decrease in RNFL thickness in the 3xTg-
AD model. GC-IPL thickness remained stable from young to middle age in transgenic
animals, while GC-IPL thickness decreased in control animals. We hypothesized that a
compensatory retinal thickening due to neuroinflammation and neurovascular changes was
the likely cause for relatively stable GC-IPL thickness in the transgenic model. These
compensatory changes neutralized RGC loss due to AD pathology. We further confirmed
RNFL thickness as a potential biomarker for detecting AD and monitoring its progression,
as reported by a host of histopathology and OCT studies. We concluded that a set of
changes in retinal sublayers might be a better biomarker to identify the preclinical stage of
AD and differentiate AD neurodegeneration from normal aging or even other non-AD
neurodegenerations.

Furthermore, studies were designed and conducted in the 3xTg-AD model to assess
age-dependence of AD-induced changes in retinal vascular distribution and density. While
it is well-recognized that the cerebral vascular changes are a hallmark of AD and its
progression but a noninvasive, sensitive, cost effective and convenient imaging modality
to quantify and follow such changes in the brain is not available yet. Changes in retinal
vasculature, which can now be imaged noninvasively with OCTA and DVA, has been
found to correlate with AD’s neuronal and vascular pathologies in the brain. Nevertheless,
such correlations have been controversial at times, and the sequence of retinal vascular
changes and amyloid and tau pathologies in the retina and brain is not fully known. The
uncertainty about such vascular changes originates partly from the lack of previous
histologic studies on retinal vascular distribution in mouse models of AD. We analyzed the
trilaminar retinal vascular network in young, middle age, and old 3xTg-AD and control
mice to explore these questions. Each of the three retinal vascular plexuses had its distinct
distribution and branching pattern (Chapter 3, Figure 2). Consistent with the observations
made by Duggan et al.,?®® and as shown in chapter 3, figures 3, mouse SVP consisted of
large arteries and veins that branched out to form arterioles and possibly capillaries. SVP
sent anastomosing penetrating branches that extended through the GCL into the IPL and
formed IVP that, in turn, extended connecting branches deeper through the INL into OPL
to form DVP (supplementary video). IVP consistently appeared less dense with more

isolated looping branches and formed fewer junctions than DVP (Chapter 3, figures 5 and
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7).85298 DV/P was a heavily branching network of capillaries with frequent loops and closed
circles. In the AD brain, too, cerebral capillaries may appear convoluted, looped, or
tortuous.3.24-236217 - Although we noted “string vessels” indicative of vascular
degenerations, not many abnormally looped, tortuous, crooked, or kinked vessels were
noted in retinal vascular layers despite their attenuation in old age transgenic eyes.
Similarly, multiple OCTA analyses in patients with AD have not reported morphologic
changes other than decreased retinal vessel density,19:121:124.126,128,130,132,136.278 Thjs may
suggests that retinal vascular structure is not identical to cerebral vasculature. Nevertheless,
the vascular density pattern seen in our studies was analogous to the changes reported in
deep CNS vessels during AD. We observed that age-related and AD-related rarefaction of
retinal capillaries occurred differentially in these layers. In the transgenic model, all three
vascular layers’ density was significantly lower in old compared to young mice. However,
in controls, only VP and DVP density were significantly lower in old compared to young
animals. The old transgenic animals had significantly lower SVP and DVP densities
compared to their age-matched controls. This observation was compatible with most
OCTA studies that showed significantly lower SVP and DVP densities in individuals with
AD than age-matched controls. Besides, our findings were explainable with the known
pathologic changes in the AD brain and its metabolic consequences. From a practical
standpoint, we confirmed that retinal vascular density parameters could be quantified, and
such quantification may identify AD-related changes in the retina. Our finding also
suggested that a better understanding of longitudinal vascular changes in AD models and
correlating them with cerebral pathologies and the crosstalk between the retina’s vascular,
neuronal, and glial elements may reveal additional therapeutic targets for AD.

