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ARTICLE INFO ABSTRACT
Keywords: The retina is an emerging CNS target for potential noninvasive diagnosis and tracking of Alzheimer’s disease
Neurodegenerative diseases (AD). Studies have identified the pathological hallmarks of AD, including amyloid p-protein (AB) deposits and
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abnormal tau protein isoforms, in the retinas of AD patients and animal models. Moreover, structural and
functional vascular abnormalities such as reduced blood flow, vascular Ap deposition, and blood-retinal barrier
damage, along with inflammation and neurodegeneration, have been described in retinas of patients with mild
cognitive impairment and AD dementia. Histological, biochemical, and clinical studies have demonstrated that
the nature and severity of AD pathologies in the retina and brain correspond. Proteomics analysis revealed a
similar pattern of dysregulated proteins and biological pathways in the retina and brain of AD patients, with
enhanced inflammatory and neurodegenerative processes, impaired oxidative-phosphorylation, and mitochon-
drial dysfunction. Notably, investigational imaging technologies can now detect AD-specific amyloid deposits, as
well as vasculopathy and neurodegeneration in the retina of living AD patients, suggesting alterations at different
disease stages and links to brain pathology. Current and exploratory ophthalmic imaging modalities, such as
optical coherence tomography (OCT), OCT-angiography, confocal scanning laser ophthalmoscopy, and hyper-
spectral imaging, may offer promise in the clinical assessment of AD. However, further research is needed to
deepen our understanding of AD’s impact on the retina and its progression. To advance this field, future studies
require replication in larger and diverse cohorts with confirmed AD biomarkers and standardized retinal imaging
techniques. This will validate potential retinal biomarkers for AD, aiding in early screening and monitoring.
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1. Introduction

Charlotte Bronte’s words in Jane Eyre that “the soul, fortunately, has
an interpreter — often an unconscious but still a faithful interpreter — in
the eye” still ring true in the modern battle against Alzheimer’s disease
(AD), given the growing body of evidence highlighting ocular manifes-
tations of the disease. AD is a devastating neurodegenerative disorder
characterized by an irreversible decline in cognitive and functional
abilities, with few disease-modifying treatment options currently
available (Boxer and Sperling, 2023; Dhillon, 2021; Haddad et al., 2022;
Lista et al., 2022; McDade et al., 2022; Scheltens et al., 2016; Sims et al.,
2023; van Dyck et al., 2023). However, what if there was a way to gain
insight into the brains of AD patients before the onset of this debilitating
decline? What if the eye, more specifically the retina, could provide a
“faithful interpretation” of the complex structural and molecular pro-
cesses occurring in the brains of these patients? Advances in ocular
imaging technologies have made this possibility a reality that may offer
a unique window into the pathology of AD and serve as a much-needed
tool in the battle against this increasingly prevalent condition.

According to the National Institute on Aging (NIA), an estimated 6.7
million elderly Americans have been afflicted by AD — the most frequent
form of senile dementia and one of the leading causes of death in the
United States (Alzheimer’s, 2023). Worldwide, more than 55 million
people live with AD and related dementias, with the cost of care pro-
jected to increase to nearly $1 trillion by 2050 (Alzheimer’s, 2023;
WHO, 2023; Wiese et al., 2023). As the elderly population continues to
grow, the number of individuals affected by AD is expected to reach an
alarming 139 million by 2050, posing a substantial burden of emotional,
physical, and financial strain (Ferri et al., 2005; Sloane et al., 2002). In
addition, recent data from the Household Pulse Survey show that nearly
half of adults (48%) in the United States reported having had COVID-19,
with nearly one-third of those (29%) still experiencing symptoms of
Long COVID. Neurologic functional and structural studies in patients

with COVID-19 have shown greater cognitive decline and reduction in
gray matter thickness compared to age-matched controls who never had
COVID-19 (Douaud et al., 2022). While clinical studies correlating
COVID-19 and AD-related cognitive decline are limited (Shajahan et al.,
2023), there is speculation that neuroinflammatory changes induced by
COVID-19 infection may contribute to a higher incidence of neurode-
generative complications and disorders such as AD (Chen et al., 2022a;
Wang et al., 2022a).

AD is typified by the cerebral accumulation of amyloid p-protein (Af)
plaques, which eventually develop into neuritic plaques, along with
hyperphosphorylated tau (pTau)-containing neurofibrillary tangles
(NFTs) (De-Paula et al., 2012; Grundke-Igbal et al., 1986; Hampel et al.,
2021b; Kosik et al., 1986; Masters et al., 1985; Yarns et al., 2022). In
addition, low-grade chronic  neuroinflammation, including
brain-resident glial activation and peripheral immune cell infiltration,
along with small vessel and blood-brain barrier (BBB) dysfunctions,
characterize the early pathophysiological landscape of AD (Montagne
et al., 2017; Ni Chasaide and Lynch, 2020; Pascoal et al., 2021; Weli-
kovitch et al., 2020; Zhong et al., 2018). These pathological changes
lead to progressive synaptic dysfunction and degeneration of neurons,
culminating in cognitive decline and, in the later stages of the disease,
severe dementia, disability, and ultimately death. AD follows a
clinical-biological continuum, with long-lasting asymptomatic stages
driven by underlying pathological processes, particularly Ap aggrega-
tion, which precedes the clinical symptoms by over 20 years (Bateman
et al., 2012; Buchhave et al., 2012; Dubois et al., 2016; Fagan et al.,
2014; Hampel et al., 2021a; Holtzman et al., 2011; Sperling et al., 2011;
Sperling et al., 2013). However, early detection of Alzheimer’s pathol-
ogy can still be challenging in the clinical setting (Hu et al., 2023a;
Porsteinsson et al., 2021). Recent findings from clinical trials involving
anti-Ap monoclonal antibody therapies have yielded promising out-
comes. These treatments were effective in clearing brain Ap plaques and
had benefits in slowing the rate of cognitive decline, especially among
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patients in the early clinical stages of AD (Boxer and Sperling, 2023;
Cummings et al., 2024; Landhuis, 2024). However, intervention later in
the disease progression has proven less effective (Haass and Selkoe,
2022; Landhuis, 2024; Osborne et al., 2023). At this later stage of the
disease, AP clearance may have done little to ameliorate cognitive
decline as irreversible vascular damage, gliosis, and neurotoxicity have
already impacted the brain (Frozza et al., 2018; Gallardo and Holtzman,
2017; Holmes et al., 2008; Tolar et al., 2020). Nonetheless, the large
time frame between the preclinical disease stage and the prevalence of
clinical symptoms provides an opportunity for early detection and
effective intervention before extensive damage to the brain’s structural
and functional networks occurs (Hampel et al., 2019).

Current AD diagnostic biomarkers, including brain imaging of am-
yloid and tau burden using positron emission tomography (PET) and
assessment of cerebrospinal fluid (CSF) bioproducts, have been vali-
dated for different context of use (COU) in AD clinical trials and
healthcare management (Bao et al., 2017; Hameed et al., 2020). How-
ever, widespread adoption of these biomarkers in AD clinical practice is
hindered by several limitations, such as invasiveness, health risks
associated with exposure to radioactive isotopes, high costs, limited
accessibility, and resource demands. Blood-based biomarkers are
currently under validation for potential implementation in clinical
practice to facilitate decision-making in clinical studies and large-scale
AD screening and monitoring (Gonzalez-Ortiz et al., 2022; Hampel
et al., 2018; Teunissen et al., 2022). However, the likely interference of
systemic metabolism and clearance on brain-derived molecules may
introduce variability in blood-based results. Moreover, biomarkers
present in bodily fluids do not allow direct visualization of central
nervous system (CNS) pathology at the site of injury, including their
spatial distribution. Hence, despite major advances in AD biomarkers,
there remains a necessity for more widely applicable techniques to
improve diagnosis and monitoring of the disease.

Unlike the brain, which is shielded by the opaque skull, the retina is
an optically accessible space that can be directly visualized non-
invasively at the vascular, cellular, and molecular levels with high res-
olution. This offers an affordable means to monitor CNS abnormalities in
the clinical setting. The retina shares a common embryonic origin with
the brain and is its direct anatomical extension (Byerly and Blackshaw,
2009; Purves and Fitzpatrick, 2001; Sadda et al., 2022; Trost et al.,
2016). Given that both the brain and retina are encompassed by com-
parable neuronal and glial cells and blood barriers (Jindal, 2015; Jorge
etal., 2019), their shared vulnerability to neuropathological processes is
not surprising. Indeed, emerging evidence from human histopatholog-
ical, biochemical, and in vivo imaging studies has revealed that
AD-specific pathology not only affects the brain but also manifests in the
retina of AD patients (Alexandrov et al., 2011; Ashraf et al., 2023; Cao
etal., 2021; den Haan et al., 2022; den Haan et al., 2018; Du et al., 2022;
Dumitrascu et al., 2020; Dumitrascu et al., 2021; Grimaldi et al., 2019;
Gupta et al., 2021; Hadoux et al., 2019; Hart de Ruyter et al., 2023; Hart
et al, 2016; Koronyo et al., 2017; Koronyo et al.,, 2023; Kor-
onyo-Hamaoui et al., 2011; La Morgia et al., 2016; Lee et al., 2020b;
Lemmens et al., 2020; Mirzaei et al., 2020; More et al., 2019; Ngolab
et al., 2021; Qiu et al., 2020; Schon et al., 2012; Schultz et al., 2020; Shi
et al., 2023; Shi et al., 2021; Shi et al., 2020b; Snyder et al., 2021;
Tadokoro et al., 2021b; Tsai et al., 2014; Walkiewicz et al., 2024; Xu
et al., 2022). The pathological hallmarks identified in the retina of AD
patients were accompanied by vascular abnormalities, gliosis, and
neuronal degeneration (Asanad et al., 2019; Ascaso et al., 2014; Berisha
et al., 2007; Blanks et al., 1989, 1996a, 1996b; Frost et al., 2013; Gao
et al., 2015b; Grimaldi et al., 2019; Hinton et al., 1986; Kesler et al.,
2011; Kim et al., 2022; Kirbas et al., 2013; Koronyo et al., 2023; La
Morgia et al., 2016; Marziani et al., 2013; Sadun and Bassi, 1990; Shi
et al., 2020b, 2023; Xu et al., 2022). Retinal Ap deposition and other
AD-related pathology seemed to follow a similar trajectory to that of the
brain at different disease stages (Doustar et al., 2020; Gupta et al., 2016;
Habiba et al., 2021; Koronyo et al., 2017, 2023; Schultz et al., 2020; Shi
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et al., 2020b, 2023). Fig. 1 presents a timeline highlighting key retinal
pathological and imaging findings in AD patients.

Early retinal changes have been reported in both AD patients and
animal models, suggesting that the pathological hallmarks, along with
associated inflammation, vasculopathy, and neurodegeneration, occur
in the retina during the early stages of the disease (Berisha et al., 2007;
Chiasseu et al., 2017; Dumitrascu et al., 2020, 2021; Frost et al., 2013;
Gaynor et al., 2019; Grimaldi et al., 2018; Habiba et al., 2021; Koronyo
et al., 2023; Koronyo-Hamaoui et al., 2011; Lu et al., 2010; More et al.,
2019; More and Vince, 2015; Ngolab et al., 2021; Shi et al., 2020a,
2020b, 2023; Zhang et al., 2019, 2021b, 2021c). Furthermore, in-
dividuals with mild cognitive impairment (MCI) and AD dementia
frequently present with visual impairments, aberrant electroretinogram
(ERG) patterns, and disruptions in circadian rhythms (Hart et al., 2016;
La Morgia et al., 2016; Perrin et al., 2009; Petersen et al., 1999; Risacher
et al., 2020; Wang and Holtzman, 2020). Such deficits, often among the
earliest symptoms noted, can be partially attributed to retinal pathology
observed in these patients. Overall, these findings advocate for further
exploration of visual-related abnormalities and encourage the use of the
retina as a potential site for early diagnosis and screening of AD in at-risk
populations (Alber et al., 2020, 2023; London et al., 2013).

Given the availability of various ophthalmic imaging modalities to
visualize vascular and structural abnormalities in the clinical setting, as
well as the feasibility of detecting retinal amyloid deposits, there is an
urgent need to expand research on distinct neuropathological features of
AD in the retina. In this review, we summarize up-to-date histopatho-
logical and biochemical evidence of AD biomarkers in the retina, high-
light the parallels between brain and retinal abnormalities seen in AD,
and discuss current strategies for using retinal imaging to detect AD-
related pathology.

2. Histopathological evidence of AD hallmarks in the retina
2.1. Retinal Ap pathology in AD

Although plaques were initially described in the brain of an AD pa-
tient in the early 1900s (Alzheimer, 1906; Alzheimer et al., 1995), it was
not until a century later, in 2010, that Af plaques were identified in the
retina of AD patients (Koronyo-Hamaoui et al., 2011). Histological an-
alyses of retinal flatmounts revealed the presence and increased depo-
sition of Ap in the retina of autopsy-confirmed AD patients, including
cases at the early functional impairment stages (MCI), compared to
minimal to no AB deposits in non-AD individuals (Koronyo-Hamaoui
et al, 2011). Subsequent studies using fluorescence and
non-fluorescence histological and biochemical techniques in retinal
flatmounts and cross-sections confirmed the existence and/or elevated
levels of retinal Ap in these patients as compared to individuals with
normal cognition (NC) (Alexandrov et al., 2011; Cao et al., 2021; den
Haan et al., 2018; Du et al., 2022; Grimaldi et al., 2019; Koronyo et al.,
2017; Koronyo et al., 2023; Koronyo-Hamaoui et al., 2011; La Morgia
et al., 2016; Lee et al., 2020b; Qiu et al., 2020; Schultz et al., 2020; Shi
et al., 2023; Shi et al., 2020b; Tsai et al., 2014; Xu et al., 2022). Further
characterization of retinal Ap deposits was performed in various human
cohorts, describing their size, morphology, ultrastructure, Ap-alloform
content (e.g., APso, APs2), localization (e.g, extracellular, intracellular,
vascular, perivascular), as well as their spatiotemporal distribution
across anatomical regions and retinal layers (Figs. 2-4).

The histological studies that used Af-labeling compounds or Af im-
munostaining, demonstrated the presence of diffused and classical Ap
plaques, fibrillar Ap aggregates, and neuritic-like plaques in the retina of
AD patients (Fig. 2E, 2F-H and Fig. 3F) (Koronyo et al., 2017; Kor-
onyo-Hamaoui et al., 2011; Qiu et al., 2020). Multiple monoclonal an-
tibodies specifically recognizing diverse Af epitopes (e.g., 6E10, 4G8,
6F3D, 12F4, 11A50-B10, JRF/cAp40/28, JRF/cAp 42/26,
JRF/Aptot/17, scFvA13) and Ap-labeling compounds, such as curcumin,
thioflavin-S, Gallyas silver, Congo red, and amyloid-binding fluorescent
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Fig. 1. Landmark findings of retinal pathology in AD patients. Timeline highlighting the key discoveries of retinal pathological, biochemical, and imaging
biomarkers in Alzheimer’s disease (AD) patients since the first report of neuropathological plaques and tangles in the brain of an AD patient in 1906. Gray dotted
rectangles highlight the key brain hallmarks, blue rectangles mark retinal vascular-related abnormalities, red rectangles highlight the identification of AD-hallmark
pathologies in the retina of patients, and black rectangles define other AD-relevant pathologic biomarkers in the AD retina.
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core and radiating fibrillar arms. (D) Representative maximum intensity projection images of retinal flatmounts stained with curcumin and anti-Ap4, (12F4 mAb) in
mild cognitively impaired (MCI) and AD patients. Abundant A plaques were widespread in AD retinas. (E) Representative retinal flatmount images of AD patients
depicting amyloid deposits stained with Congo red and toluidine blue (top-left), as well as amyloid fibrils’ birefringence (apple-green, bottom left) under polarized
light. Scale bar: 25 pm. Congo red-positive amyloid plaques in AD patient retinas (right). Scale bar: 100 pm. Two intersecting blood vessels surrounded (along blood
vessels and perivascular) by extensive Congo red—positive staining. (F) Representative images of NC and AD retinal flatmount depicting Ap plaques stained with anti-
AB4> mADb (12F4) and visualized with peroxidase-based labeling (DAB), highlighting the presence of A plaques along a retinal blood vessel. (G) Representative
images of retinal flatmounts and brain cortical tissues from AD patients stained with anti-Af antibody (6E10) and Longvida curcumin, depicting the colocalization of
curcumin and 6E10 in cortical Ap plaques. Scale bars: 10 pm. (H) Representative images of retinal flatmounts of AD patients and NC subjects and brain cortical tissues
from AD patients stained with 12F4 and DAB labeling, displaying diverse morphology of Ap aggregates. Scale bars: 20 pm, unless otherwise indicated. (I) IR area of
12F47-AB4o-containing plaques in the superior-temporal (ST) quadrant of retinal flatmounts in a subset of definite AD patients (N = 8) and matched NC subjects (N =
7). (J) Pearson’s (r) correlation analysis between retinal 12F4*-plaque burden and cerebral neuritic plaques (Gallyas silver stain) (N = 8). Statistics: Data from
individual subjects (circles) as well as group means + SEMs are shown. Fold change is shown in red. **P < 0.01 by unpaired two-tailed Student’s t-test. Panels A, E,
G-J were modified from (Koronyo et al., 2017), Panels B-D were modified from (Koronyo-Hamaoui et al., 2011), and Panel F was modified from (La Morgia et al.,
2016) with permission.

probe ARCAM-1, were used to identify Ap deposits in the AD retina (Cao
et al., 2021; den Haan et al., 2018; Du et al., 2022; Dumitrascu et al.,
2024; Grimaldi et al., 2019; Koronyo et al., 2017; Koronyo-Hamaoui
etal., 2011; La Morgia et al., 2016; Lee et al., 2020b; Qiu et al., 2020; Shi
et al., 2023; Shi et al., 2020b; Tsai et al., 2014; Xu et al., 2022). Of note,
amyloid deposits were detected using Congo red staining in retinal
flatmounts from AD patients, and the birefringence (apple-green) of
Congo red-stained retinas under polarized light validated the formation
of amyloid fibrils, often surrounding and along blood vessels (Fig. 2E)
(Koronyo et al., 2017). Similarly, Qiu et al., reported an increased
number of polarimetric positive deposits, containing amyloid fibrils
confirmed by thioflavin-S fluorescence under polarization sensitive
microscopy, in the postmortem retina of AD patients compared to con-
trols (Qiu et al., 2020). The detected retinal AB deposits were, on

average, smaller in size (~5-20 pm in diameter) than those observed in
the AD brain (Fig. 2H) (Cao et al., 2021; den Haan et al., 2018; Koronyo
et al., 2017; Koronyo-Hamaoui et al., 2011; La Morgia et al., 2016; Qiu
et al., 2020).

The ultrastructure of Ap aggregates in the human retina was further
investigated using transmission electron microscopy (TEM). In these
experiments, vertical and en face retinal sections from AD patients were
analyzed following 12F4"-Ap4, and peroxidase-based DAB pre-labeling
or immunogold anti-AB4s labeling, revealing retinal Ap plaques con-
taining central dense amyloid cores with radiating fibrillar arms, Ap42
protofibrils and fibrils of 10-15 nm wide parallel B-sheets, and other
types of A4o assemblies (Fig. 3G and H) (Koronyo et al., 2017, 2023).
Retinal A fibrils with parallel B-sheets were found to be identical to
those in the AD brains (ladanza et al., 2016), and such fibrils were also
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Fig. 3. Ap deposition and distribution in retinal cross-sections from MCI and AD patients. (A) Schematic depiction of retinal cross-section preparation in
predefined geometrical regions within the superior-temporal (ST), inferior-temporal (IT), inferior-nasal (IN), and superior-nasal (SN) quadrants. Retinal strips (red
line, ~2 mm width) from each quadrant, extending from the optic disc (OD) to the ora serrata, were dissected for cross-section preparation and further defined into
subregions for histological analysis: proximal to OD - central (C) and distal from OD — mid-periphery (M) and far-periphery (F). Ten images (3C, 4M, 3F at 20x
magnification), on average, are captured from each retinal section for quantitative analysis. (B-E) Representative fluorescent and non-fluorescent microscopic images
demonstrating Ap plaques in retinal cross-sections from confirmed AD patients. (B) Double-positive 4G8 mAbs (red) and curcumin (green) Ap deposits were detected
in the ONL and in the GCL, near and inside blood vessel (bv) walls. Left scale bar: 20 pm. Enlarged image, right scale bar: 5 pm. SSB: Sudan Black B. (C) A magnified,
orthogonal view of a set of Z-stack images, from an AD retinal flatmount, demonstrated 6F/3D" Ap deposits (red; indicated by white arrowheads) in the RNFL, GCL,
IPL, and INL. The green fluorescence is beta-3 tubulin immunoreactivity, demonstrating neuronal processes associated with retinal ganglion cell axons in the RNFL.
(D) Representative retinal cross-section images showing 6E10" AB plaques (non-fluorescent DAB) around amacrine cells (left) and horizontal cells (right) in the INL.
Scale bars: 50 pm. (E) A retinal cross-section image from a representative MCI patient stained for total Ap using JRF/Aptot/17 (117-120) mAb and visualized with
peroxidase-based DAB. In this MCI patient, a retinal Ap plaque is observed in the INL. Scale bar: 20 pm. (F) Gallyas silver staining of a brain cross-section from an AD
patient showing neuritic plaques in the frontal cortex (left image, scale bar: 20 pm). Retinas from NC individuals generally exhibited intact tissue (left image in retinal
cross-section). Retinas from AD patients exhibited a classic Ap plaque and compact deposits (red arrowheads): higher-magnification image in the inset (left). Retinal
neuritic plaques (red arrowheads) were identified in the GCL of AD patients (middle). Neuritic components of senile plaques in GCL at higher magnification (right,
top). Scale bar: 10 pm. Soma-positive silver stain aggregates and nuclear-dominant silver stain (red arrowheads) are observed in the GCL and INL (right, middle and
bottom). Scale bar: 5 pm. (G-H) TEM analyses of retinal sections from AD patients. Retinas were pre-stained for Af4, with 12F4 mAbs and visualized with DAB. (G)
Top left: TEM image showing ultrastructure of an AP4, plaque (pl), fibrils (fib), and protofibrils (pfib) near a blood vessel (bv) in vertical sections. Scale bar: 1 pm.
Higher-magnification image (top right), indicating presence of 10- to 150-nm-wide A4 fibrils as well as protofibrils and Af deposits (abd). Scale bar: 50 nm. Bottom
left: Ap plaque-like structure, marked by an asterisk and bordering red line, near basement membrane (bm) of a blood vessel (scale bar: 0.5 pm). Higher-
magnification image (bottom right) showing Af plaque-like area, with structures resembling paranuclei containing annular oligomers (arrowhead; scale bar: 40
nm). (H) 3D-reconstruction of vertical and en face TEM images show a retinal Af,, plaque ultrastructure with fibril arms emanating from its dense core and Ap-
containing deposits in Miiller cell (MC) end-feet close to the inner limiting membrane (ILM; red arrowheads). Scale bar: 1 pm. Panels A, E, and H were modified from
(Koronyo et al., 2023), Panels B, F, and G were modified from (Koronyo et al., 2017), Panel C was modified from (Lee et al., 2020b), and Panel D was modified from

(den Haan et al., 2018) with permission.

located adjacent to the basement membrane of blood vessels. Notably,
analysis of retinal flatmounts allowed for the detection of classical Ap
plaques or plaque-like structures (Fig. 2) (Cao et al., 2021; Dumitrascu
et al., 2024; Koronyo et al., 2017; Koronyo-Hamaoui et al., 2011; La
Morgia et al., 2016; Lee et al., 2020b; Qiu et al., 2020; Tsai et al., 2014;
Xu et al., 2022), whereas analysis of cross-sections often showed distinct
patterns of Af immunolabeling (Fig. 3) (Cao et al., 2021; den Haan et al.,
2018; Du et al., 2022; Grimaldi et al., 2019; Koronyo et al., 2017; Kor-
onyo et al., 2023; Lee et al., 2020b; Shi et al., 2023; Shi et al., 2020b; Xu
et al., 2022). Moreover, growing evidence suggests an uneven distri-
bution of Ap pathology with regional vulnerability in the retina, across
cell layers and geometrical regions (see Fig. 3A). For instance, our team
found that Af deposits appear earlier (in MCI) and more densely in the
inner retina, particularly within the superior-temporal and
inferior-temporal peripheral subregions (Fig. 4D-F) (Koronyo et al.,
2017, 2023).

Of all Ap alloforms, Af4p is considered the most neurotoxic and
pathognomonic to AD. Evidence indicates that it rapidly aggregates into
oligomers and fibrils, while Af4y oligomers were shown to directly
disrupt synaptic plasticity and integrity, long-term potentiation, neurite
outgrowth, axonal transport, and cognition (Barucker et al., 2015;
Cohen et al., 2013; Lee et al., 2022; Li et al., 2020b; Pauwels et al., 2012;
Shankar et al., 2008; Varga et al., 2015). Additionally, Af42 interacts
with tau protein and related downstream neurotoxic pathways (Hampel
etal., 2021b). Ap42-containing plaques, exhibiting various morphologies
including diffuse, immature, and mature-classical plaques, have been
found to manifest and increase in burden by 4.7-fold in flatmount retinas
of AD patients compared to age- and sex-matched healthy controls
(Koronyo et al., 2017; La Morgia et al., 2016). The burden of these
plaques in the retina tightly correlates with brain AB-plaque burden
(Fig. 2I and J). Examination of 12F4'-ABs, immunoreactive area in
superior- and inferior-temporal retinal cross-sections from MCI and AD
patients compared to NC controls, indicated 5-9-fold increases in Af4o
load in these patients, respectively, with a highly significant correlation
to cortical Ap-plaque load (Fig. 4) (Koronyo et al., 2023). Substantial
perivascular and vascular deposits of Apsg and AP4e were also evident in
retinas from MCI and AD patients (Koronyo et al., 2017; La Morgia et al.,
2016; Shi et al., 2020b, 2023). Furthermore, Ap oligomers, which have
been found to be synaptotoxic in the AD brain (Selkoe, 2008; Zempel
et al., 2013), were identified mostly inside retinal ganglion cells (RGCs),
with significant overall increases in postmortem retinas of MCI and AD

patients compared to NC controls (Fig. 5) (Koronyo et al., 2023).

In support of these histological findings, the biochemical studies also
indicate elevated AP levels in the retinas of AD patients (Alexandrov
et al., 2011; Koronyo et al., 2023; Schultz et al., 2020; Shi et al., 2020b).
For instance, retinal Afj.42 and Afj.40, detected by sensitive sandwich
ELISA kits, showed significant increases in AD patients compared to
matched NC controls (Koronyo et al., 2023; Shi et al., 2020b). Specif-
ically, the average concentrations of Af; 42 in AD patients were found to
be 0.26 ng/mg in the retina and approximately 2.40 ng/mg in the brain,
contrasting with 0.04 ng/mg and around 0.90 ng/mg in the retina and
brain, respectively, of NC individuals (Koronyo et al., 2023; Roberts
et al, 2017). Another study detected increased levels of
high-molecular-weight retinal AB4 and AB4o peptides in AD patients
(Schultz et al., 2020). Patients with elevated cerebral Ap-plaque scores
and carriers of the apolipoprotein E ¢4 (APOEe4) allele had elevated
levels of retinal AB4o and AP4p. Notably, retinal Ap4s and Afy4g levels
significantly correlated with their respective levels in the hippocampus
and with the severity of cerebral NFTs burden (Schultz et al., 2020).

Furthermore, clinical investigations using hyperspectral imaging
(HSI) modality, pioneered by More and colleagues (More et al., 2016;
More and Vince, 2015), have successfully delineated the unique optical
signature of Af deposits in both retinal and brain tissues. Subsequent
studies involving living AD patients have demonstrated significant
spectral deviations attributable to the Ap optical signature in the retina
of these patients compared to NC controls (Hadoux et al., 2019; Lem-
mens et al., 2020; More et al., 2019). Another recent study further
detected the specific spectral signature of AP4o deposits in retinal
cross-sections from AD patients and demonstrated the feasibility of a
novel HSI combined with a deep learning-based framework method to
predict retinal AP4o deposits in label-free retinal tissues (Du et al., 2022).

Despite the majority of peer-reviewed studies utilizing biochemical,
histological, and in vivo retinal imaging techniques that validated Af
deposition in the retina of AD patients (Alexandrov et al., 2011; Cao
et al., 2021; Du et al., 2022; Dumitrascu et al., 2020, 2021; Grimaldi
et al., 2019; Hadoux et al., 2019; Kile et al., 2020; Koronyo et al., 2017,
2023; Koronyo-Hamaoui et al., 2011; La Morgia et al., 2016; Lee et al.,
2020b; Lemmens et al., 2020; More et al., 2019; Ngolab et al., 2021; Qiu
et al., 2020; Schultz et al., 2020; Shi et al., 2020b, 2023; Tadokoro et al.,
2021b; Tsai et al., 2014; Xu et al., 2022), a few studies were unable to
replicate these findings. Four studies failed to detect retinal Ap when
analyzing conventional eye cross-sections of AD patients (Hinton et al.,
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Fig. 4. Parallels between retinal and brain A pathology in MCI and AD patients. (A) Representative retinal cross-section images from MCI and AD patients
compared to NC controls immunolabeled with 12F4*-AB4, using peroxidase-based DAB and hematoxylin counterstaining. Scale bar: 20 pm. (B, left) Violin plots
display IR area of retinal 12F4"-Af,, in age- and sex-matched patients with premortem clinical diagnoses of NC (N = 17), MCI (N = 10), or AD (N = 18). (B, right)
ApB-plaque severity scores in a subset of corresponding brains from NC (N = 6), MCI (N = 10), and AD (N = 17) subjects (by silver and Thioflavin-S or 4G8 mAbs). Red
circles represent the autosomal-dominant AD patient with an A260V mutation in PSEN1. (C) Retinal Af;_45 levels determined by ELISA are shown in a cohort of NC
controls (N = 7) and AD patients (N = 7). The red circle represents an autosomal-dominant AD patient with an A431E mutation in PSEN1. (D) Qualitative geometric
hot spot regions for Ap deposits found in retinal flatmounts of AD patients (S, superior; T, temporal; I, inferior; N, nasal; cumulative data from multiple experiments).
(E) A typical AB4, immunoreactivity pattern (yellow) is observed in the inner retina (IR) and the outer retina (OR) in cross-sections from an AD patient. (F) Pie charts
display Ap4, distribution across the IR and OR, as well as the C, M, and F subregions of the ST and IT retina: raw data and normalized (NORM) per retinal thickness
(density); higher burden in darker red. (G) Mid-sagittal brain illustration shows color-grading magnitude of Pearson’s (r) correlation values between retinal Af4
burden and brain pathology in the hippocampus (Hipp), superior (S.) frontal gyrus and temporal (temp) gyrus, S. parietal lobule, entorhinal cortex (EC), primary
visual (PV), and visual association (VA) cortices. Pearson’s (r) correlations between (H) retinal Af4, area and AP plaques in the brain (gray; average of 7 brain
regions) or in EC (orange), (I) retinal AP4, area and Braak stage, and (J) retinal A4, area (green) or brain Ap burden (gray) and the Mini-Mental State Examination
(MMSE)-cognitive scores. Statistics: Data from individual subjects (circles) as well as group means + SEMs are shown. Median, lower, and upper quartiles are
indicated on each violin plot. Fold changes are shown in gray. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, by one-way ANOVA and Tukey’s post hoc
multiple comparison test, or by two-tailed unpaired Student’s t-test. Panels A-C, E-J were modified from (Koronyo et al., 2023), and Panel D was modified from
(Koronyo et al., 2017) with permission.
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Fig. 5. Identification of intracellular Ap oligomers in postmortem brain and retina of MCI and AD patients. Representative images of postmortem (A) brain
and (B) retinal cross-sections show the existence of intracellular Ap oligomers (iApo) detected by the single-chain Fv fragment (scFv)A13 (red) conformation-sensitive
and sequence-specific antibody. The scFvA13 selectively recognized AD-relevant Ap oligomers inside cortical pyramidal and retinal neurons (Beta-III Tubulin, green)
in AD patients, with a minimal signal in NC controls. Insert image: iABo*-RGC. (C) IR area of scFvA13*iApo in the ST/IT retina in MCI (N = 8) and AD patients (N =
10) versus NC controls (N = 13). The red circle depicts the autosomal-dominant AD patient with the PSEN1-A260V mutation. (D) Pearson’s (r) correlations between
retinal iApo in the ST/IT regions (gray circles for total area, and pink circles for far-peripheral subregions) and MMSE cognitive scores. Statistics: Data points are
presented with group means + SEMs are shown. Fold changes are shown in gray. *P < 0.05, **P < 0.01, by one-way ANOVA with Tukey’s post hoc multiple
comparison test. All panels are adopted from (Koronyo et al., 2023) with permission.

1986; Ho et al., 2014; Schon et al., 2012; Williams et al., 2017), and a
study by den Haan and colleagues identified the presence of Af} deposits
when analyzing retinal cross-sections from the superior peripheral re-
gion but without observing an apparent increase in AD patients
compared to healthy controls (den Haan et al., 2018). In fact, this group
described retinal AB deposits with comparable sizes as reported by
Koronyo and colleagues (Koronyo et al., 2017), but reported a distinct
morphology from that of brain plaques (den Haan et al., 2018). Overall,
these groups that were unable to detect 6F/3D- or 4G8-positive Ap de-
posits in retinas from AD patients (Ho et al., 2014; Schon et al., 2012;
Williams et al., 2017) applied traditional ocular histological techniques
in thin cross-sections, which are not optimal for detecting highly amy-
loidogenic protein aggregates in anisotropic retinal tissue.

Based on the reported methods, the failed studies may have
encountered multiple methodological challenges, such as suboptimal
tissue isolation, fixation, processing, and labeling procedures, as well as
limited scanning of retinal areas within thin cross-sections, especially in
temporal-to-nasal sections that are less frequently impacted by AD (Ho
et al., 2014; Schon et al., 2012; Williams et al., 2017). Nevertheless,
studies that applied more optimal procedures were all able to replicate
the original findings. For instance, Xu et al. observed AP deposits in
retinal flatmounts and cross-sections from AD patients using the same
6F/3D and 4G8 monoclonal antibodies (Xu et al., 2022), indicating that
negative results in prior studies (Ho et al., 2014; Schon et al., 2012;
Williams et al., 2017) were likely due to applying inadequate protocols
and incomplete tissue screening. In addition, the same team (Hinton
et al., 1986), who identified RGC degeneration but could not detect
retinal amyloidosis in AD patients in 1986, later detected fibrillar Ap
deposits by Congo-red staining in retinal flatmounts from AD patients
using more suitable histological methods, especially by examining larger
retinal flatmount regions (Fig. 3A) (Koronyo et al., 2017). These findings
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underscore the critical importance of using proper experimental pro-
cedures for detecting amyloidogenic protein aggregates in the human
retina, particularly in studying retinal Af pathology in AD. Taken
together, to mitigate potential methodological inconsistencies, groups
and workshops that harmonize these methods for studying AD core
pathologies in the retina are warranted (Alber et al., 2023; Snyder et al.,
2021).