There is strong evidence showing a geographic variation of retinal vascular
densities in different retinal quadrants. Although previous studies have shown such
differences using human histopathology and OCTA approaches, animal studies to model
such differences are fallible because current retinal tissue preparation methods for
histopathologic studies involve cutting through various retinal areas for flat-mount
preparation or sections. To address this issue, we modified the existing methods for intact
whole retina imaging by micro dissecting the sclera, choroid, and RPE, applying tissue

optical clearing, and using lightsheet microscopy. After applying our tissue preparation
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method, studying retinal vascular density and branching pattern and retinal microglia
distribution and activation in the intact, uncut retina would give a better overview of the
geographic variation of retinal neurovascular changes in AD and other degenerative and
developmental diseases. An additional advantage of our novel method includes its potential
for hyaloid vessel imaging in the developing eyes. We immunostained P1 mouse eyeballs
using this novel method and showed, for the first time, hyaloid vessels in their intact
undisturbed status. Thus, this method may help study retinal and vitreous cavity
development and pathologies in diseases like retinopathy of prematurity. An interesting
next plan would be to apply this method to the AD model retina and explore geographic
variations in retinal vascular and glial densities in aging and disease states.

In summary, we identified various alterations in different components of the retinal
neurovascular unit in an AD mouse model. Such alterations are detectable noninvasively
in preclinical and clinical stages of AD and correlate with AD’s reported pathologic
burden. Based on the observations summarized above, we confirm that the retina is a
complex structure involved in AD and possibly other neurodegenerations. A holistic
approach that identifies alterations in various retinal neurovascular components may pave
the road for more reliable noninvasive AD diagnosis and monitoring and a better
understanding of AD's pathobiology.?*? The results of these studies highlight an urgent
need for improving the precision and accuracy of currently available OCT -based diagnostic

tests.

CONTRIBUTIONS TO THE CURRENT BODY OF KNOWLEDGE ON NEUROVASCULAR
COUPLING IN THE RETINA DURING AD PROGRESSION.

The cerebral neurovascular unit in AD can be studied in four distinct but integrated
levels: 1) Neuronal activity and life cycle. 2) synaptic communication at glial-vascular,
glial-glia, glial-neurons, neuron-neurons levels. 3) Vascular structure and remodeling. 4)
Neuroinflammation in the form of altered microglia and astrocyte function and
morphology. In our studies, immunofluorescent approach was used to characterize these
stages as function of age in retina of the 3xTg-AD model.

The human central nervous system consumes about one-fourth of the body's

glucose and one-fifth of oxygen, far exceeding the body’s average glucose and oxygen
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consumption per unit of weight. Such remarkable glucose and oxygen demand require a
vigorous blood supply. The brain’s complex vascular system has evolved to a complex
mechanism of communication between neurons, glia, and cerebral vasculature that
spatially and temporally adjusts blood supply for neurons’ constantly changing metabolic
demands. Cerebral vessels may react to such changes in metabolic demand acutely by
changing the diameter and adjusting the flow acutely. Or as a long-term change mainly in
the form of changing vascular density. In AD, cerebral vascular changes were initially
thought to be age-related alterations that concurrently accompany AD. However, vascular
pathologies appeared early and persisted and worsened with AD, suggesting that
cerebrovascular alterations and AD pathology are more directly linked. Advanced imaging
techniques such as Transcranial Doppler (TCD- accuracy limited to the second and third
distributary branches of major cerebral arteries), functional magnetic resonance imaging
(fMRI), positron emission tomography (PET), Single Photon Emission Computer
Tomography (SPECT), and near-infrared spectroscopy (that indirectly quantifies the
oxygenated and deoxygenated hemoglobin levels based on the relative transparency of the
tissue to near-infrared rays) are powerful tools to measure and trace regional alterations of
brain metabolism and perfusion in the research setting as well as in various neurological
conditions. Although these imaging studies' practical application is limited due to their
expense, invasiveness, or convenience, they have been promising as tools for early
diagnosis of neurodegenerative diseases. Nevertheless, better tools to track retinal vascular
function in AD and other neurodegenerations are needed. Besides, AD brain
histopathology studies have frequently landed on controversies, primarily due to variable
methodologies and the challenge of conducting long-term longitudinal studies on at-risk
individuals. For example, despite multiple animal and human studies reporting decreased
vascular density in the hippocampus and increased vascular density and flow in the brain
cortex,?’® Bourassa et al. did not observe a significant reduction in the total brain cortex's
total amount capillaries in subjects with AD compared to non-AD controls.?%®
Recognizing that Cerebral and retinal neurovasculature have similarities in
embryological origin, anatomical features, and physiological properties, there has been a
growing interest in studying changes in retinal neurons and vessels to gain new insights