Findings in animal models of AD have mirrored the retinal outcomes
described in human studies (Alexandrov et al., 2011; Chang et al., 2020,
2021; Chen et al., 2013; Chibhabha et al., 2020; Cutler et al., 2015;
Doustar et al., 2020; Du et al., 2015; Dutescu et al., 2009; Edwards et al.,
2014; Grimaldi et al., 2018; Guo et al., 2021; Gupta et al., 2016; Habiba
et al., 2020, 2021; Hadoux et al., 2019; Hart et al., 2016; Kimbrough
et al., 2015; Koronyo et al., 2012; Koronyo-Hamaoui et al., 2011; Lee
et al., 2010; Liu et al., 2009; Mei et al., 2020; More and Vince, 2015;
Nazari et al., 2022; Ning et al., 2008; Park et al., 2014; Parnell et al.,
2012; Parthasarathy et al., 2015; Peng et al., 2015; Perez et al., 2009;
Pogue et al., 2015; Sarkar et al., 2018; Shi et al., 2020a, 2022; Sidiqi
et al., 2020; Tsai et al., 2014; Vandenabeele et al., 2021; Wang et al.,
2023b; Williams et al., 2013; Zhang et al., 2021c). In transgenic rodent
models of AD, retinal Ap deposits were often detected at early stages of
the disease (Habiba et al., 2021; Koronyo-Hamaoui et al., 2011; Zhang
et al., 2021b), associated with enhanced gliosis, and colocalized within
sites of neuronal apoptosis and degeneration (Bevan et al., 2020; Bur-
galetto et al., 2021; Doustar et al., 2017; Grimaldi et al., 2018; Gupta
et al., 2016; Koronyo et al., 2012, 2017; Koronyo-Hamaoui et al., 2011;
La Morgia et al., 2016; Liu et al., 2009; Ning et al., 2008; Oliveira-Souza
et al., 2017; Perez et al., 2009; Salobrar-Garcia et al., 2020b; Tsai et al.,
2014). In addition, Ap oligomers have been observed in the retina of
various transgenic animal models of AD, with an increased burden in
AD-model mice compared to non-transgenic wild type (WT) littermate
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controls (Bartley et al., 2022; Bitel et al., 2012; Du et al., 2015; Habiba
et al., 2020, 2021). Our group also reported age-dependent increases in
total retinal and vascular AB4o and AB4o deposits in the APPgywg/PS1agg
transgenic mice (Doustar et al., 2020; Shi et al., 2020b, 2022).

Overall, the accumulating evidence from both AD patients and ani-
mal models confirms the presence of AD-specific Af species in the retina,
suggesting a shared vulnerability of the retina and brain to AD patho-
logical processes.

2.2. Retinal tauopathy in AD

The accumulation of aberrant microtubule-associated protein tau
isoforms (e.g., pTau, NFTs) represents another hallmark of AD in the
brain, crucial for disease diagnosis and staging, and closely linked with
neuronal injury and cognitive decline (Ballatore et al., 2007; Hanseeuw
et al.,, 2019; Jadhav et al., 2015; Zhang et al., 2021a). In postmortem
retinas of confirmed AD patients, pTau inclusions were identified in
2012 using anti-AT8 monoclonal antibodies (Schon et al., 2012). Results
from this study were corroborated by subsequent studies showing
elevated levels of pathological tau isoforms, including increased
microglial uptake of retinal pTau, in the retina of AD patients (den Haan
et al., 2018; Du et al., 2022; Grimaldi et al., 2019; Hart de Ruyter et al.,
2023; Nunez-Diaz et al., 2024; Shi et al., 2024; Walkiewicz et al., 2024).
Total tau (HT7, 43D), 3-repeat and 4-repeat tau isoforms (RD3, RD4),
and diverse pTau epitopes, analyzed by phosphorylation site-specific
antibodies such as AT8 (Ser202/Thr205), AT270 (Thr181), AT100
(Thr212/Ser214), pS396 (Ser396), pT217 (Thr217), and pT231
(Thr231), were detected in retinal cross-sections from AD patients
(Fig. 6). These pTau isoforms were predominantly localized within the
synapse-dense inner plexiform layer (IPL) and outer plexiform layer
(OPL) of AD patients but were also notably observed in the inner retinal
layers, including the retinal nerve fiber layer (RNFL), inner nuclear layer
(INL), and ganglion cell layer (GCL).

A histopathological analysis of the postmortem brain and retinal
tissue from AD patients revealed that retinal pTau isoforms (Ser202/
Thr205 and Thr217) were concentrated in retinal amacrine and hori-
zontal cells in the INL of AD patients, and both pTau epitopes were
significantly elevated in AD cases compared to non-tauopathy neuro-
degenerative cases or controls (Braak 0) (Hart de Ruyter et al., 2023).
However, there were no significant differences in other pTau epitopes
(Thr212/Ser214, Thr181, and Ser396) between the groups. Importantly,
the presence of retinal pTau Ser202/Thr205 and Thr217 correlated with
the Braak stage for NFTs and with the presence of pTau Ser202/Thr205
in the hippocampus and cortex of these patients (Hart de Ruyter et al.,
2023). Another recent study that characterized the distribution of
different pTau isoforms (AT8, Ser396, AT100, pTau231, Ser396,/Ser404,
Ser396, and 3R, 4R) and tau tangles (anti-NFT MC-1 antibody), in the
AD retina demonstrated that retinal primary tauopathy is associated
with the brain Ap phase (Walkiewicz et al., 2024). Furthermore, the
optical signature of pS396 (Ser396)-tau was identified in the AD retina
using HSI methodology, and pS396-tau was predicted in unstained tis-
sues aided by deep learning image analysis (Fig. 6F-J) (Du et al., 2022).
A few studies were unable to confirm the presence of pTau in the human
AD retina (Ho et al., 2014; Williams et al., 2017), possibly due to
examining small anatomical locations and the application of
non-optimal methodologies, as specified above. In addition, in-
consistencies were noted in the identification, or lack of, specific pTau
isoforms in the retina among the groups that found pTau in the AD
retina, which again emphasizes the need to harmonize retinal patho-
logical methodologies.

To date, one study has reported the existence of NFT-like structures
in postmortem retinas of AD patients using Gallyas silver stain (Fig. 6B)
(Koronyo et al., 2017). Nevertheless, the colocalization of pTau at sites
of neuronal loss in the human AD retina (Asanad et al., 2019; Grimaldi
et al., 2019; Koronyo et al., 2017) may indicate a similar pathophysio-
logical vulnerability to pTau accumulation in both the retina and brain.
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Despite this, we still have a limited understanding of tauopathy in the
human retina, its distribution, immature and mature formation, propa-
gation, and subsequent impact on retinal inflammation and degenera-
tion. Furthermore, the relationships between aberrant retinal tau forms
and other retinal AD processes with brain AD pathology and cognitive
function, are understudied.

In murine models of AD, associations between retinal tauopathy and
cognition have been observed. In these models, researchers detected
disease-associated pTau species from the GCL to the outer nuclear layer
(ONL) (Buccarello et al., 2017; Burgaletto et al., 2021; Buscho et al.,
2022; Chang et al., 2020; Chiasseu et al., 2017; de Ruyter, 2020; den
Haan et al., 2018; Du et al., 2015; Grimaldi et al., 2018; Guo et al., 2019;
Kim et al., 2021a; Latina et al., 2021; Lee et al., 2012; Schon et al., 2012;
Wang et al., 2023b; Yang et al., 2013; Zhao et al., 2013), including
intracellular pTau aggregates (Zhao et al., 2013) and tau tangles in the
GCL (Grimaldi et al., 2018). An accumulation of total tau and
epitope-specific pTau in the retina reportedly precedes the onset of
neurobehavioral deficits and brain tauopathy in AD-model mice
(Chiasseu et al., 2017).

2.3. Retinal inflammation in AD

Chronic, low-grade inflammation is a typical sign of AD neuropa-
thology in the brain (Akiyama et al., 2000; Tao et al., 2018).
Genome-wide association studies, along with histological, proteomic,
and single-cell RNA sequencing (scRNAseq) analyses, indicate that
dysregulated immune processes, particularly heightened innate immune
responses, playing a central role (Calsolaro and Edison, 2016; Heneka
et al., 2015; Jansen et al., 2019; Karch and Goate, 2015; Lambert et al.,
2013). Neuroinflammation in AD predominantly involves a phenotypic
shift in glial cells, notably reactive astrocytes and activated microglia
surrounding cerebral A plaque sites, which exacerbates disease pro-
gression (Chaudhury et al., 2003; Heneka et al., 2015; McGeer and
McGeer, 2004; Olabarria et al., 2010; Pelkmans et al., 2024; Wyss-Coray
et al., 2003). These glial cells undergo transcriptional and functional
changes leading to overactivity, directly involved in the seeding, ag-
gregation, and propagation of abnormal Ap and tau forms (Castellani
and Schwartz, 2020; Hampel et al., 2020; Pascoal et al., 2021). Detri-
mental microglial polarization leads to increased secretion of
pro-inflammatory chemokines and cytokines such as tumor necrosis
factor-a, enhancing neurotoxicity (McAlpine and Tansey, 2008). Addi-
tionally, impaired Ap-phagocytic activity by brain-resident microglia
appears to hinder cerebral Ap clearance (Butovsky et al., 2006; Hickman
et al., 2008; Krabbe et al., 2013; Zuroff et al., 2017). Microglia also play
a role in synaptic remodeling, with pathological conditions resulting in
excessive synapse pruning that was shown to lead to synaptic loss in
animal models of AD (Hansen et al., 2018; Hong et al., 2016; Rajendran
and Paolicelli, 2018; Salter and Stevens, 2017). In addition, scRNAseq
experiments have identified a distinct neurodegenerative or
disease-associated microglia (MGnD/DAM) activation state near AP
plaques in the brains of transgenic AD murine models (Keren-Shaul
et al., 2017; Krasemann et al., 2017), regulated by the triggering re-
ceptor expressed on myeloid cells 2-APOE (TREM2-APOE) pathway
(Krasemann et al., 2017).

Analyses of retinal cross-sections and flatmounts from patients with
MCI or AD dementia revealed marked inflammatory processes (Blanks
et al., 1996a; Grimaldi et al., 2019; Koronyo et al., 2023; Xu et al., 2022).
Blanks and colleagues observed elevated levels of glial fibrillary acidic
protein (GFAP) expression in retinal astrocytes and Miiller glia within the
GCL of patients with AD (Blanks et al., 1996a). Grimaldi et al. detected
significant increases in reactive GFAP" astrocytes and activated microglia,
alongside elevated Af and pTau pathology in retinas from AD patients
compared to age-matched controls (Grimaldi et al.,, 2019). They also
identified upregulation of innate immune response mediators such as
interleukin-1p (IL-1B), complement component 3, osteopontin, and
TREM2 in these retinal tissues. Recent research by Xu et al., corroborated



these findings, showing increased activated microgliosis, as assessed by
the ionized calcium-binding adapter molecule 1 (IBA1) marker, in the INL
and OPL of retinal mid-peripheral regions of AD patients (Xu et al., 2022).
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Interestingly, this study also reported lower levels of retinal astrocytes and
Miiller glial cells in patients with AD as assessed by GFAP and glutamine
synthetase expression (Xu et al., 2022).
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Fig. 6. Tau isoforms and hyperspectral signatures of pTau and Af,4, identified in retinal cross-sections from AD patients. Representative images of retinal
cross-sections from AD patients following (A) immunostaining with AT8 mAb against hyperphosphorylated-(p)Tau (Ser202, Thr205) and peroxidase DAB labeling,
followed by hematoxylin counterstaining, reveal intracellular pTau accumulation in the INL (arrow) and neuronal processes of the IPL. Scale bar: 10 pm; (B) Gallyas
silver staining, indicating the presence of neurofibrillary tangles (NFTs)-like structures, especially in the GCL (blue arrows); and (C) immunofluorescence staining
with AT100 mADb against pTau (Thr212, Ser214), showing intracellular signals (white) in the INL. (D) Representative retinal cross-section images stained with pTau
(Ser202, Thr205) and visualized with peroxidase DAB labeling, followed by hematoxylin counterstaining, depict the sequential pattern of primary retinal tauopathy
(PReT) among the non-AD and AD retina: PReT stage 0, no p-tau pathology in the retina; PReT stage 1, initial pTau accumulation in the OPL; PReT stage 2, additional
pTau presence in neurons of the INL; PReT stage 3, further accumulation of pTau in the OPL and INL, as well as in the IPL. (E) Representative images of superior
peripheral retinal cross-sections from individuals with the following brain pathology: Braak stage 0, Braak stage I-III, and AD, stained for various tau isoforms,
including the 3 and 4-repeats (3R, 4R) tau and five pTau epitopes, followed by DAB labelling (brown), and hematoxylin counterstaining for nuclei (violet). Scale bar:
50 pm. (F) Immunofluorescence staining showing positive signals for pS396-Tau (red), 12F4-Ap42 (green), GFAP" astrocytes (white), and DAPI nuclei (blue) in a
retinal cross-section of an AD patient. (G) Distinct optical signatures of AB4» (green line) and pS396-Tau (red line) identified by hyperspectral imaging in the human
AD retina. Representative images of AD retinal cross-sections showing (H) an unstained section (gray), (I) deep-learning (DL) predicted image (brown) based on the
identified pTau optical signature, and (J) ‘ground truth’ immunostaining for pS396-Tau and peroxidase DAB labeling (brown). DL prediction (I) accurately indicated
on unstained tissues the true pTau patterns, and demonstrated pS396-Tau signals that appear as intracellular and synaptic aggregates in the RNFL, IPL, and OPL. High
magnification images (in I and J) show retinal NFT-like structures. Scale bar: 50 pm for large images, and 10 pm for bordered inserts. Panel A was modified from
(Schon et al., 2012), Panel B was modified from (Koronyo et al., 2017), Panel D was modified from (Walkiewicz et al., 2024), Panel E was modified from (Hart de
I‘{uytcr et al., 2023), and Panels F-H were modified from (Du et al., 2022) with permission.

In a recent study, Koronyo et al., found significant increases in IBA1 ™" BRB integrity in these AD mouse models (Shi et al., 2022). In aged,
microgliosis and GFAP™ or $100 calcium-binding protein B (S1008)" late-stage APPswr/PS1ag9 (ADtg) mouse models compared to WT
macrogliosis (astrocyte and Miiller glia markers), often surrounding Af littermate controls, dysregulation of multiple inflammatory markers, as
deposits, in the neurosensory retina of patients with MCI and AD determined by mass spectrometry analysis, was similarly evident in both
compared to NC controls (Koronyo et al., 2023). Elevated IBA1™" the brain and retina (Doustar et al., 2020). Notably, immunomodulation
microgliosis was particularly notable at the retinal synapse-rich plexi- therapy with glatiramer acetate (GA) in ADtg mice led to the recruit-
form layers (IPL and OPL) in these patients, suggesting a potential role of ment of blood-borne neuroprotective monocytes to Af-plaque sites in
retinal microglia in excessive synaptic pruning and cognitive decline. the brain and retina, effective in Ap phagocytosis and clearance. GA
Additionally, there was a notable sex dysmorphism, with significantly immunization further mitigated various aspects of AD-related pathol-
higher levels of retinal microgliosis observed in female AD patients ogy, preserved synapses and cognition (Butovsky et al., 2006, 2007;
compared to male patients. This study also highlighted the direct Koronyo et al., 2012, 2015; Koronyo-Hamaoui et al., 2020; Li et al.,
involvement of retinal microglia in Ap uptake (Koronyo et al., 2023), 2020b), and elicited parallel regulatory effects on inflammatory
mirroring findings in the AD brain (Lee and Landreth, 2010; Paresce markers, such as ICAM1, LAMP1/2, and HA11, in both the brain and
et al., 1996). The extent of retinal microgliosis and macrogliosis closely retina of ADtg mice (Doustar et al., 2020). Another study analyzed the
correlated with increased retinal Af45 burden (Koronyo et al., 2023), effects of monocyte blood enrichment and transient overexpression of
indicating that Ap in the retina triggers glial activation akin to processes the Ap-degrading angiotensin-converting enzyme (ACE) in monocytes
observed in the AD brain (Heneka et al., 2015). Consistent with previous (ACE10 model) on AD-like progression in APPgywg/PS1Agg ADtg mice
findings (Xu et al., 2022), Koronyo and colleagues revealed that over (Koronyo-Hamaoui et al., 2020). This study demonstrated that increased
80% fewer retinal microglia engaged in AB4s internalization in MCI and retinal and cerebral infiltration of ACE-overexpressing monocytes was
AD patients compared to NC controls (Koronyo et al., 2023), suggesting associated with reduced Ap burden and gliosis, preserved synapses, and
impaired Af phagocytosis despite increased microgliosis in these pa- improved cognitive functions (Fig. 8). Furthermore, in AppN-—F/NL—F
tients. Further investigation is needed to determine whether this knock-in mouse models of AD, retinal microglia were found to be
defective microglial Af phagocytosis in the MCI and AD retina is a involved in the uptake of pTau, which increased with disease progres-
consequence or a driver of the disease. In response to retinal tau pa- sion (Nunez-Diaz et al., 2024). Overall, advances in understanding the
thology, a recent study by Nunez-Diaz et al. demonstrated an increased intricate inflammatory dynamics across peripheral (e.g, blood, bone
uptake of pTau (using the PHF-1 and AT8 antibodies) by microglial cells marrow) and CNS (e.g., brain, retina) tissues offer promising avenues to
in retinal flatmounts from AD patients compared to control subjects uncover novel insights into AD pathogenesis, which may lead to the
(Nunez-Diaz et al., 2024). Overall, the histological evidence depicting discovery of novel diagnostic and therapeutic strategies.

augmented inflammatory processes in the retina of MCI and AD patients
compared to NC controls is summarized in Fig. 7.

Various studies in animal models of AD have also provided evidence 2.4. Retinal neurodegeneration in AD

of enhanced retinal inflammation (Antes et al., 2015; Edwards et al.,

2014; Gao et al., 2015a; Grimaldi et al., 2018; Liu et al., 2009; Ning Brain neurodegeneration in AD is characterized by progressive
etal., 2008; Perez et al., 2009; Pogue et al., 2015; Shi et al., 2020a, 2022; damage to synapses and neuronal circuits, which are linked to various
Tsai et al., 2014; Yang et al., 2013). Salobrar-Garcia et al., described neurobehavioral functions including cognition, sensation, mood, vision,
morphological changes in retinal microglia consistent with neuro- and orientation. Evidence suggests that this neuronal and synaptic loss is
inflammatory phenotypes in 3xTg AD mice (Salobrar-Garcia et al., responsible for the various characteristic symptoms of AD (Crews and
2020b). In a study by our team, we demonstrated that nuclear Masliah, 2010; Lan et al., 2022; Moya-Alvarado et al., 2016; Wilson
factor-kappa B (NF-kB) expression is significantly increased in the retina et al.,, 2010). Consistent with the observed distribution of retinal Ap
of 12-month-old double-transgenic APPgyg/PS1Ag9 (ADtg) mice, indi- deposits and pTau in AD patients, mounting histological and in vivo
cating an increased pro-inflammatory response in the retina of these imaging findings indicate structural damage to key components of the
mice (Shi et al., 2020a). Recently, we identified the existence of visual pathway. Hinton and colleagues provided the first evidence for
MGnD/DAM microglia that were increased in the retina of APPg RGC loss, retinal NFL thinning, and optic nerve atrophy in postmortem
we/PS11166p transgenic mouse models of AD (Shi et al., 2022). The tissues from AD patients (Hinton et al., 1986). Subsequent studies have
transcriptional regulation of retinal MGnD microglial phenotype further showed significant retinal neurodegeneration, including retinal
through micro-RNA (miR)-155 inhibition not only limited retinal atrophy and thinning, in AD patients (Asanad et al., 2019; Berisha et al.,
inflammation but also reduced vascular amyloidosis and protected inner 2007; Blanks et al., 1989; Blanks et al., 1996a; Blanks et al., 1996b;

Cheung et al., 2021; Cunha et al., 2017a; Janez-Escalada et al., 2019;
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Fig. 7. Retinal gliosis and Ap phagocytosis by microglia in MCI and AD patients. (A) Representative immunofluorescence images of retinal flatmount punches
from AD patients and NC controls stained for AB (6F/3D; red) and IBA1" microglia (green). Also displayed are representative images of retinal cross-sections
immunostained for Af (6F/3D; red), p-III Tubulin (TUBB, green), and nuclei (DAPI, blue). Ap immunofluorescence was evident within TUBB-positive RGCs and
in extracellular spaces. Ap immunoreactivity in RGC (asterisk); in neuropil and extracellular spaces (arrowheads); and colocalization with IBA1 microglia or TUBB
neurons are shown. Scale bars: 20 pm. (B) Representative images of retinal cross-sections depicting increased astrogliosis (GFAP, red) in AD retina. Scale bar: 20 pm.
Quantification of retinal: (C) IBA1" IR area (N = 73/10 fields/patients), (D) GFAP" IR area (N = 44/6 fields/patients), (E) number of Ap plaques per field of view
(FOV) (N = 45/5 fields/patients), and (F) number of Ap-positive RGCs, in AD patients (N = 15) versus NC controls (N = 10). (G, H) Representative fluorescence
images showing (G) IBA1™" microgliosis (red), (H) retinal SI00p™ (red)- or GFAP™ (green), macrogliosis for reactive astrocytes and Miiller glia in retinal cross-sections
from NC, MCI, and AD patients. Retinal GFAP™ macrogliosis is detected surrounding sites of 12F4*-ABy4» deposits (red), especially in the ganglion cell layer (GCL), in
patients with MCI or AD versus NC. White arrows indicate Ap colocalized within GFAP™ macroglia. Scale bar: 20 pm. (I) Retinal IBA1- IR areas in NC (N = 15), MCI
(N =9), and AD (N = 15). (J) Bar graph displays means and standard deviations of retinal IBA1* microgliosis by sex in NC (N = 9F/6M), MCI (N = 6F/3M), and AD
(N = 5F/10M). (K, L) Quantitative IHC analyses of (K) retinal S100p in NC (N = 5) and MCI/AD (N = 15), as well as (L) retinal GFAP IR areas in NC (N = 16), MCI (N
= 8), and AD (N = 17). (M) Fluorescence image shows retinal IBA1" microgliosis (red) colocalized at sites of 12F4"-AB,, deposits (white) with GFAP* macrogliosis
(green) and DAPI nuclei (blue). Scale bar: 20 pm. Retinal IBA1™" microglia often internalize Af,, (enlarged images). (N, O) Pearson’s (r) correlation analyses between
retinal IBA1" immunoreactive area and (N) retinal AP4, load, and (O) the MMSE cognitive scores. (P) Percent of 6F/3D-AB" colocalized within IBA1" microglia,
showing a comparison between IBA1™" cells positive for Ap (green) versus IBA1™ cells negative for A (black), across different retinal layers in AD patients (N = 5) and
NC controls (N = 7). (Q) Percent of 12F4-Ap3, colocalized within IBA1™ microglia out of the total IBA1™ microglia in retinal tissues from patients with MCI (N = 5)
and AD (N = 6), as well as NC controls (N = 5). The red circle in panels I and L indicate an ADAD patient with the PSEN1-A260V mutation. Fold increases and percent
reductions between the groups are indicated on the graphs. Statistics: Data from individual subjects (circles) as well as group means + SEMs are shown. Median and
lower and upper quartiles are indicated on each violin plot. Fold changes are shown in gray. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, by one-way or
two-way ANOVA and Tukey’s post hoc multiple comparison test, or by two-tailed unpaired Student’s t-test. F = female, M = male. Panels A and P were modified from
(Xu et al., 2022), Panels B-E were modified from (Grimaldi et al., 2019), Panel F was modified from (Lee et al., 2020b), and Panels G-O and Q were modified from
(AKoronyo et al., 2023) with permission.

Kesler et al., 2011; Kirbas et al., 2013; Koronyo et al., 2017; Koronyo Nissl-positive neuronal loss (22-29%) was documented in retinal
et al.,, 2023; La Morgia et al., 2016; Lopez-de-Eguileta et al., 2019; cross-sections, particularly in the GCL, in AD patients compared to NC
Mathew et al., 2023; Mutlu et al., 2018; Oktem et al., 2015; Polo et al., controls (Fig. 10A-C) (Koronyo et al., 2017). Analysis of the apoptotic
2017; Sadun and Bassi, 1990; Salobrar-Garcia et al., 2019; Shao et al., cell marker, cleaved caspase-3 (CCasp3), revealed a substantial 4.2-fold
2018; Shi et al., 2014; Zhao et al., 2023). More in-depth histomorpho- increase in expression in distinct retinal cell layers in AD retina (Fig. 10D
metric analyses have revealed significant reductions in retinal thickness and E), with a notable CCasp3 increase in RGCs. There was a signifi-

in different cell layers (GCL, INL, IPL and ONL) and geometrical sub- cantly higher percentage of CCasp3" apoptotic RGCs in AD patients
regions (central, mid-periphery, and far-periphery) in retinal (42.6%) compared to age- and sex-matched NC controls (13.7%) (Kor-
cross-sections of MCI and AD patients (Fig. 9A-E) (Asanad et al., 2019; onyo et al., 2023). These histological findings corroborate the clinical

Koronyo et al., 2023). Koronyo and colleagues reported significant evidence that the first component affected in AD in the visual system
neuronal degeneration in the GCL, INL, and ONL of AD patients involves the RGCs, and especially the larger caliber RGCs (M-cells) that
compared to age- and sex-matched NC controls (Koronyo et al., 2017). synapse in the magnocellular layers 1 and 2 of the lateral geniculate

Similarly, Asanad and colleagues conducted a detailed topographical nucleus (LGN) (Erskine et al., 2016; Javitt et al., 2023; Sadun and Bassi,
quantification and found thinning of both inner retinal layers (RNFL, 1990; Sartucci et al., 2010). These RGCs and their axonal projections
GCL, IPL, INL) and the outer retinal layer (ONL) in AD patients (Asanad feed the M pathway that is responsible for low spatial frequency contrast
et al., 2019), corroborating previous descriptions of retinal thinning. sensitivity and motion detection (Amthor et al., 2005; Gilmore et al.,
RNFL thinning was most pronounced in the superior-temporal region 1994; Gilmore and Whitehouse, 1995; Liu and Sanes, 2017; Zhao et al.,
(Asanad et al., 2019). In a histopathological study with a larger human 2014), type of visual impairments often observed in MCI and AD pa-
cohort, the degree of atrophy quantified in the neurosensory retina of tients (Javaid et al., 2016; Lim et al., 2013; Liu et al., 2019; Risacher
MCI and AD patients was comparable to the brain atrophy observed in et al., 2013; Ye et al., 2018). Early RGC dysfunction was further iden-
these patients (Fig. 9D-G) (Koronyo et al., 2023). Notably, the pattern of tified by electroretinography in preclinical AD patients, preceding

retinal atrophy was very similar to the distribution of retinal amyloid cognitive decline (Asanad et al., 2021). In addition, La Morgia and
deposits, frequently observed in the inner cell layers and colleagues found an increased degeneration of melanopsin-containing
superior-temporal retinal subregions in AD patients (Dumitrascu et al., RGCs (mRGCs), which was closely linked to A accumulation within
2020, 2021; Koronyo et al., 2017; Koronyo-Hamaoui et al., 2011; La and around these cells (Fig. 10F-K) (La Morgia et al., 2016). This small
Morgia et al., 2016; Lee et al., 2020b). Furthermore, retinal neuro- subpopulation of ganglion cells is known to drive circadian photo-
degeneration was predominantly observed at sites of Ap deposition and entrainment that regulates the sleep-awake cycles. The selective loss of
closely correlated with increased retinal AB4o burden and oligomeric-Ap mRGCs in AD patients may indicate that A is particularly detrimental to
load (Fig. 9H) (Koronyo et al., 2017, 2023). In addition, increased certain retinal cell subtypes and provides the first potential retina-based
retinal thinning in MCI and AD patients strongly correlated with brain mechanistic explanation for well-documented circadian rhythm distur-
Ap burden (Fig. 91) and cognitive deficits as assessed by MMSE scores bances in these patients (La Morgia et al., 2017; Oh et al., 2019). As it
(Fig. 9J) (Koronyo et al., 2023). Given the well-documented impact of relates to other retinal cell types, our team further detected a marked
misfolded APy, particularly its oligomeric forms, on the neuronal and pericyte degeneration in retinal microvasculature from MCI and AD
synaptic degeneration characteristic of AD (Barucker et al., 2015; Cohen patients (Fig. 10L-P) (Shi et al., 2020b). This substantial pericyte loss
et al., 2013; Lee et al., 2022; Li et al., 2020b; Pauwels et al., 2012; likely exacerbates retinal vascular dysfunction and subsequent neuro-
Shankar et al., 2008; Varga et al., 2015), the robust association between degeneration of cells vital for the visual pathway, such as RGCs and
retinal Af42 or AP oligomers and retinal atrophy suggests a mechanistic photoreceptors (Koronyo et al., 2023). Collectively, retinal neuro-
link involving Ap-induced neurodegeneration in the retina of AD degeneration in AD coincides with areas of AD-related pathology,
patients. demonstrating correlations with disease severity and cerebral atrophy.
The degeneration of specific retinal cell types, such as RGCs, pho- This phenomenon may contribute to visual and circadian rhythm
toreceptors, and pericytes, has been identified in a series of studies in dysfunctions.
postmortem retinas of AD patients compared to NC controls (Koronyo Retinal neurodegeneration has also been reported in animal models

etal., 2017, 2023; La Morgia et al., 2016; Shi et al., 2020b). A significant of AD (Chiu et al., 2012; Grimaldi et al., 2018; Gupta et al., 2016; Ning
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et al., 2008; Salobrar-Garcia et al., 2020a; Sanchez-Puebla et al., 2024).
For instance, several studies in transgenic murine models of AD reported
significant RNFL thinning (Buccarello et al., 2017; Kim et al., 2021b; Lim
et al., 2020; Matei et al., 2022; Song et al., 2020). In addition, apoptotic
cells were detected in the GCL of double-transgenic APPsywg/PS1y146L
and APPgwg/PS1Ap9 mouse models (Ning et al., 2008). Significant re-
ductions in retinal thickness were detected in several cell layers, span-
ning from the GCL to the ONL, in ADtg mice compared to their WT
littermate controls (Koronyo-Hamaoui et al., 2011; Liu et al., 2009).
Another study found that decreased retinal thickness is a result of the
thinning of different retinal layers, such as the GCL, IPL, INL, OPL, and
photoreceptors (Chiquita et al., 2019). While RNFL thinning commonly
causes reduced retinal thickness, the impact of other retinal cell layer
degeneration cannot be overlooked. Loss of photoreceptor cells (rods
and cones) in the ONL, as well as neuronal cells in the inner retinal layers
(such as RGCs, bipolar cells, horizontal cells, or amacrine cells), also
contributes to overall retinal thinning (Chiquita et al., 2019; Kim et al.,
2021b; Zhang et al., 2021b). A recent study in 5XFAD mice at different
age groups revealed that retinal neurodegeneration was closely
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associated with AP pathology, following a progressive pattern in the
retina similar to that of the brain (Lim et al., 2020). Ap deposition in the
retina also led to axonal neurodegeneration in the GCL of these mice. As
the disease progresses, widespread retinal dysfunctions are observed, as
evidenced by reduced ganglion, bipolar, and amacrine cell responses to
light and alterations in ERG patterns (Lim et al., 2020). These AD-related
processes manifest in the degeneration of photoreceptors, interneurons,
and other inner retinal structures (Lim et al., 2020). In summation,
numerous studies conducted in both humans and mouse models have
demonstrated a complex pattern of AD-induced neurodegeneration
spanning all retinal layers, which may negatively impact a wide spec-
trum of retinal functions.

2.5. Retinal vascular pathology in AD

AD pathology is typically associated with abnormalities in cerebral
vasculature (Abbasi, 2017; Fisher et al., 2022; Greenberg et al., 2020; Li
et al.,, 2014). The major vascular complication associated with AD in
humans is cerebral amyloid angiopathy (CAA), which is mainly
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Fig. 8. Retinal inflammation in transgenic murine models of AD. Data from transgenic mouse models of AD, including the APPgyg/PS1,ro mice (referred to as
ADtg, AD™, or APPgyg/PS14g9) and the APPgsye/PS11166p (APP/PS1) mice are shown. (A) A representative Western blot gel showing the levels of phosphorylated (p)
NF-kB p65 and NF-kB p65 subunit (NF-kB p65) in retinal lysates from APPgwr/PS1ge mice compared to age- and sex-matched wild type (WT) littermates at 4-, 8-,
and 12- months of age (upper panel). The densitometric analyses of Western blot protein bands of pNF-kB p65, normalized to p-actin, is shown (lower panel) (N = 8
for each age and genotype). (B) A representative image from a retinal flatmount of an APPgyg/PS1;166p mouse, immunofluorescently stained for Galectin-3"
microglia (red), Tmem119" microglia (green), and lectin for blood vessels (blue). Scale bars: 10 pm. (C) A representative image from a retinal flatmount of an
APPgyg/PS11166p mouse, immunofluorescently stained for Clec7a™ microglia (red), Tmem119™ microglia (green), and lectin for blood vessels (blue). Scale bars: 10
pm. (D-E) IR area of (D) Galectin-3" microglia in 4-month-old APP/PS1 mice and (E) Clec7a*microglia in 8-month-old APP/PS1 mice (N = 6 each group). (F-G)
Aged, 20-22-month-old, APPsywr/PS1 g (ADtg) mice underwent weekly subcutaneous (s.c.) immunization with glatiramer acetate (GA) or were injected with PBS as
controls, for a duration of 8 weeks. (F, left) Protein homogenates from retinas isolated from the OS (left) and OD (right) eyes, and the respective left (L) and right (R)
brain hemispheres, were quantified for levels of Af;.49 and ApP;.42 by ELISA, and global proteome changes were assessed by mass spectrometry (MS). (F, right)
Pearson’s (r) correlation analysis demonstrates a tight correlation between levels of AB;_45 in the brain and the retina (average of both eyes and left-brain hemi-
spheres). Stronger correlation was found among the GA-treated ADtg mice (N = 14). (G) Heat map displaying relative fold changes of differentially expressed
proteins identified by the MS analysis, indicating molecular parallels between the retina and the brain in AD-related models following GA immunization. Highlighted
are inflammatory markers (glutamine synthetase—GS, intercellular adhesion molecule 1—ICAMI, h-2 class I histocompatibility antigen—HA11) and AD-related
amyloid-associated markers (amyloid-p A4 protein—APP/Ap, clusterin—CLU, lysosomal-associated membrane protein 1 and 2—LAMP1/2) that were significantly
up- or down-regulated in brain and retinal tissues of ADtg versus WT mice or of GA-immunized versus PBS-control ADtg mice (N = 4-6 mice per group). (H-L) The
effects of monocyte blood enrichment and transient angiotensin-converting enzyme (ACE) overexpression in monocytes (ACE10 model) on AD-like progression was
studied. At 2 months of age, the APPgyg/PS1,po (AD™) mice underwent a partial bone marrow (BM) transplantation following irradiation with head shielding.
Recipient AD" mice received an intravenous (i.v.) injection of 5 million GFP-labelled BM cells from donor mice with either monocytes that are WT for ACE expression
(GFP™ BM™"), monocytes with ACE overexpression (GFP™ BMAE1%) or monocytes from AD™ mice (GFP~BMAP™). (H-J) A Micron III® rodent retinal microscope was
used to visualize in vivo monocyte infiltration into the retinas of AD™ chimeric mice. Representative in vivo retinal fluorescence imaging of infiltrating GFP™ BM cells
in living AD" chimeric mice: (H) control AD™ mouse that received GFP BMAP* transplantation, (I) AD* mouse that received GFPBMWT transplantation (I', enlarged
image showing GFP' BM cells in the retina), (J) AD" mouse that received GFP*BMACEI? transplantation. Arrows indicate GFP™ BM cells. (K) A representative
microscope image of a retinal flatmount extracted from a GFP™ BMAEI9.AD* chimeric mouse whose retina had been previously imaged in vivo. The flatmount retina
was ex vivo immunostained for GFP (BM-derived cells, green), myelomonocytes (CD45, red), Ap (4G8, cyan), and nuclei (DAPI, blue). BM-derived GFP™ ACE!?
monocytes migrate to the retina and surround retinal 4G8"-Ap plaques. (L) Representative fluorescence image of coronal brain section from a GFP* BMWT-AD*
chimeric mouse showing infiltrating GFP*/CD45™ monocytes (arrows) migrating to the 6E107-Ap plaque site. Statistics: Data from individual subjects (circles) as
well as group means + SEMs are shown. Fold changes are shown in red. *P < 0.05, **P < 0.01, by two-way ANOVA with Sidak’s post-hoc multiple comparison test or
unpaired two-tailed Student’s t-test. Panel A was modified from (Shi et al., 2020a), Panels B-E were modified from (Shi et al., 2022), Panels F-G were modified from
(‘Doustar et al., 2020), and Panels H-L were modified from (Koronyo-Hamaoui et al., 2020) with permission.