into the pathophysiology of NVU accompanying AD progression with the goal of using
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these changes as a biomarker to track disease progression and response to treatment.
Although there is no long-term longitudinal study on retinal OCT features in normal at-
risk individuals who may develop MCI and AD in the future, OCT studies on mouse
models of AD have confirmed a preferential involvement of inner retinal layers during the
early stages equivalent to preclinical AD.5"170.17L18L182 Haowever, instrumentation and
segmentation differences have caused inconsistent reporting about the specific changes
involving distinct retinal sublayers. In the 3xTg-AD model, we observed both RGC loss
and RNFL thinning associated with a small, statistically insignificant increase in RGC
thickness from young to middle age. This pattern of changes may be due to RGC loss that
causes RNFL thinning, and a simultaneous AD-related neuroinflammation that neutralizes
the thinning effect of AD neurodegeneration.*> RNFL is a mostly acellular layer that, unlike
cellular GCL-IPL, may not be influenced by the trophic processes such as microglia
activation,”” neuronal swelling,8® and Muller cell hypertrophy.2184 In the meantime,
vascular loss in the SVP layer (as we saw in our vascular study) would also contribute to
RNFL thinning in the AD model. OCT studies in human patients suggest that neuronal loss
may eventually overwhelm the trophic inflammatory processes in advanced AD stages and
manifest as a decline in both inner retina and total retinal thickness.%

We observed early AP deposition in the retina compared to the hippocampus and
brain cortex compatible with the previous observations3%40:1%0216 that suggested the retina,
because of its unique biologic properties, is vulnerable to AD neurovascular degeneration
earlier than the brain. However, the underlying cause of retinal predilection for Ap and tau
deposition remains obscured. An increased predisposition of specific neurons, e.g.,
GABAergic neurons of the dentate gyrus, to AP toxicity has been shown before and may
partly explain prominent AP and tau pathologies in these regions of the brain.?®® However,
increased vulnerability of retinal neurons to AP and tau deposition as seen in the current
and similar studies 3°4°2 js less known. Retina shares cellular and functional elements
with the brain; however, they have distinct developmental and structural differences that
may explain the retina's increased susceptibility to AP and tau deposition. Glymphatic
system has been recently known as an essential component of the brain’s potentially
neurotoxic waste product clearance system. Glymphatics are brain-wide paravascular

spaces surrounding cerebral blood vessels along which cerebrospinal fluid (CSF)
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recirculates through the brain parenchyma, facilitating the removal of toxic solutes such as
AB.281 Animal studies have shown evidence of an "ocular glymphatic system™ in the optic
nerve and retina.?8-282 A failure of the retina glymphatic system may explain earlier and
more extensive development of AP depositions in our model.?®3?8* Whether such
differences in retinal and brain vascular development make the retina more vulnerable for
AD-related pathologies needs to be further explored.

Human studies show that retinal vascular density and flow are lower in AD patients
than those with MCI, who, in turn, have a lower retinal vascular density and flow compared
to normal controls.™° It is unclear whether retinal capillary attenuation is a consequence of
AP and tau deposition, the result of decreased neuronal metabolic demand in a degenerating
retina that has lost neurons secondary to the underlying pathology, or a consequence of
enhanced vascular pruning by activated microglia/astrocytes.?22/":285 However, such
changes are common in other neurodegeneration and natural aging too. A set of specific
AD markers in the retina that can be identified noninvasively is still missing. The retina is
one of the highest energy-consuming organs, and its blood vessels grow and regress in
reaction to changes in metabolic rate in normal and disease states.>>2%-28 Sych coupling
is the ultimate responsibility of the neurovascular unit. While our vascular study
contributes to a better understanding of retinal neurovascular coupling, questions about the
sequence of events and their inhibitory and excitatory mediators remain unanswered.

Published data regarding retinal capillary plexuses changes in rodents are sparse,
and we are not aware of any publication showing retinal capillary morphology and density
in AD models. In contrast, there has been a surge of human OCTA studies in individuals
with MCI and AD, reporting decreased,119120.126.128.217 aqua] 130 or even increased*? retinal
vascular densities. Such controversy highlights the uncertainty about the extent of retinal
vascular changes in AD and their correlation to the brain's disease pathology. Our studies
provided robust histopathologic confirmation that SVP and DVP densities were
significantly lower in old transgenic mice than their age-matched controls. We are
developing an OCTA algorithm to extract retinal vascular density data in live animals and
confirm those density data with corresponding histopathologic evidence of retinal vascular
network extension and density (Figure 5-1). However, more than a histopathologic

confirmation for OCTA studies, our study may provide an overview of the pathologic
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consequences of AD and aging on retinal vessels. It has been shown that retinal vascular
distribution and flow couples with respective retinal layers’ metabolic demand in the short
and long terms.?!® Such coupling could occur in acute and chronic phases depending on
the life length of such metabolic changes, focal growth factors’ availability, localized
damage to the vasculature, and concomitant cardiovascular pathologies.??%?? In the 3xTg-
AD mice where inner and middle retina pathologies are more prominent,®>!8 our
observations of SVP and DVP attenuation show that retinal flow matched retinal layers’
metabolic demands in the setting of AD neurodegeneration. Thus, SVP thinning in the AD
model may indicate decreased metabolic demand due to RGC loss and amyloid and tau-
mediated vascular damage. Similarly, decreased DVP density in the aged 3xTg-AD is
possibly secondary to decreased metabolic demand’®??* and capillary occlusion due to
amyloid and tau deposition in and around deep retinal capillaries!®2°231 While this
sequence of events is possibly analogous to cerebral vascular pathologies seen in

AD 57140230232 medijators of these events should be explored.
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Figure 24. (A) Retinal capillary plexuses and their location in OCT scan. Signals from
high-resolution SD-OCT scan (pink) are processed to yield OCTA images (reproduced
with permission from reference #77 under Creative Commons Attribution License).”” (B)

OCTA rendering in Dr. Motamedi’s lab shows retinal vascular layers in a 3xTg-AD mouse.

Although aging and cardiovascular diseases usually cause diffuse cerebral vascular
pathologies,®® Alzheimer's-related cerebral vasculopathy are skewed toward areas with a
higher amyloid and tau burden, such as the hippocampus.?3-24+27 A similar pattern seen
in the retina with its amyloid and tau deposition concentrated in GCL, IPL, OPL, and
INL87216238 js compatible with the observation of SVP and DVP loss both in human
OCTA and our animal model studies. As mentioned above, such coupling of vascular
damage and amyloid pathology burden should be explored.

Differentiating aging versus amyloid/tau pathology-induced neurovascular
degeneration is challenging. Aging-associated decline in microvascular structure and
function compromises CNS’s capacity for coupling with alteration in the mentation-related
increase in metabolic demand. Aging arteries are invariably vulnerable to cerebral amyloid
angiopathy (CAA) that is characterized by amyloid deposition, mostly in medial-
adventitial layers of leptomeningeal and intracranial cerebral arteries. CAA predisposes
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arterioles and capillaries for spontaneous breakdown and focal bleedings contributing to
aging and AD's cognitive dysfunction. Bell and Ball reported an age-dependent decrease
in capillary density in various areas of the brain in individuals with AD.?® Such capillary
loss was suggested to be, at least in part, due to Af accumulations on capillaries that act as
a molecular sink for angiogenic factor VEGF, reducing its availability in AD.?*° Besides,
cholinergic shortages may also contribute to decreased cerebral flow in AD. We showed
that inner retina is vulnerable to such decreased vascular density, possibly due to increased
amyloid and tau burden in RGC. On the other hand, the DVP capillary network located in
the trilaminar retinal vascular network's watershed zone is also vulnerable to decreased
flow and occlusion. Such vulnerability predisposes IPL and ONL to unmet metabolic
demand that may explain (at least in part) visual defects detected in patients with AD. With
this hypothesis, preventing aging/atherosclerosis-associated vascular dysfunction may
delay or prevent cognition loss in AD or vascular dementia. Under this hypothesis,
hypertension, atherosclerosis, and other cardiovascular risk factors have been found
associated with an increased risk of AD.?*