characterized by parenchymal and meningeal vascular amyloid accu- et al., 2013; Frost et al., 2010; O’Bryhim et al., 2018; Williams et al.,
mulation, primarily consisting AB4( deposits around smooth muscle cells 2015), vein narrowing (Berisha et al., 2007; Cabrera DeBuc et al., 2018;
of arteries (Arvanitakis et al., 2011; Biffi and Greenberg, 2011; Ellis Cheung et al., 2014; Feke et al., 2015; Frost et al., 2013), distorted
et al., 1996; Viswanathan and Greenberg, 2011). CAA is often accom- vascular branching complexity (Cheung et al., 2014; Frost et al., 2013),
panied by distortions in small blood vessels (Charidimou et al., 2017; increased vascular tortuosity (Cheung et al., 2014), and notably,
Fischer et al., 1990; Hassler, 1965; Kalaria, 2016), uncoupling and increased vascular amyloidosis and especially arterial Af4o deposition
degeneration of the neurovascular unit, and breakdown of the BBB (Bell (Koronyo et al., 2017; Shi et al., 2020b, 2023).

and Zlokovic, 2009; Claudio, 1996; Ryu and McLarnon, 2009; Sengillo Several clinical and histopathological studies have reported a close
et al., 2013; van de Haar et al., 2016a, 2016b; Zipser et al., 2007; Zlo- association between retinal vascular abnormalities and increased risk

kovic, 2011). While CAA is a distinct clinical entity, a high percentage for AD [(Baker et al., 2007; Berisha et al., 2007; Cabrera DeBuc et al.,
(more than 85%) of AD patients exhibit varying degrees of CAA severity 2018; Cheung et al., 2014; Chiara et al., 2022; Di Pippo et al., 2023; Feke
(Arvanitakis et al., 2011; Jellinger, 2010; Viswanathan and Greenberg, et al., 2015; Frost et al., 2013; Liew et al., 2008; Mei et al., 2021; Pead
2011). Other vascular changes associated with AD include, but are not et al., 2023; Querques et al., 2019; Sharafi et al., 2019; Shi et al., 2020b,
limited to, aberrant angiogenesis (Biron et al., 2011; Desai et al., 2009), 2023; Shin et al., 2021; Sun et al., 2024; Williams et al., 2015; Wu et al.,

vascular nonperfusion and reduce blood flow (Binnewijzend et al., 2016; 2020; Yoon et al., 2019; Zabel et al., 2019b), reviewed in (Shi et al.,
Bonte et al., 1986; Hirsch et al., 1997), vascular inflammation (Grammas 2021)]. For example, Cheung et al., found that patients with AD have
and Ovase, 2001; Tripathy et al., 2007), and accumulation of vascular altered microvascular networks in the retina, including narrower retinal
tau (Castillo-Carranza et al., 2017; Williams et al., 2005). Notably, venules and a sparser and more tortuous retinal vessels, compared with
vascular amyloidosis was shown to increase the rigidity of blood vessels matched non-AD controls (Cheung et al., 2014). These findings suggest
and decrease blood flow in the brains of APP-overexpressing mice that changes in retinal microvascular structures, such as increased
(Kimbrough et al., 2015). A range of epidemiological and clinical studies venular and arteriolar tortuosity, are associated with AD risk. Williams
have also suggested that common vascular risk factors, such as systemic et al., using retinal fundus imaging, demonstrated that patients with AD
hypertension and atherosclerosis, are associated with AD progression, have a sparser retinal microvascular network, reduced fractal dimen-
potentially contributing to the deposition of atherosclerotic plaques sion, and increased arteriole tortuosity compared to NC subjects (Wil-
within cerebral vessels, elevated neuritic plaque burden, and subsequent liams et al., 2015). Berisha et al., further reported that patients with AD
cognitive decline (Dolan et al., 2010a, 2010b; Gabin et al., 2017; Honig exhibit a significant narrowing of the venous blood column diameter
et al., 2005; Launer, 2002; Launer et al., 2000; Reitz et al., 2007; Yao and reduced venous blood flow rate (Berisha et al., 2007). Another study
et al., 2023). uncovered a reduced retinal blood flow in MCI and AD patients

As described in the AD brain, emerging evidence indicates a wide compared to NC controls. Interestingly, retinal venous blood flow was
spectrum of abnormalities in both structural and functional vascular significantly reduced in MCI patients, which was further decreased in
parameters in the retinas of AD patients. Notably, these retinal changes AD, suggesting a gradual effect on retinal venous blood flow during AD
include reduced blood flow (Berisha et al., 2007; Feke et al., 2015), progression (Feke et al., 2015). Notably, vascular amyloidosis alongside
enlarged foveal avascular zone (FAZ) (O’'Bryhim et al., 2018), other microvascular changes were identified and characterized in the
capillary-free zone (Arthur et al., 2023), compromised microvascular postmortem retinas of MCI and AD patients, and the retinal vascular
network (Abbasi, 2017; Berisha et al., 2007; Cabrera DeBuc et al., 2018; changes were strongly correlated with CAA severity (Koronyo et al.,

Cheung et al., 2014; Einarsdottir et al., 2016; Feke et al., 2015; Frost 2017; Shi et al., 2020b, 2023). These discoveries support the abundant
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Fig. 9. Histopathological findings of retinal atrophy in MCI and AD patients. (A-B) Representative images of retinal cross-sections from human donors with
normal cognition (control) and AD dementia stained with hematoxylin (blue, nuclei) and eosin (pink, tissue), illustrating reduced thickness of the (A) IPL, and (B)
GCL, INL, and ONL (red) in AD patients. Retinal analysis was conducted in pre-defined geometric regions, including the superior-nasal and superior-temporal within
sectors of ascending distances from the optic nerve. A low magnification view of the retina is shown in the top images with the corresponding magnified retinal region
marked in the green box. (C) Mean GCL thickness across geometrical sectors in AD (red, N = 8) versus control (blue, N = 11) retinas. Error bars denote standard
deviation. (D) Representative retinal cross-section images immunostained for 12F4"-Ap,4, (green) and nuclei (DAPI, blue), demonstrated that along with retinal Apso
accumulation there is a reduction in tissue thickness in an AD retina (132 pm) versus a NC retina (176 pm). Thickness was measured from the ILM to OLM (purple
dashed lines). (E) Retinal thickness in the superior- and inferior-temporal retina in predefined subregions, central (C), mid-periphery (M), and far-periphery (F), from
patients with AD (N = 11), MCI (N = 6), or NC (N = 8-9). (F-G) Severity scores analysis of (F) brain AD (N = 16), MCI (N = 9), or NC (N = 6) and (G) retinal atrophy
in the same cohorts of human donors with AD (N = 11), MCI (N = 6), or NC (N = 8-9). (H-J) Pearson’s (r) correlation analysis of (H) retinal thickness against retinal
ApB4s, (I) retinal thickness against brain Af plaques, and (J) retinal atrophy against MMSE cognitive score. Statistics: Data from individual subjects (circles) as well as
group means + SEMs, unless otherwise indicated, are shown. Median, lower, and upper quartiles are indicated on each violin plot. Fold changes are shown in gray.
*P < 0.05, **P < 0.01, ****P < 0.0001, by one-way or two-way ANOVA and Tukey’s post hoc multiple comparison test. Panels A-C were modified from (Asanad
et al., 2019), and Panels D-J were modified from (Koronyo et al., 2023).
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potential for retinal vascular targets for AD monitoring and diagnosis.
Nevertheless, there remains a substantial lack of understanding on the
precise cellular and molecular mechanisms involved in retinal vascular
AD pathology, largely due to prior studies focusing on live imaging of
retinal vascular structure and blood flow dynamics in AD patients.

To address this gap, our group identified, characterized, quantified,
and topographically mapped a set of AD-relevant vascular parameters.
We detected significant early increases in vascular Afs4o and AP4o de-
posits, alongside the degeneration of pericytes and endothelial tight
junctions (TJ) in retinal tissues of patients with MCI and AD compared to
age- and sex-matched NC controls (Koronyo et al, 2017; Kor-
onyo-Hamaoui et al., 2011; La Morgia et al., 2016; Shi et al., 2020b,
2023). Retinal vascular Ap was colocalized both in perivascular spaces
and within vessel walls, involving different layers such as the tunica
media, tunica adventitia, and tunica intima, within pericytes, the lumen,
and outside the basement membrane (Fig. 11) (Koronyo et al., 2017; Shi
et al., 2020b). In particular, vascular AB4y immunoreactivity was
increased by 7.2- and 12-fold in the vertical and longitudinal vessels of
the AD retina, respectively, compared to the retina of NC controls.
Similarly, vascular Af42 immunoreactivity was 4.4- and 5.6-fold higher
in AD retinal vertical and longitudinal vessels. These findings were
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consistent with the known cerebrovascular Af pathology observed in AD
patients (Bakker et al., 2016; Bennett, 2001; Vinters, 1987; Vinters and
Gilbert, 1983). TEM analysis confirmed the ultrastructure of retinal Af4
fibrils and protofibrils near the blood vessel basal membrane, on the
outer vascular surface adjacent to pericytes, within pericytes, and
attached to an endothelial cell surface inside a blood vessel lumen
(Koronyo et al., 2017; Shi et al., 2020b).

The BBB is established by endothelial cells firmly joined by TJ pro-
teins forming the vessel walls, together with astrocyte end-feet and
supporting pericytes in the basement membrane. Similarly, in the retina,
the blood-retinal barrier (BRB) is comprised of an inner barrier with
vascular endothelial cells and an outer barrier formed by the retinal
pigment epithelium (RPE). Both the BBB and the inner BRB maintain
their integrity through the presence of TJ and gap junction proteins,
alongside support from pericytes (Cai et al., 2018; Campbell and
Humphries, 2012; Zenaro et al., 2017). These components play crucial
roles in regulating the selective passage of substances between the blood
and the brain or retina, respectively, while preventing the entry of
potentially harmful agents. Compromised BBB in AD is considered to be
a significant driver of cerebral amyloid deposition, attributed to
impaired efflux of A and inadequate clearance through the circulating
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Fig. 10. Degeneration of retinal cell types in MCI and AD patients. (A) Representative images of Nissl neuronal staining in retinal cross-sections from a definite
AD patient and an age- and sex-matched NC subject. Altered retinal neuronal staining is observed in AD patients, including changes in cytoplasmic staining patterns
(chromatolysis) in the GCL, INL, and ONL, likely associated with neuronal loss. Scale bar: 20 pm. (B-C) Nissl neuronal count and total area in a subset of AD patients
(N = 9) and age- and sex-matched NC controls (N = 8). Percent reduction in AD versus NC is indicated in red. (D) Representative retinal cross-sections labelled
against the early apoptotic marker — cleaved caspase-3 (CCasp3; red), macroglia (GFAP, green), and nuclei (DAPI, blue), from NC (N = 5), MCI (N = 5), or AD subjects
(N = 7). The zoomed-in image illustrates the presence of CCasp3™ cells within the GCL and INL. Scale bar: 20 ym. (E) Quantitative CCasp3-immunoreactive area in
the ST/IT retina. (F) Representative actigraphic profiles are shown for an individual with NC and an AD patient; the latter showing a severe disruption in their
rest-activity circadian rhythm. (G) Morphological analysis of melanopsin retinal ganglion cells (mRGCs) in retinal flatmounts from a NC control and AD patient
(upper panel). A 3-dimensional reconstruction of mRGCs created by z-stack images and analysis of cell processes using the filament trace module in Imaris (Bitplane);
3 mRGCs (green, purple, and yellow) and their dendritic processes are visualized (lower panel). Scale bars: 25 pm (NC) and 24 pm (AD). (H) Immunostaining for
mRGCs in retinal cross-sections from a NC control (upper image) and AD patient (lower image). Note the homogeneous staining of the cell body and dendrite (black
arrow) in the NC and the patchy staining of melanopsin in the cell body (black arrow) in the AD retina. A single dendrite can be seen with a focal attenuation (white
arrow) and varicosity (black arrowhead). Scale bar: 10 pm (I) Dendrite diameter analysis of 18 cells from 3 NC to 16 cells from 4 AD patients (top). The mRGC density
(cell number per area) in NC (N = 13) and AD patients (N = 14) (bottom). (J-K) Representative images of retinal flatmounts from AD patients demonstrating: (J)
intracellular Ap deposition (6E10, red) within mRGC (green; white arrowhead) and an extracellular retinal AB deposit (red, white arrow) in the vicinity of mRGCs’
neurites. Scale bar: 20 pm; and (K) mRGC neurite (melanopsin, red) from an AD retina showing colocalization with Af (6E10, green; white arrowheads). Scale
bar: 20 pm. (L-P) Retinal pericyte apoptosis in MCI and AD patients compared with NC controls. (L) Representative images of retinal cross-sections immunolabeled
for TUNEL™" apoptotic cells (green), vascular PDGFRP" pericytes (red), and nuclei (DAPI, blue). Zoomed-in insets show multiple TUNEL™" pericytes in the AD retina.
Scale bar: 10 pm. (M) Percent of TUNEL™ pericytes within 10-15 pericytes counted from each retinal cross-section of MCI (N = 6) and AD patients (N = 6) versus NC
controls (N = 6). (N) Percent cleaved caspase-3" pericyte within 10-15 pericytes counted from each human donor: AD (N = 6), MCI (N = 6), and NC (N = 6). The
dashed line represents the 100% reference point. (0) Pearson’s (r) correlation between percent cleaved caspase-3" pericytes and retinal 11A50-B10TAp4o IR area in a
subset of human donors (NC-gray, MCI-blue, AD-red circles) (N = 11). (P) Representative TEM image of retinal vertical section from an AD human donor. Retina was
pre-stained with anti-Af4, mAb (12F4) and peroxidase-based DAB. TEM analysis reveals the location and ultrastructure of retinal vascular-associated Ap deposits
(demarcated by yellow shapes). Retinal AB4, deposits within pericytes (P, green), detected in the cytoplasm and adjacent to mitochondria. Scale bar: 0.5 pm.
Endothelial cell (EC, pink) and blood vessel lumen (L, gray) are shown. Statistics: Data from individual subjects (circles) as well as group means + SD (B, C, I) and
means + SEMs (E, M, N) are shown. Fold changes or percent reductions are also indicated. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, by one-way or two-
way ANOVA and Tukey’s post hoc multiple comparison test, or by two-tailed unpaired Student’s t-test. Panels A-C were modified from (Koronyo et al., 2017), Panels
D-E were modified from (Koronyo et al., 2023), Panels F-K were modified from (La Morgia et al., 2016), and Panels L-P were modified from (Shi et al., 2020b)
\Lvith permission.

blood (Banks et al., 2003; DeMattos et al., 2002; Do et al., 2016; inversely correlated with cerebral Ap-plaque burden and CAA scores,