Another aspect of AD pathology is neuroinflammation, mainly mediated via
astrocytes and microglia. In a single-cell transcriptomic analysis from the prefrontal cortex
of 48 individuals with varying degrees of AD, Mathys et al. identified transcriptionally
distinct genes associated with regulators of myelination, inflammation, and neuron
survival.?®2 On the cellular level, CNS glial cells induce oxidative stress and faulty calcium
homeostasis, leading to hyperactivation of Kkinase proteins and inactivation of
phosphatases. As a result, tau protein becomes hyperphosphorylated and forms the
neurofibrillary tangles accumulating in synapses and neuronal bodies. These structures
enhance neuronal death by apoptosis and neurotransmitter loss. Besides, microglia release
inflammatory mediators such as inflammatory cytokines, complement components,
chemokines, and free radicals that are all known to contribute to AP production and
accumulation. Besides, recent evidence show microglia mediate early synaptic loss in
AD.?®3 On the other hand, microglia are proposed to play a beneficial role in stimulating
the clearance of amyloid plaques, at least in early AD.?** In a detailed review, Hansen et
al. proposed that “microglial function is normally protective in the brain, with microglia

acting as housekeeping phagocytes to maintain tissue homeostasis and keep the
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extracellular space clean of AP, thereby preventing AD.” However, with increasing
accumulation of AP, microglia compact A aggregates in dense plaques and isolates them
from neurons. However, the microglial function may become inadequate depending on age
and genetic susceptibility. As microglia become overwhelmed with the deposition of toxic
amyloid, tau pathology grows in stressed neurons and microglia initiating synaptic
trimming and secretion of neurotoxic cytokines. Future potential treatments to stimulate
microglial activity may help early AD stages but become disadvantageous in AD’s
proinflammatory late stages.?®

The retina is developmentally part of the brain with its unique and distinct structure
and biology. In the retina, muller cells constitute the main body of glial cells that, along
with astrocytes and microglia, participate in retinal growth and neurogenesis, maintaining
BBB, influencing synaptic connectivity by controlling the genesis and maintenance
of synapses, and balancing nutrient and waste material homeostasis of photoreceptor and
other neuronal elements.

Astrocytes have been heavily investigated for their role in AD. Astrocytes are
mainly located in GCL and are in close interaction with the retina's superficial retinal
vasculature. The astrocyte processes surround superficial retinal blood vessels.”® Two
distinct types of astrocytes exist in the retina: type | astrocytes identified by GFAP
and connexin-43 expression and type Il astrocytes identified by GFAP but no connexin-43
expression. Reactive astrocytes change their shape to become hypertrophic with enlarged
soma, thicker processes, and enhanced GFAP immunoreactivity.” In AD, astrocytes are
associated with amyloid plaques and show activation features.?®®?®” Such enhanced
immunoreactivity in the presence of AP has been shown to occur in parallel to enhanced
apoptosis of the GCL in animal models of AD.882% However, astrocytes’ contribution to
the maintenance and remodeling of SVP in AD neurodegeneration needs to be studied.