Sweeney et al., 2018; Zhao et al., 2015; Zlokovic et al., 1993). Particu- whereas they were directly correlated with cognitive deficits assessed by
larly, BBB impairment in AD can result in faulty transport of Ap due to the Mini-Mental State Examination (MMSE) (Shi et al., 2020b). A more
alterations in the expression of AP transporters. For instance, micro- recent study investigating the BRB revealed significant decreases in the
vessels in the AD brain exhibit reduced expression of low-density lipo- expression of endothelial zonula occludens-1 (ZO-1) by 74% and 67%

protein receptor-related protein-1 (LRP-1), a crucial Ap clearance and claudin-5 by 28% and 40% in retinal tissues from MCI and AD pa-
receptor at the BBB responsible for transporting Ap out of the brain into tients, respectively, compared to NC controls (Shi et al., 2023). These

the bloodstream (Jaeger et al., 2009; Kim et al., 2016; Sweeney et al., retinal TJ protein deficiencies significantly correlated with increases in
2018). On the other hand, patients with AD develop increased levels of retinal vascular AP4o deposits, especially in the arteries. Notably, the
the receptor for advanced glycation end products (RAGE) in brain levels of retinal arterial Af4o and endothelial claudin-5 were closely
microvessels. RAGE transports Ap in the opposite direction to LRP-1, associated with CAA severity scores (Fig. 12). Furthermore, retinal ZO-1
mediating the re-entry of circulating Af into the brain (Sweeney et al., deficiency exhibited moderate correlations with various parameters of
2018). Animal models of AD exhibit similar expression patterns of cerebral AD pathology, including NFTs, neuropil threads, CAA, Braak
increased influx receptor (RAGE) and decreased efflux receptor (LRP-1) staging, and ABC scores, as well as with cognitive function (Shi et al.,
for Ap transport were reported (Do et al., 2016). Furthermore, the 2023). These findings suggest that certain retinal vascular changes
expression of the vascular endothelial Af transporter phosphatidylino- manifest early in the AD continuum and may serve as predictors of CAA
sitol binding clathrin assembly protein (PICALM) is diminished in the severity and AD progression.
brains of AD-model mouse, leading to the cessation of AB deposit Several studies in murine models of AD have demonstrated retinal
removal to the bloodstream (Zhao et al., 2015). Another important vascular pathologies, including increased neovascularization (Antes
component in regulating vascular function is the capillary pericytes that etal., 2015; Biron et al., 2011; El-Darzi et al., 2022). For instance, in the
express platelet-derived growth factor receptor-beta (PDGFRp). Peri- 5xFAD mouse model, El-Darzi et al., observed significant retinal neo-
cytes are critically involved in blood flow perfusion, vascular remodel- vascularization that led to disruption of the RPE structure (El-Darzi
ing, regression, and stabilization, as well as in the generation and et al., 2022). In transgenic APPgwr/PS1Agg (ADtg) mouse models, we
maintenance of blood barriers (Armulik et al., 2011; Bergers and Song, discovered retinal capillary degeneration and attenuated expression of
2005; Hamilton et al., 2010). A significant degeneration of pericytes has PDGFR§, accompanied by vascular Ap deposits, occurring at both young
been reported in the context of AD, in the mouse brain (Sagare et al., and adult, later-stage ages. These retinal vascular changes correlated
2023; Zlokovic, 2011), as well as in the retina of AD patients and murine with inner BRB damage, including reduced TJ proteins (i.e., claudin-1
models (Shi et al., 2020a, 2020b), potentially affecting transportation and ZO-1), enhanced inflammation (NF-kB p65 phosphorylation), and
across the endothelial barriers. BRB leakage (Fig. 13) (Shi et al., 2020a). Another preclinical study
Mirroring the AD brain, our investigation of the BRB revealed a found that retinal MGnD microglia in the APPsywg/PS1y166p murine AD
significant 32% reduction in the expression of vascular LRP-1 in retinal model were associated with increased retinal inflammation, vascular
tissues of AD patients, along with 38% and 72% attenuated vascular (v) amyloidosis, and BRB impairment (Shi et al., 2022). Increased BRB
PDGFR{ expression and 3.3- and 4.2-fold increased pericyte apoptosis permeability, measured using fluorescein, Texas-Red-dextran, and
(by CCasp3 marker) in the neurosensory retina of MCI and AD patients, FITC-dextran molecules in ADtg mice, was detected as early as 7 months
respectively (Shi et al., 2020b). Reduced expression of retinal vVPDGFRf of age (Shi et al., 2020a), earlier than the respective cerebral leakage
was closely associated with the accumulation of retinal vascular Af4g (Lahiri et al., 2019).
and A4 deposits. Intriguingly, retinal vVPDGFRf expression levels were Overall, the findings from studies on both AD patients and murine
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Fig. 11. Vascular Af4o and Af4» deposits and PDGFRf deficiency in retinas from MCI and AD patients. (A1-5) Representative images of retinal flatmounts from
NC and AD subjects stained with 12F4%-ABy, and peroxidase-based labeling. The NC retina appears clear of Ap deposits in blood vessels compared to AD (black
arrowheads). Retinal Af deposits are apparent inside blood vessels (bv, 2 and 3), as well as peri- and para-vascularly (4 and 5) in AD patients. (A6) Gallyas silver
staining in a retinal cross-section from an AD patient reveals A deposits near and surrounding a blood vessel (bv). Scale bars: 20 um. (B) Representative images of AD
brains and retinal cross-sections immunostained against AB4o (JRF/cAB40,/28) with DAB labeling and hematoxylin counterstaining in cohorts of AD, MCI, and NC
human subjects. Red arrows indicate vascular AB,o staining in the tunica media, adventitia, or intima; right bottom image is an enlargement of the area indicated by
the arrow from the lower middle image. Scale bars: 20 pm, unless otherwise indicated. (C) Schematic illustration of modified retinal microvascular network isolation
and immunofluorescence staining. After isolation from donor eyes, 7-mm-wide strips were prepared from the temporal hemiretina spanning from the ora serrata to
the optic disk. Following fixation, washing, and elastase digestion, the microvascular network is mounted onto slides without dehydration. Immunofluorescence
staining was applied on isolated retinal vascular network. (D) Representative immunofluorescence images of isolated retinal microvasculature stained for Ap4o (12F4,
red), blood vessels (lectin, green), and nuclei (DAPI, blue) in age- and sex-matched human donors with NC and AD. Arrows indicate Af4, deposits (red arrows) in
capillaries of an AD retina, a zoomed-in image (right) shows co-localization of Af4, within the retinal vascular walls (yellow spots), and retinal pericytes (green
arrow). Scale bar: 10 pm. (E) Representative immunofluorescence images of retinal cross-sections from AD patients stained for AB4o (11A50-B10, red) within vertical
(V; left) and longitudinal (L; right) blood vessels (lectin, green). Dashed geometric white shapes indicate pre-defined areas for quantitative analysis. Scale bars: 10
pm. (F) Mapping of vascular AB4 in four retinal quadrants, pre-defined C/M/F, and inner/outer retinal subregions. The intensity of the magenta color represents the
density of retinal AP, burden in each pre-defined geographic region. (G-H) Quantitative analyses of percent retinal (G) vascular AP, IR area in NC control (N = 10)
and MCI/AD groups (N = 16) and (H) vascular A4, IR area in NC control (N = 9) and MCI/AD groups (N = 14). Dotted lines display the suggested threshold
separating between the NC control and MCI/AD groups. Males in filled circles and females in clear circles. (I) Microscopic image of longitudinal vessel from MCI
retina showing vascular APy, deposition (green), often colocalized with PDGFRB™ pericytes (red, white arrows). Scale bars: 10 pm. (J) Quantitative analysis of
percent retinal PDGFRp IR area in V vessels from the four quadrants of the retina (ST, IT, IN, NS) in NC (N = 10), MCI (N = 7) and AD (N = 21) retinas. (K-L)
Pearson’s (r) correlation between percent retinal PDGFRJ IR area in sum of V and L blood vessels against (K) retinal vascular A4o in NC (N = 9), MCI (N = 5), and AD
(N = 10) retinas and (L) brain cerebral amyloid angiopathy (CAA) scores in the MCI (N = 3) and AD (N = 11) retinas. Statistics: Data from individual subjects
(circles) as well as group means + SEMs are shown. Fold changes and percent reductions are shown in red. ***P < 0.001, ****P < 0.0001, by one-way ANOVA with
Sidak’s post-hoc multiple comparison test or unpaired 2-tailed Student’s t-test. Panel A was modified from (Koronyo et al., 2017), and Panels B-L were modified from
(AShi et al., 2020b) with permission.

models indicate significant impacts on various components of the retinal arterial structure and function, ultimately impeding perivascular Af
neurovascular network due to AD-related pathological processes. These removal (Kim et al., 2020), possibly due to a compromised glymphatic
studies suggest a complex interplay between AD-associated vascular system. Reduced glymphatic flow in the ADtg mouse brain was associ-
abnormalities—such as vascular amyloidosis, capillary degeneration, ated with wide-spread astrogliosis and amyloid-related obstruction,
and diminished expression of TJs and PDGFRf—and subsequent in- potentially hindering the normal routes of glymphatic transport (Ben--
flammatory responses, glial cell activation, tauopathy, and neuro- Nejma et al., 2023). The link between an impaired glymphatic clearance
degeneration. Further investigation is needed to fully understand these system, brain Ap accumulation, and memory deficits was reinforced by
connections. Fig. 14 illustrates the key aspects of AD-related vascular other studies, underscoring the critical role of glymphatic clearance in
and BRB abnormalities observed in postmortem retinas of MCI and AD AD pathogenesis (Smith et al., 2019; Xu et al., 2015).

patients. As the role of the glymphatic clearance system in the AD brain is

increasingly explored, the ocular glymphatic system remains a relatively
new topic, and its mechanisms are not well understood. Nonetheless, a
few studies have shown its involvement in different retinal diseases,
such as glaucoma, age-related macular degeneration, uveitis, and mac-
ular edema (Petzold, 2016; Uddin and Rutar, 2022; Wostyn et al., 2016).
It is believed that the ocular and brain glymphatic fluid transport sys-
tems share similar characteristics pertaining to waste clearance. Indeed,
a recent study has elucidated a novel finding regarding the ocular
glymphatic system: the posterior segment of the eye (retina) exhibits its
own distinct lymphatic drainage pathway, anatomically integrated with
the CNS’s meningeal lymphatic network and converging at the deep
cervical lymph nodes. In particular, the lymphatics of the optic nerve
facilitate this connection, establishing a direct conduit between the
retina and the brain. Such interconnectivity facilitates synchronized
immune responses, with a mechanism for coordinated immune sur-
veillance, potentially priming the brain to respond to impending threats
(Yin et al., 2024).

The glymphatic fluid transport system comprises a CSF influx along
the periarterial space, an efflux path along the perivenous space, and a
final collection site by the dural and cervical lymphatic vessels (Wang
et al., 2020a; Wostyn et al., 2017). Recent findings by Wang et al.,
suggest that the glymphatic pathway, facilitated by astrocytic AQP4
water channels in the retina, enables the removal of metabolites and
fluid from the intraocular space, as well as the efflux of Ap tracers
through the optic nerve and meningeal lymph vessels (Wang et al.,
2020a). Radial Miiller cells spanning the retina, as well as fibrous as-
trocytes along the optic nerve, express abundant AQP4, and the
expression of AQP4 in astrocyte endfeet is diminished in AD patho-
genesis (Silva et al., 2021). Furthermore, extensive Miiller cell degen-
eration has been reported in the AD retina (Xu et al., 2022). These
studies suggest that retinal astrocytes and Miiller glia may play an

2.6. Ocular and brain glymphatic clearance of AD-related pathological
hallmarks

The clearance of solute wastes from the brain and retina is of
immense importance for normal CNS physiology. Multiple pathways
have been identified for the removal of Af, including the BBB transport,
degradation, interstitial fluid (ISF) bulk flow, and CSF absorption. In
contrast, tau is mainly cleared through intracellular degradation (Tar-
asoff-Conway et al., 2015). In AD pathogenesis, the clearance mecha-
nisms of Af and pTau are impaired, leading to abnormal deposition of Ap
and NFTs (Harrison et al., 2020; Mawuenyega et al., 2010; Zuroff et al.,
2017). The recently described glymphatic system is responsible for
waste removal from para-arterial to para-venous spaces via aquaporin-4
(AQP4) water channels in the astrocytic endfeet. This system consists of
three components: CSF influx, CSF-ISF exchange, and CSF-ISF move-
ment into the perivenous space of deep cerebral veins. Waste can then
recirculate with the CSF or be absorbed into the lymphatic system
(Nedergaard, 2013). The glymphatic system facilitates efficient clear-
ance of interstitial solutes, including Ap and pTau, from the brain
(Harrison et al., 2020; Nedergaard, 2013; Wostyn et al., 2015). This
accounts for 55-65% of extracellular Ap clearance and may also play a
role in non-endocytosed tau clearance (Tarasoff-Conway et al., 2015).

A mouse model of tauopathy suggests that dysfunctional glymphatic
system clearance can exacerbate or even induce pathological accumu-
lation of tau (Harrison et al., 2020). Additionally, AQP4 channels were
found to be a major driver of the glymphatic clearance system, allowing
for the elimination of extracellular tau from the brain to the CSF and
subsequently to deep cervical lymph nodes, resulting in tau clearance
and neuroprotection (Ishida et al., 2022). Of note, increased CAA in a
mouse model of AD was found to contribute to the deterioration of
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important role in clearing retinal waste products and maintaining
normal eye physiology.

It has been speculated that Af could be cleared from the retina via
perivascular transport, and pathological changes in AD may interfere
with glymphatic flow, leading to neurotoxicity due to Af accumulation
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(Wostyn et al., 2015). During AD pathogenesis, amyloid build-up along
the blood vessels may reduce the large, low-resistance perivascular
spaces necessary for glymphatic flux (Hughes et al., 2013), thus creating
a vicious cycle of Ap accumulation, neuronal death, and impaired
glymphatic drainage. Our group recently demonstrated increased
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Fig. 12. Arterial A4 deposition and tight junction deficits in retinas from MCI and AD patients associate with CAA severity. (A) Representative immu-
nofluorescent images of retinal cross-sections from an AD patient stained for a-smooth muscle actin (a-SMA, green), collagen IV (CollV, blue), vascular 11A50-B10*-
ABy4o (red), and nuclei (DAPI, cyan), alongside imaging of the differential interference contrast (DIC) channel. Retinal Af4o deposition is often observed within
arteriole walls. Scale bars: 20 pm. (B) Quantitative analysis of retinal vascular Ap4o immunoreactive area in retinal blood vessel types—capillaries, arterioles, and
venules—stratified by diagnostic groups: NC (N = 15), MCI (N = 8), and AD (N = 15). (C) Quantitative analysis of retinal vascular Ap4o immunoreactive area
stratified by blood vessel type within the diagnostic group in the same cohort. (D) Pearson’s (r) correlations between retinal arterial AB4o versus brain CAA scores (N
= 25). (E) Representative images of retinal cross-sections immunostained for endothelial tight junction protein, claudin-5 (red), ColIV (green), and DAPI (blue) in NC,
MCI, and AD subjects with different degrees of CAA severity scores. Scale bars: 20 ym. (F) Percent retinal endothelial claudin-5 IR area separately in capillaries and
large blood vessels from all experimental groups stratified by CAA severity scores (N = 35). (G) Pearson’s (r) correlation between claudin-5 in retinal capillaries (red)
and large blood vessels (gray) and CAA severity scores (N = 35). (H) Representative images of isolated retinal microvascular networks immunostained for endothelial
tight junction zonula occludens protein-1 (ZO-1, red) and lectin for blood vessels (green) or ZO-1 (red) and 11A50-B10" A4 (green) and DAPI (blue), in an AD
patient and in age- and sex-matched NC control. Scale bars: 20 pm. Right panels are zoomed-in images from regions surrounded by dashed lines showing increased
capillary Ap4o deposits with reduced ZO-1 expression in the AD retina. (I) Percent retinal endothelial ZO-1 IR area in capillaries of NC (N = 22), MCI (N = 10), and AD
(N = 21) retinas. (J) Pearson’s (r) correlation between retinal AB4 and ZO-1 in capillaries (N = 30). Statistics: Data from individual subjects (circles) as well as group
means + SEMs are shown. Fold changes and percent reductions are shown in red. *P < 0.05, **P < 0.01, ***P < 0.001, “P < 0.0001, by one-way ANOVA, or two-
way analysis of variance with Tukey’s post hoc multiple comparison. All panels were modified from (Shi et al., 2023) with permission.

deposition of retinal vascular and perivascular Ap in ADtg mice as well the GCL and IPL (Ferrari et al., 2017; Janez-Escalada et al., 2019), the
as in the retina of MCI and AD patients compared to cognitively normal total retina and retinal layers including the RNFL, GCL, IPL, INL, and the
subjects (Shi et al., 2020a, 2020b, 2023). Retinal Af} deposits were found outer segment layers (Janez-Escalada et al., 2019), as well as macular

in perivascular regions near pericytes, in the lumen adjacent to endo- degeneration (Polo et al., 2017) in AD patients [reviewed in (Cunha
thelial cells, inside pericytes, and within the vascular wall (tunica et al., 2016a; Doustar et al., 2017; Parisi, 2003)]. Aside from OCT,
media, tunica adventitia, and tunica intima). These findings suggest that analysis of blue-light high-resolution fundus photography in AD patients
retinal amyloid deposition around and inside blood vessels may impede also indicates thinner RNFL, higher cup-to-disc ratio, and either diffuse
ocular glymphatic drainage, resulting in aberrant amyloid accumula- optic nerve atrophy or temporal pallor, with a correlation between AD
tion. In particular, the failure of Ap clearance via the intramural Assessment Scale scores and changes in the optic nerve head (Hedges
peri-arterial drainage (IPAD) pathway in the brain is believed to be etal., 1996; Tsai et al., 1991). However, these changes are not specific to
central to the development of CAA, resulting in neuronal and homeo- AD, as they can also manifest in other ocular and neurodegenerative
static dysfunctions often associated with cognitive impairment (Kelly diseases. Additionally, they may stem from age-related axonal loss in the
et al., 2024). Regarding the retina, Shi et al., demonstrated increased optic nerve (Harwerth et al., 2008; Kim et al., 2005; Lu et al., 2010).
ApP4o deposition in the tunica media of retinal arteries compared to ve- Of note, a few studies have failed to demonstrate significant changes
nules and capillaries in patients with MCI and AD, suggesting compro- in retinal thickness among MCI or AD patients compared to healthy
mised AP clearance via the IPAD system extending to the retina (Shi controls (Jentsch et al., 2015; Shin et al., 2021). This discrepancy may
et al., 2023). Further research is warranted to explore the role of the stem from various factors, including the lack of standardization and
ocular glymphatic system in retinal amyloid accumulation and vascular harmonization of ophthalmic devices, differences in image processing
pathology, as well as its potential connections to the glymphatic system and analytical methods, small sample sizes, variations in disease stage,
in the brain. diverse study populations concerning ethnicity, sex and age, absence of
AD biomarker confirmation, and disparities in inclusion/exclusion
3. Clinical ophthalmic modalities to detect and monitor AD criteria. Moreover, the absence of consideration for other comorbidities
could significantly influence results, given that neurodegeneration oc-
The growing recognition of AD pathology in the retina has motivated curs in multiple neurological and ocular conditions, underscoring the
investigators to develop various retinal imaging modalities for AD necessity to address these factors in future studies.
diagnosis and monitoring. Experimental retinal imaging of AD-specific Nevertheless, most meta-analysis studies utilizing OCT have indi-
amyloid deposits along with microvasculature and neuronal structure cated significant structural changes in the MCI and AD retina. A meta-
imaging hold promise for large-scale screening of at-risk populations analysis of OCT studies, involving 380 AD and 68 MCI patients and
and for monitoring responses to AD therapies. Diverse ophthalmic im- 293 healthy controls, showed a marked decline in the mean RNFL
aging techniques, such as ocular fundus imaging, scanning laser thickness in all four quadrants in MCI, and to a larger extent, in AD
ophthalmoscopy, OCT, OCTA, as well as hyperspectral and multimodal patients compared to controls (Coppola et al., 2015). Thomson et al.,
imaging have been utilized to evaluate the hallmarks and other patho- systematically reviewed five OCT imaging studies including 214 MCI
logical processes of AD in the retina (summarized in Table 1). eyes and 421 healthy control eyes and showed a statistically significant

thinning of the mean RNFL in MCI compared to controls (Thomson et al.,
2015). In another meta-analysis study by den Haan and colleagues,