To explore astrocytes' role in maintaining NVU in the retina, we conducted limited
preliminary studies on astrocytes’ morphology and the expression of surface protein
channels on astrocytes (Figures 25 to 27). These experiments were conducted as pilot
hypothesis-generating studies. We attempted to quantify astrocyte morphology in the
3xTg-AD model using one of the methods described priorly.?*® Astrocytes were stained
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with anti-GFAP antibody, and an outline was drawn around the astrocytes. The astrocytes'

surface area was quantified in young and old transgenic and control retinas (Figure 27).

N

Figure 25. 3xTg-AD retina GFAP staining. Astrocyte footplates heavily surround large

retinal vessels.
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Figure 26. 3xTg-AD retina stained for collagen IV and GFAP. Astrocyte morphology

changes in aged mouse.

Figure 27. Preliminary studies. Experimenting with three outlining methods to delineate
astrocyte perimeters. 3xTg-AD retina, GFAP staining. Astrocyte perimeters were

delineated to quantify the area covered by the extensions.

We attempted to identify mechanistic targets that contribute to the interaction
between astrocytes and capillary walls of NVU. Reactive astrocytes express pro-
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inflammatory genes, NF-kB, complement components, and neurotoxins. Also, connexins
30 and 43, which are hemichannel protein complexes that play a pivotal role in cell-to-cell
communication in the CNS, have been identified in mouse brain astrocytes, mostly on their
footplates on pericytes.*®*%t We stained retina flat-mounts for connexin 43 expressions on
astrocyte surface in young and old 3xTg-AD mouse retina (Figure 28), and showed
possible age-dependent increased expression of connexin 43 on astrocyte footplates, where

they adhere to superficial retinal arteries.

12M 3xTg

Figure 28. Connexin 43 expression on astrocyte footplates in 3xTg-AD mouse retina. More

prominent Connexin 43 expression as animal aged.

In summary, our observations may be a confirmation for concurrent involvement
of various retinal NVU elements in preclinical AD. In addition, we quantified retinal
sublayer thicknesses in the 3xTg-AD retina with non-invasive OCT imaging and showed
that RNFL thinning in the transgenic model correlated with the reduction in retinal GC
numbers and an increasing retinal and brain AD pathology load. Our observations further
supported decreased blood vessel distribution in the AD model and normal aging that

matched decreased demand from neuronal loss, structural vascular damage due to amyloid,
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tau, aging, or a combination of these phenomena. Our results indicated that neuronal,
vascular, and glial components of NVU are altered in the retina of 3xTg-AD mice. Such
alterations are distinct from age-dependent changes and can be detected in middle-age to
old age. Our studies reiterate the questions already raised about the retina's role in AD and
its correlation to brain pathologies. Future clinical studies should characterize longitudinal

and temporal correlation of retinal NVU changes to those changes in the brain.

CONTRIBUTIONS TO NONINVASIVE DETECTION OF RETINAL NEURONAL LOSS IN AD.

The retina is one of the most intriguing parts of the CNS, and its structure and
function can be interrogated using various invasive and noninvasive imaging studies.
Although the retina’s neuronal and vascular network has been studied before, the recent
introduction of noninvasive in vivo imaging with OCT, OCTA, FAF, AO, DVA, and ...
illustrates the retina in unprecedented detail. However, controversial reports, limited ability
to identify the preclinical disease, and considerable overlap between retinal presentations
of various neurodegenerative diseases have limited the utility of retinal imaging in AD and
similar diseases. A potential solution suggested by others and confirmed by our findings is
to formulate a weighted functional and structural scoring system based incorporating
multimodality retinal imaging. A prerequisite for such a scoring system is to improve the
resolution and accuracy of current imaging systems and to correlate the findings with
clinical features of the disease in the future (predictive values).

Clinical prediction or probability assessment systems are algorithms that include a
combination of medical signs, symptoms, and laboratory or imaging findings to predict the
probability of a specific disease or outcome. Such systems are commonly used in medicine
to estimate the risks of diseases. Examples of such prediction systems are CHA2DS2-
VASc score (clinical prediction rules for estimating the risk of stroke in patients with non-
rheumatic atrial fibrillation) or APACHE Il scoring system (severity-of-disease
classification system for patients in intensive care units). In these systems, each item has
an assigned weight or scores that will be added to give a final score that predicts the
outcome. While we have multiple clinical, laboratory, and brain and ocular imaging
systems available, almost none of them are pathognomonic for AD diagnosis or predicting

its progression; but combining their findings and assigning an evidence-based score to
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them may be able to predict AD more accurately. Multiple OCT imaging studies have
shown significant RNFL thinning and macular volume loss in patients with mild to severe
AD, suggesting that retinal thinning may occur early in the disease course.3%? However, no
consensus has been achieved about the correlation of RNFL and other retinal sublayer
thicknesses and cognitive loss. Besides, isolated studies have shown decreased SVP and
DVP density in MCI and AD, decreased vascular flow response in DVA, and retinal
photoreceptor loss with AO-based imaging in AD. A holistic approach that considers
various modalities and assigns a score to their finding will be the future of AD diagnosis.

Our study confirmed the findings from the majority of current OCTA studies in
terms of retinal vascular changes. Our data provided guidelines to differentiate aging- from
AD-related vascular changes. Capillary density at any given time is influenced by at least
four processes: the capillary network may proliferate or regress; and then tissue
parenchyma may expand (by cell proliferation, hypertrophy, or edema) or shrink (by the
reduction in number and size of cells, or by dehydration).?® In AD, neuronal loss or glial
proliferation may increase retinal sublayer thicknesses. Similarly, vascular dysfunction and
leakage may increase the tissue volume, or a concomitant vascular loss may contribute to
the loss of retinal sublayer thickness and volume. Retinal capillary bed is a mesh-like
network, generally described as homogeneous and uniform for each layer and highly
interconnected. Nevertheless, there is a center-to-periphery, macula-to-extra macula, and
retinal quadrant-based variation in retinal neuronal and vascular densities and organization.
While our whole-retinal imaging method offers a tissue preparation method to study retina
samples for histology, ultrawide field imaging systems are becoming available for real
clinical use. For example, Avanti Widefield OCT platform offers a field of view of 12 x 8
mm that covers a significant part of retina. Utilizing AO solutions to negate peripheral
aberration to capture wider field retinal scans or software algorithms to stitch posterior pole
and peripheral scan to a single retinal neuronal and vascular map.

Our findings have multiple implications when interpreting retinal imaging studies
in patients with AD. Altered retinal vascular function (that may include blood-retinal
barrier dysfunction, increased vascular leakage,?® and toxic protein accumulation)
possibly contributes to retinal thickness and volume as quantified by OCT and OCTA.

Retinal thickness is determined by the sum of its vascular and neuronal mass; then, SVP
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atrophy may enhance inner retinal thinning due to RNFL and GCL loss.*%? Meanwhile, a
simultaneous increase in vascular permeability due to the amyloid/tau vasculopathy
contracts the thinning effect of degenerative processes. The complex coexistence of trophic
and atrophic processes that will ultimately determine the retinal sublayer thicknesses
should be considered when interpreting retinal thickness and volume data.

In summary, our data supported OCT/OCTA-based noninvasive monitoring of
retinal neuronal and vascular sublayers as a possible biomarker for AD progression in
midlife, as a potential component of a decision-making tree to differentiate AD-
neurodegeneration from retinal changes associated with normal aging, and as a likely
outcome measure for future preclinical treatment intervention studies. Of course, these
observations should be validated in human. While current data from human and animal
studies support the association of noninvasive retinal imaging findings with
neurodegeneration burden in AD, higher-resolution optical imaging tools are needed to
redefine these associations and differentiate AD from aging and other neurovascular
degeneration. From a practical standpoint, it appears that a combination of retinal and brain
structural, functional, and molecular markers, together with cognitive assessments, might

be the future diagnostic toolkit for identifying AD’s pathologic burden.