3.1. Imaging of retinal degeneration in AD patients which included 25 studies and involved 887 AD patients, 216 MCI pa-
tients, and 864 healthy controls, significant reductions in peripapillary

A growing number of studies using cross-sectional imaging with OCT RNFL thickness were observed among MCI and AD patients, while total

or OCTA have revealed structural abnormalities and neurodegenerative macular thickness was notably decreased in AD patients compared to
changes in the AD retina, including at stages preceding clinical disease healthy controls (den Haan et al., 2017). A subsequent meta-analysis
manifestation [(Bulut et al., 2018; Cunha et al., 2016a; Ferrari et al., study involving a human cohort comprising 1257 AD patients, 305
2017; Janez-Escalada et al., 2019; Kromer et al., 2014; Parisi et al, MCI patients, and 1460 controls observed significant differences in
2001; Polans et al., 2017; Polo et al., 2017; Rotenstreich et al., 2022; various retinal atrophy parameters, such as GC-IPL thickness, ganglion
Salobrar-Garcia et al., 2019); reviewed in (Doustar et al., 2017)]. These cell complex thickness, macular volume and thickness, peripapillary
studies have shown significant thinning of the RNFL (Asanad et al., RNFL thickness, and choroidal thickness, between AD patients and
2020; Ashraf et al., 2023; Chan et al., 2019; Chen et al., 2023; Coppola control subjects (Chan et al., 2019). However, mixed results were ob-
et al., 2015; den Haan et al., 2017; Ferrari et al., 2017; Hedges et al., tained when comparing these parameters between MCI and control

1996; Janez-Escalada et al., 2019; Kim et al., 2022; Kromer et al., 2014; subjects. For example, while total RNFL, macular GC-IPL, and peri-
Mejia-Vergara et al., 2020; Parisi et al., 2001; Polo et al., 2017; Salo- papillary RNFL were generally thinner in MCI patients as compared to
brar-Garcia et al., 2019), the GCL and OPL (Salobrar-Garcia et al., 2019),
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Fig. 13. Retinal vascular abnormalities in transgenic murine models of AD. (A, left) Illustration of mouse retinal flatmount isolation. (A, middle-right)
Representative images of periodic acid-Schiff (PAS)-stained, hematoxylin-counterstained isolated retinal microvasculature from 12-months (M)-old transgenic
APPswr/PS1 Ao (ADtg) mice and matched non-tg WT littermates. Acellular degenerated retinal capillaries are indicated by red arrows. Scale bars: 20 pm. (B) Number
of degenerated retinal capillaries (Degen Caps) in WT (N = 8) and ADtg (N = 8) mice by age groups of 4-, 8-, and 12- months. (C) Representative fluorescence image
of the isolated retinal microvasculature immunostained for A (4G8, red), blood vessels (lectin, green), and nuclei (DAPI, blue) in an 8-month-old ADtg mouse. Af
signals were observed in retinal vessel walls and vascular cells. (D) Vascular 4G8" Ap IR area in WT (N = 6) versus ADtg (N = 6) mice. (E) A representative image of
isolated retinal microvasculature network from an 8-month-old ADtg mouse immunostained for Ap4o (11A50-B10, magenta), blood vessels (lectin, green), and nuclei
(DAPI, blue). Scale bar: 20 pm. (F) Representative fluorescent images of a retinal cross-section immunolabelled for blood vessels (CD31, blue), fibrillar Af with
thioflavin-S (Thio-S, green), and Af4 (11A50-B10, red) in an 8-month-old ADtg mouse. Images show both vertical (left) and longitudinal (right) blood vessels. (G)
Representative fluorescence images of isolated retinal microvasculature immunostained for pericytes (PDGFRS, red), blood vessels (lectin, green), and nuclei (DAPI,
blue) in ADtg and WT littermate mice. Scale bars: 20 pm. (H) Quantitative analysis of the ratio between PDGFRf IR area and lectin IR area in each microscopic field
of isolated retinal microvasculature from ADtg (N = 6) versus WT (N = 6) littermate controls. (I) Pearson’s (r) correlation between degenerated retinal capillary
count and PDGFR IR area (N = 12). (J, left) Representative Western blot (WB) gel of claudin-1 levels and p-actin control in retinal protein lysates from ADtg mice
and WT littermate controls. (J, right) Densitometric analyses of WB protein bands of retinal claudin-1 normalized to p-actin control in 8- and 12-month-old ADtg (N
= 8) versus WT (N = 8) mice. (K) Pearson’s (r) correlation between degenerated retinal capillary count and the densitometric analysis of retinal claudin-1 levels as
assessed by WB. (L-M) Illustration of the procedure and live noninvasive retinal vascular imaging following i.v. injection of fluorescein dye in 12-month-old ADtg and
WT mice. (L) A Micron-III® rodent retinal microscope was used to visualize retinal blood vessels. (M) In vivo fluorescein imaging in a WT mouse shows intact retinal
microvasculature, whereas retinal imaging in an ADtg mouse shows retinal microvasculature leakage. Inset image shows the magnified view of fluorescein leakage.
(N) Representative images of retinal flatmounts obtained from a 7-month-old WT and ADtg mice that received i.v. tail injections of FITC-dextran (green) and Texas
Red-dextran (red). Quantitative analysis of (O) FITC- or (P) Texas Red-fluorescence area in each microscopic field of retinal flatmounts from WT (N = 5) versus ADtg
(N = 5) mice. Statistics: Data from individual mouse (circles) as well as group means + SEMs are shown. Fold changes and percent reductions are shown in red. *P <
0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, by two-way ANOVA with Sidak’s post-hoc multiple comparison test or unpaired two-tailed Student’s t-test. All
panels were modified from (Shi et al., 2020a) with permission.
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Fig. 14. Schematic summary of retinal vascular abnormalities in MCI and AD patients. Illustration depicting a myriad of vascular abnormalities in the retina of
MCI and AD patients, as described by a growing number of histological and in-vivo imaging studies. Retinal vascular changes observed in the AD retina include
vascular amyloidosis, predominantly accumulation of AB4o in retinal peri-vascular space and within arterial walls, tortuosity, dimeter reduction (thinning), abnormal
vascular branching complexity, enlarged foveal avascular zone (FAZ), vascular non-perfusion or decreased blood flow, pericyte degeneration, and BRB disruption
with loss of tight junction (TJ) proteins. Such changes in retinal vasculature may ultimately lead to functional impairments observed in AD patients. Green signals and

dots indicate Ap deposits in the AD retina.

controls, the differences did not reach statistical significance. Never-
theless, nasal RNFL thickness was significantly reduced in MCI patients
compared to the control group (Chan et al., 2019). A later OCT
meta-analysis study that pooled data from 17 studies comprised of 622
MCI and 1154 control subjects, reported significant RNFL thinning in
MCI patients compared to controls (Noah et al., 2020). Similarly,
another meta-analysis study including 15 reports on MCI patients and
healthy controls, found that among the patients about 60% showed
significant RNFL thinning or reduced macular volume, and 50% showed
a significant thinning of macular GCL-IPL complexes (Mejia-Vergara
et al.,, 2020). This study demonstrated substantial heterogeneity in
macular volume and RNFL thinning in these patients compared to the
control subjects.

A recent meta-analysis study involving 4802 participants with clin-
ically diagnosed patients with AD and MCI, or NC controls, revealed a
significant correlation between retinal thickness, in particularly the
RNFL thickness, and hippocampal atrophy (Chen et al., 2023). Whole
retinal thickness was significantly correlated with hippocampal volume
not only in AD dementia, but especially in MCI, despite a substantial
heterogeneity in the structural parameters and the imaging methods
among the different studies (Chen et al., 2023). Consistent with prior
findings, Ashraf et al., conducted a meta-analysis of 38 studies involving
2404 patients and reported a decrease in retinal thickness among AD
patients with confirmed brain Ap (Ashraf et al., 2023). The thinning of
the peripapillary and macular RNFL in AD patients was notably more
pronounced in the superior quadrant of the retina compared to the
inferior quadrant (Ashraf et al., 2023), notwithstanding the considerable
heterogeneity across multiple studies in this analysis. The variability in
retinal thickness among these patients, particularly in the MCI stage,
may derived from two contrasting processes: heightened gliosis and
inflammation, which can increase retinal thickness, alongside neuro-
degeneration, resulting in retinal atrophy and thinning. These intricate
pathological mechanisms call for the adoption of precise molecular
imaging markers to track AD pathology in the retina. Nevertheless,
despite the use of various commercially available OCT devices, retinal

26

thickness changes in AD patients were nearly universal. Further stan-
dardization is crucial for OCT measurements as biomarkers for moni-
toring the AD continuum.

It is important to recognize that retinal degeneration, including
RNFL thinning, does not appear to be specific to AD. RNFL thinning has
been observed in normal aging (Celebi and Mirza, 2013), and in other
diseases such as glaucoma (Lee et al., 2019; Miki et al., 2014), multiple
sclerosis (Al-Mujaini et al., 2021), stroke (Wang et al., 2014; Zhang
et al., 2020), brain atrophy (Shi et al., 2019), epilepsy (Balestrini et al.,
2016), progressive supranuclear palsy (Woo et al., 2022), as well as fi-
bromyalgia (Garcia-Martin et al., 2016b) and thalassemia (Datta et al.,
2020). Hence, for enhanced diagnostic accuracy in AD, relying solely on
a neurodegenerative structural marker like RNFL thinning seems
insufficient, further warranting confirmation with an AD-specific
biomarker, such as Ap.

3.2. Retinal amyloid imaging in AD patients

Demonstration of Ap deposits in retinal tissues from patients with AD
has transformed the field of AD retinal biomarkers. The optical acces-
sibility inherent to the eye has inspired the exploration of non-invasive
retinal imaging modalities. With their cost-effectiveness and high spatial
resolution, these techniques enable the detection of amyloid deposits in
a clinically feasible manner, thus potentially facilitating future early
diagnosis and monitoring of AD. The in vivo imaging of retinal
curcumin-labelled amyloid deposits was initially developed and
demonstrated by our group in murine models of AD (Koronyo-Hamaoui
et al.,, 2011). Subsequently, retinal amyloid imaging was feasible in
living AD patients by utilizing a modified confocal scanning laser
ophthalmoscope (cSLO) with a wide-angle view and oral administration
of highly bioavailable Longvida® curcumin (Koronyo et al., 2017).
Curcumin is a phytopolylphenol fluorophore that binds to Ap fibrils and
oligomers with high affinity and specificity (Kumaraswamy et al., 2013;
Masuda et al., 2011; Mutsuga et al., 2012; Ryu et al., 2006; Yanagisawa
etal., 2010, 2011). Importantly, we revealed a significant increase in the
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OCT/SD-OCT

OCTA

e Distinct cell layer
thickness -

eOptic nerve (ON) fiber &

corneal features

eTwo & three-dimensional

cross-sections

RNFL Thickness:

Reduced in various
quadrants & macula in
aMCI & AD dementia
-Differentiated healthy
subjects from AD
-Correlated with cognitive
performance

-Thinner RNFL linked to
increased dementia risk,
including AD

-Reduced in LBD & PD
patients

ePeripapillary RNFL Analysis:

-Most studies support its
use as a marker for
cognitive impairment or
discriminating between
cognitively normal &
impaired groups

eMacular Volume:

-Reduced macular volume
in AD

-Increased macular volume
in aMCI

-Correlated with MMSE

elnner & Outer Layer
Thickness:

-Thinner layers (GCL, INL,
IPL, ONL) in MCI & AD
-Morphological changes in
cognitively unimpaired
carriers of FAD mutations
eChoroidal Thickness:

- Reduced in MCI & AD

eTwo & three-dimensional
visualization of retinal &
choroidal microvasculature -
eBlood flow rate

eVascular/Capillary
Densities:

Reduced retinal vascular
network, superficial & deep
vascular plexus, perifoveal
capillary density, macular
vessel density in MCI & AD
Larger mid-peripheral CFZs
in cognitively unimpaired
older adults at high risk for
AD

Microvascular alterations in
MCI, a putative warning
sign for AD progression
Whole & parafoveal
superficial vascular plexus
vessel density inversely
associated with AD

FAZ enlargement in
preclinical AD & AD
dementia

eNoninvasive imaging
eEye-safe near-infrared
or visible-light

eNo contact required
eSub-surface images
eMicrometer-level depth
resolution

eRapid & accurate
imaging

eDirect visualization of
tissue morphology
eFull-depth scan in a
single exposure

eShorter acquisition time
eNoninvasive imaging
eNo dye injection
required

eQuantitative analysis of
retinal vessels vs. the
conventional
angiography
oCross-sectional vessel
structure, also of retinal
capillaries

eImaging of all retinal
vasculature layers
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eSusceptible to ocular
opacity (e.g., cataracts),
vitreous hemorrhages,
& dense cataracts

eNo visualization of
single cells

eLimited to imaging 2
mm below the surface
eLimited field of view

eLimited field of view
eMedia opacities can
lead to signal
attenuation &
shadowing artifacts
eProjection artifact
reflected by deeper
layers

eSegmentation errors
eMotion artifact &
motion sensitivity
elnsensitive to leakage
eLower axial resolution
for longer X (~1050
nm)

(Almeida et al., 2019;
Armstrong et al., 2021; Asanad
et al., 2020; Asanad et al., 2019;
Ascaso et al., 2014; Bayhan

et al., 2015; Berisha et al., 2007;
Chaitanuwong et al., 2023;
Cheung et al., 2015; Choi et al.,
2016; Chua et al., 2022;
Cipollini et al., 2020; Coppola
etal., 2015; Cunha et al., 2017a;
Cunha et al., 2017b; Cunha

et al., 2016a; Cunha et al.,
2016b; den Haan et al., 2019;
Farzinvash et al., 2022; Ferrari
et al., 2017; Galvin et al., 2021;
Gao et al., 2015b; Garcia-Martin
et al., 2016a; Garcia-Martin

et al., 2014; Gharbiya et al.,
2014; Girbardt et al., 2021; Iseri
et al., 2006; Janez-Escalada

et al., 2019; Jindahra et al.,
2020; Kesler et al., 2011; Kim
et al., 2021a; Kim et al., 2022;
Kim and Kang, 2019; Kirbas

et al., 2013; Kromer et al., 2014;
Kwon et al., 2017; La Morgia
etal., 2023; Larrosa et al., 2014;
Lian et al., 2020; Liu et al.,
2015; Lopez-de-Eguileta et al.,
2020; Lopez-de-Eguileta et al.,
2019; Lu et al., 2010; Marquie
et al., 2020; Marziani et al.,
2013; Mathew et al., 2023; Mei
et al., 2021; Moreno-Ramos

et al., 2013; Moschos et al.,
2012; Mutlu et al., 2018; Paquet
et al., 2007; Parisi et al., 2001;
Rotenstreich et al., 2022;
Salobrar-Garcia et al., 2019;
Salobrar-Garcia et al., 2015;
Sanchez et al., 2020; Sanchez
et al., 2018; Santangelo et al.,
2020; Santos et al., 2018; Sen
et al., 2020; Shao et al., 2018;
Shi et al., 2014; Sun et al., 2024;
Tao et al., 2019; Trebbastoni
etal., 2016; van de Kreeke et al.,
2019; van der Heide et al.,
2023a; van der Heide et al.,
2023b; Wang et al., 2022b;
Yoon et al., 2019; Zabel et al.,
2019a)

(Arthur et al., 2023; Biscetti

et al., 2021; Bulut et al., 2018;
Chaitanuwong et al., 2023;
Chiara et al., 2022; Cipolla

et al., 2023; Di Pippo et al.,
2023; Hu et al., 2023b; Hui

et al., 2021; Jiang et al., 2018;
Katsimpris et al., 2022; Lahme
et al., 2018; Li et al., 2021; Ma
et al., 2023; Mei et al., 2021;
Moon et al., 2023; O’Bryhim

et al., 2018; O’Bryhim et al.,
2021; Parisi et al., 2001; Polo
et al., 2017; Robbins et al.,
2021; Shin et al., 2021; Sun

et al., 2024; Wang et al., 2023a;
Wang et al., 2022c; Wu et al.,
2020; Xie et al., 2023; Zabel
etal., 2019b; Zhang et al., 2019;
Zhao et al., 2023)

(continued on next page)
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Table 1 (continued)