CONCLUSION AND FUTURE DIRECTIONS

AD is a multifactorial disease with complex pathology. Commonly believed theory
is based on the continuum of damaging processes that most likely begins with the
accumulation of misfolded AP and HPT. Simultaneous inflammation, altered blood flow
regulation, and synaptic loss participate in inducing neuronal death and causing AD
cognitive symptoms. Currently available tools to probe and explore such targets in a
noninvasive or minimally invasive, cost-effective, easily repeatable fashion are not
adequate. Recent studies have suggested that cerebral blood flow abnormalities may
precede the degeneration of neurons and synapses in the AD brain.?*® AD-related retinal
neuronal and microvascular changes have been variably reported from individuals with
preclinical AD.1?2132244 Multiple studies indicate that the retina is possibly more vulnerable
to AD pathology, thus a potential tool for identifying early disease. However, the extent of

age-related versus AD-related pathologies in retinal vasculature is not clear yet. Besides,
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the retina can help study the underlying mechanisms for impaired cerebral vascular
clearance of AP, and whether vascular abnormalities trigger AP and tau deposition or
Ap/tau accumulation is the fundamental cause of cerebral vascular insufficiency. With an
immunofluorescent study approach on the 3xTg-AD mouse model, we showed that retinal
sublayer thicknesses change differently in young to middle age in transgenic and control
animals. Further, we showed, for the first time, that loss of vascular density in superficial
and deep retinal vascular plexuses may be able to differentiate old transgenic AD from age-
matched controls. While our findings need validation in humans, it suggests that retinal
vascular layers may reflect cerebral vasculature changes in the setting of AD.

We are also raising the following questions based on our observations and in the
light of previous extensive work on retinal neurovascular pathologies in AD:

1) Do cerebrovascular changes drive the initial events leading to Ap and tau
deposition and neuronal injury, or AP and tau toxicity drives microvascular dysfunction and
damage?

2) Do retinal vascular dysregulations in the setting of AD occur parallel to the
cerebrovascular pathologies?

3) What molecular pathways and provoking and inhibitory mechanisms are involved
in NVU dysfunction in the retina in AD?

4) Does the retina have a protective mechanism that protects it from AD pathology,
or is it more prone to such pathologies?

5) To what extent retinal vascular reactivity alters with aging and AD? ¥

FUTURE PLAN:

We are validating mouse OCTA data with the corresponding histologic mapping of
the retinal vascular layers using a costume OCTA algorithm has been developed in Dr.
Motamedi’s lab (Figure 24).

A crosshreed between 3xTg-AD and CX3CR1° has been developed in Dr.
Zhang’s lab. We plan to use this model for in vivo studying of microglia distribution in AD
mouse model using SLO camera.

I am planning for clinical validation of the findings in patients with AD and other
neurodegenerative disorders such as PD, FLDP, and senile/cardiovascular dementia. | have
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already started scanning AD patients with OCTA and OCT. Communication with the
University of Minnesota Department of Neurology led to an initial agreement to coordinate
referrals; however, this project has been aborted since the COVID-19 pandemic. | am
planning to resume the project with the Neurology team soon.

A possible avenue to explore retinal vascular mapping's clinical application is
studying retinal vasculature changes in TBI. A protocol is being prepared to study college
football team members with OCTA before and at the end of a game season. Using OCTA,
we will analyze retinal vascular density and distributions.

Another potential avenue for research is to study photoreceptors and retinal
vascular wall with adaptive optics and to correlate the findings with OCTA in normal
aging, after TBI, and in AD.

Artificial intelligence-based deep learning procedures have offered novel clinical
and research applications for retinal imaging. Al may facilitate screening, risk
stratification, and monitoring of retinal vasculature changes.

Retinal vascular features may vary based on body habitus and ethnicity. Thus,
predictive and monitoring values of retinal vascular imaging should be determined and
validated in multiethnic cohorts. A future study about the utility of OCTA and other
multimodal retinal imaging modalities should recruit individuals from various ethnic

backgrounds.
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Appendix

SUPPLEMENTAL VIDEO 1:

Intact whole retina imaging of a CX3CR ™ mouse.

SUPPLEMENTAL VIDEO 2:

Hyaloid vasculature and retrolental vascular plexus in a 4-day old mouse seen with intact

whole retina tissue preparation method.
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