Imaging modalities Applications Findings Advantages Limitations References
- Vascular changes correlated
with MMSE
- Reduced macular flow
density in the superficial
retina in AD, correlated
with Fazekas scale
- Retinal vessel density
correlated with
hippocampal gray matter
volumes in cognitively
impaired patients
Doppler OCT eRetinal blood flow with eReduced global RNFL eRapid eSusceptible to ocular (Berisha et al., 2007; Leitgeb
vascular & structural thickness & arterial blood eConsistent & economic opacity et al., 2014; Szegedi et al.,
changes flow in MCI & AD eHigh spatial resolution eBackground noise 2020)
eReduced mean arterial & velocity sensitive interference
diameter in MCI & AD eReal-time imaging of eDifficult to visualize
eReduced arteriovenous tissue microcirculation vascular leakage
differences in oxygen eHyperreflective layers’
saturation in MCI & AD artifact
eReduced venous blood flow
rate & narrowing blood
column in AD
PS-OCT eEnhanced image contrast oPS-OCT enables eLabel-free & multi- eLimited to superficial “ Reviewed in (Pircher et al.,
to quantitatively measure characterization of RNFL contrast imaging locations 2011)
polarization properties thickness & structural eMay enhance contrast eSpeckle noise reduces
eUsed on translucent tissues ~ changes in the cornea & RPE for discerning, the precision for
eUsed to detect drusen in various pathological segmenting, & birefringence
segmentation in RPE conditions: AMD, glaucoma, quantifying ocular measurements
& during aging structures elncreased acquisition
eEnables detection of ocular eMicrometer scale time
fibrosis & drusen in AMD resolution eSensitive to motion
patients artifacts
PS-OCM eMature neuritic Ap plaques  eIncreased intrinsic eLabel-free eNot in vivo; applied ® (Baumann et al., 2017; Wang
imaging in brain tissues birefringent properties of Ap eNo staining is required only on postmortem et al., 2016)
based on birefringent plaques in postmortem brains tissue
properties of advanced-stage AD patients
vs. control subjects
eIncreased birefringence in
smaller vessels walls of CAA
patients vs. non-CAA ones
¢SLO/SLO eRetinal amyloid imaging: eAmyloid Deposits: eSpecific to AD pathology ~ eOral administration of ~ (Danesh-Meyer et al., 2006; den

curcumin-enhanced fluo-
rescence of AP deposit
eRetinal AF of Af deposits
eRetinal fundoscopy & SLO
of optic nerve fibers & cup-
to-disc ratio

eVascular imaging

- Detected retinal curcumin-

bound A deposits in living

patients

-Increased retinal amyloid
deposits in MCI & AD
patients

-Correlated with brain

amyloid, whole gray matter

atrophy, & hippocampal
volume loss

-Increased retinal amyloid
plaque count in patients
with MOCA score <26 &
CDR >2

-Retinal venular tortuosity,
jointly with retinal deposits

count in ST-mid-periphery
were higher in cognitively
impaired vs. cognitively
normal subjects, & corre-
lated with verbal memory
loss

-Detected retinal AF of Af
deposits in MCI due to AD
patients

-Reduced AF after IVIG
treatment

-Detected retinal amyloid

deposits in Down Syndrome

patients

#Optic Nerve Fibers:
-Reduced number of ON
fibers

eHigh spatial resolution
(pm) imaging of amyloid
deposits

eWider 60-degree field of
view

eAutomated image
processing &
quantification
eNoninvasive

ePatient friendly
eCost-effective
eLabel-free AF imaging
option

elnner retina arterial &
venular imaging
eIntegration of adaptive
optics with ¢SLO could
enable cone
photoreceptors
visualization
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bioavailable curcumin
ePre- & post-curcumin
imaging sessions
eSusceptible to imaging
artifacts (i.e., cataracts,
eye movements)
eLimited penetration to
deeper retinal layers
eRequires patient
cooperation

eAF spots may reduce
AP specificity

Haan et al., 2022; Dumitrascu
et al., 2020; Dumitrascu et al.,
2021; Itai et al., 2003; Kile

et al., 2020; Koronyo et al.,
2017; Miglior et al., 1998;

Ngolab et al., 2021; Patel et al.,

2010; Rafii et al., 2015;
Tadokoro et al., 2021b)

(continued on next page)
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Imaging modalities Applications Findings Advantages Limitations References
-3-fold greater odds ratio
for larger optic cup-to-disc
ratio in AD
rHSI eDetect the optical eDifferences in the retinal eSpecific to AD pathology  eSpectral effects may be  (Du et al., 2022; Hadoux et al.,
signature of aggregates & reflectance spectra between eRapid due to other factors 2019; Lemmens et al., 2020;
amyloid deposits by individuals with high brain Ap ~ eWell tolerated such as iron More et al., 2016, 2019; Sharafi
measuring their specific burden (PET"), MCI patients, eRepeated at short accumulation, et al., 2019)
spectral signature & brain Ap-negative (PET ) intervals inflammation
eProvides HS severity controls eNear real-time semi- elnter-subject spectral
scores for potential elncreased rHS scores in Af automated analysis of the  variability
screening of AD risk PET " vs. ABPET ™ cases; AUC  HS data cube is possible eMotion artifacts
eDetects Ap & p-tau optical = 0.82-0.87 at the time of image eLimited field of view &
signatures in retinal tissues eRetinal amyloid scores acquisition spatial resolution
correlated with brain Ap loads ~ eCan be administered at eProlonged image
in MCI with MMSE scores >22  the point-of-care acquisition time
eTexture measure differences eNo need for contrast eRequires pupil dilation
seen in AD, at the 450-550 agents
nm spectral range, the
spectral region known to be
affected by scattering from
amyloid aggregates in the
retina
eln retinal tissues of AD
patients, spectral signatures
of retinal AP4y & pS396-Tau
identified; enabling accurate
DL prediction of retinal Af4n
& pS396-Tau distribution
FLIO eMeasures fundus AF oFLIO parameters of the eNot impacted by eSusceptible to internal (Jentsch et al., 2015; Sadda

Ophthalmo-scopy/
Fundoscopy

UWF SLO

decays in various spectral
channels & determines the
mean fluorescence lifetimes
of endogenous retinal
fluorophores (i.e.,
lipofuscin, macular
pigment, retinal
carotenoids)

eMorphology:
-Retinal surface
-RNFL
-Optic disc (OD)
-Macula

eBlood vessels

eDetect blood vessels &
abnormal structures (e.g,
drusen) in the mid-& far-
periphery of the retina

second fluorescent
component o2 amplitude &
Q2 (560-700 nm) correlated
with MMSE score & CSF
pTaul8l in AD
oFLIO-derived parameter T,
correlated with CSF Af & tau
levels, & GCL-IPL thickness
(OCT) in preclinical AD
eAltered microvascular
network (larger venular-
asymmetry factor) in cogni-
tively impaired (CI) subjects
eLower vascular fractal
dimension in CI
eLower fractal dimension &
higher tortuosity of retinal
vessels in AD
eVascular parameters
correlated with neocortical
brain amyloid plaque burden
in AD
ePeripheral drusen:
-Peripheral hard drusen
formation is linked to AD
pathology
-Increased prevalence of
peripheral hard drusen
phenotype in AD
-Increased drusen number
in AD patients during 2-
year follow up - Individuals
with tAD & PCA exhibit
retinal hard drusen
-Less soft drusen in tAD &
PCA
-~3-fold increased reticular
pseudodrusen formation in
tAD
eVenular & Arteriole
structure:
-Increased venular width
gradient & decreased
arterial fractal dimension in
AD patients
-Increased vessel branching
in the midperipheral retina

emission intensity, dye
concentration, focus
drift, imaging depth, light
scattering, &
photobleaching
eStructural, metabolic, &
disease-related
alterations

eRapid

eWidely used

eSimple & painless
eEconomic

eAccurate & consistent
eArteriole & venules
features, OD geometrical
pattern, & retinal
detachment

eLarge field of view
(110°-220°), imaging
from anterior edge of
vortex vein ampulla &
beyond to pars plana,
with greater detail & in a
single shot

eLarge view of
vasculature & drusen in
peripheral regions
eShorter acquisition time
& minimal pupil dilation
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factors (fluorophore
structure) & external
factors (temperature,
polarity & fluorescence
quenchers)

eLimited field of view
eLimited disease
specificity

eLow resolution &
depth of field

eSmaller magnification
range

eNo imaging of cell
layers

eRequires patient’s
cooperation

eLash artifacts
ePeripheral distortion
(far temporal & nasal
periphery) where
peripheral lesions can
appear bigger
eSensitive to cataract
severity

eLimited depth
perception
eExpensive & limited
accessibility

et al,, 2019)

(Cabrera DeBuc et al., 2018;
Cheung et al., 2014; Frost et al.,
2013; Ong et al., 2014;
Williams et al., 2015)

(Csincsik et al., 2018, 2021;
Pead et al., 2023)

(continued on next page)
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DARC by ¢SLO

FA & ICG
angiography
fundoscopy

DVA

Retinal Oximetry

Retinal
microperimetry

ERG or PERG

eVisualization of ANX776-
labelled apoptotic retinal
neurons, mostly RGCs
eImaging of laser-induced
lesions & early AMD
angiogenesis

eVascular anatomy,
physiology, & pathology of
retina/choroidal
circulation, using a sodium
fluorescent dye
eVisualization of central &
peripheral changes in the
retina, choroid, &
vitreoretinal interface (ICG)

eDynamic behavior of
retinal vessels (vessel
oscillations)

eChanges to diameter of
retinal arteries & veins over
time

eOxygen saturation in
retinal blood vessels
eMarkers of hypoxic stress
in retinal tissue

ePsychophysical method of
examining fundus
topographic details & light
sensitivity for macular
function

eElectrical response of
neurons to light

& increased arteriolar
thinning in AD dementia
-MCI patients displayed
increased rates of arteriolar
& venular thinning, with a
trend toward decreased
vessel branching
eIncreased DARC counts in
glaucoma
eIncreased apoptotic RGCs in
3xTg AD mice following
intravitreal injection of
fluorescent-labelled annexin-
\%
eDetecting new wet-AMD
lesions
eldentification of earliest
stages of angiogenesis in vivo
in AMD
eVascular abnormalities, such
as blood flow velocity, vein
occlusion, BRB leakage, &
macular neovascularization in
ocular diseases, mainly
glaucoma & AMD
oFA: Classic or occult
choroidal neovascularization
scars in AMD
oFA: Inflammatory-related
vascular lesions are detected
in the retina of uveitis patients
eFA: Small drusen in AMD
©ICG: Increased vascular
leakage in type-1 neo-
vascularization disease
oCG: Increased retinal lipid
drusen between RPE &
choroid in AMD
eAltered arterial oscillations
in MCI & AD
- Correlated with disease
severity
eDecreased arterial dilation in
AD
eDecreased reaction
amplitude in MCI & AD
eArterial dilation & reaction
amplitude correlated with
CSF-Ap
elncreased retinal neuronal
activity or damaged feed-back
loop of neurovascular
coupling with differentiating
alterations across AD
spectrum
eElevated retinal arteriolar &
venular oxygen saturation in
MCI & moderate AD
eDecreased arteriovenous
differences in MCI

eCorrelation between retinal
sensitivity & MRI & '®FDG-
PET parameters related to
brain neurodegeneration
eRetinal sensitivity linked to
cognitive status in normal
cognition, MCI & AD

eAltered PERG parameters:

eMonitoring cell stress &
apoptosis

eQuantifiable
eSingle-cell resolution
eReal-time response to
therapy

eDetection of abnormal
circulation, vessel
structure, leakage, &
inflammatory
angiographic signs

¢ICG: longer imaging
window

eMultimodal option of
UWF fundus with FA &
ICG angiography, & OCT

eNoninvasive
eNon-contact
examination of the
function & the regulatory
mechanism of smallest
retinal vessels

eExamine vessel caliber
oOffers quantitative
assessment

eDirect, noninvasive
assessment of retinal
blood vessel oxygen
saturation

eQuick, safe, & patient-
friendly

eLow variability, & high
reproducibility

eNoninvasive

eSimple, rapid, high
sensitivity
eCost-effective

eEnables exact
correlation between
macular pathology &
functional abnormality
eObjective & quantitative
measurement of central
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elnvasive & painful

intravitreal injections
eMultiple sessions of
imaging are required

eFluorescein or ICG
dyes’ potential side
effects
eNon-quantitative
eRelatively expensive &
lengthy

eNot suitable for small
pupils or diseases with
unclear media

eLow fluorescence
signal (FA)

eVarying responses to
flickering light based on
the stimulation protocol
& on the vessel size
eDoes not provide
accurate indication of
blood flow

ePupil dilation
eSensitive to ocular
opacity

eNot applicable for
capillary oxygenation
eInfluenced by retina/
choroidal pigmentation,
vessel size & thickness,
linear blood flow
velocity, & RNFL
thickness

ePatient cooperation is
necessary, especially
since it relies on
patient’s answers on
sensibility to light

eRequires electrode
placement on cornea

¢ (Corazza et al., 2021; Cordeiro
et al., 2010; Cordeiro et al.,
2004; Cordeiro et al., 2022; Guo
et al., 2007; Normando et al.,
2015, 2020;
Schmitz-Valckenberg et al.,
2008; Yap et al., 2018)

¢ (Bravo et al., 2023; Chen et al.,
2022b; Funatsu et al., 2006;
Holomcik et al., 2023;
Laatikainen, 2004; Masaoka
etal., 2001; Mokwa et al., 2013;
Shoughy and Kozak, 2016;
Witmer et al., 2013; Yamaji

et al., 2004; Zola et al., 2023)

(Kotliar et al., 2017, 2022;
Querques et al., 2019)

(Einarsdottir et al., 2016;
Olafsdottir et al., 2018)

Ciudin et al. (2017)

(Asanad et al., 2021; Byun et al.,
2021; Cabrera DeBuc et al.,

(continued on next page)
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-Reduced amplitude &
prolonged implicit time in
both N95 & P50 waves
imply retinal dysfunction in
AD Patients
-Increased implicit time of
P50 wave & reduced
amplitudes in P50 & N95
waves in early-stage AD
patients
-Prolonged implicit time in
cognitively normal subjects
with positive brain Ap
burden
eMarked RGC dysfunction in
preclinical AD

eRecorded response in the
outer retina
(photoreceptors) & inner
retina (e.g., RGCs)

retinal function via
electrical activity
eVital clinical
applications in
unexplained vision loss
oERG changes often
occur early & precede

eEye numbing

elong testing time
(60-90 min)

eMild ocular discomfort
eInterfering factors
such as eye blinking &
movement

2018; Katz et al., 1989;
Krasodomska et al., 2010; Ngoo
et al., 2019; Parisi et al., 2001;
Sartucci et al., 2010; Sen et al.,
2020; Trick et al., 1989; Zhao
et al., 2020).

structural change

Abbreviations: Ap: amyloid-beta protein; AD: Alzheimer’s disease; AF: autofluorescence; aMCI: amnestic MCI; AMD: age-related macular degeneration; AUC: area under
the curve; BRB: blood retinal barrier; CAA: cerebral amyloid angiopathy; CDR: clinical dementia rating; CFZ: capillary-free zone; CSF: cerebrospinal fluid; cSLO:
confocal laser ophthalmoscope; DARC: detection of apoptotic retinal cells; DL: deep-learning; DVA: dynamic vessel analyzer; ERG: electroretinogram; FA: fluorescein
angiography; FAD: familial AD; FAZ: foveal avascular zone; FDG-PET: fluorodeoxyglucose-PET; FLIO: fluorescence lifetime imaging ophthalmoscopy; GCL: ganglion
cell layer; ICG: Indocyanine Green; INL: inner nuclear layer; IPL: inner plexiform layer; IVIG: intravenous immunoglobulin; LBD: Lewy body dementia; MCI: mild
cognitive impairment; MMSE: mini-mental state examination; MOCA: Montreal cognitive assessment; MRI: magnetic resonance imaging; OCM: optical coherence
microscopy; OCT: optical coherence tomography; OCTA: OCT angiography; ONL: outer nuclear layer; PCA: posterior cortical atrophy; PD: Parkinson’s disease; PERG:
pattern ERG; PET: positron emission tomography; PS-OCT: polarization sensitive OCT; pTau: hyperphosphorylated tau; RGC: retinal ganglion cell; rHSIL: retinal
hyperspectral imaging; RNFL: retinal nerve fiber layer; RPE: retinal pigment epithelium SD-OCT: spectral domain-OCT; ST: superior-temporal; tAD: typical AD; UWF-

SLO: ultra-widefield SLO.
? No study on retina of AD patients, but in AMD and glaucomatous retina.
b Study on postmortem AD brain tissue.

¢ No study in AD patients, but in other ocular disease patients and animal models of AD; A — wavelength.

retinal amyloid index in AD patients compared to age-matched healthy
controls (Koronyo et al., 2017). The feasibility of noninvasively
detecting and quantifying curcumin-bound retinal amyloid deposits in
living patients and increased retinal amyloid deposits in preclinical,
prodromal (MCI), and AD dementia patients was also reported in other
studies (Dumitrascu et al., 2020, 2021; Ngolab et al., 2021; Tadokoro
et al., 2021b). Additionally, increased curcumin-labelled retinal amy-
loid deposits, especially those in the proximal mid-periphery of the
superior-temporal retina, were correlated with hippocampal volume
loss and whole gray matter atrophy (Dumitrascu et al., 2020; Tadokoro
et al., 2021b). Together with venular tortuosity, these observations
predicted verbal memory deficit (Dumitrascu et al., 2021) (Fig. 15).
Despite at least five other studies reporting increased curcumin-
labelled amyloid deposits in the AD retina (Dumitrascu et al., 2020,
2021; Koronyo et al., 2017; Ngolab et al., 2021; Tadokoro et al., 2021b),
one study that used a variety of curcumin formulations (e.g., Longvida®,
Theracurmin® and Novasol®) was unable to show an increased retinal
amyloid burden in AD patients (den Haan et al., 2022). Nevertheless, the
results of this study by den Haan and colleagues (den Haan et al., 2022)
also demonstrated the feasibility of detecting curcumin-positive amyloid
deposits in the retina of living patients. The lack of differences between
AD patients and controls can be explained by low intensity fluorescent
signal from amyloid-bound curcumin, suboptimal image processing
methodologies with limited scanning, threshold definition, manual
counting, and/or a very low patient number used for the quantitative
retinal curcumin analysis. Notably, however, an unpublished study re-
ported initial results from 40 patients, which found increased retinal
curcumin-bound deposits in brain amyloid-PET positive MCI and AD
patients compared with brain amyloid-PET negative cognitively normal
individuals and demonstrated a significant correlation between the
amyloid burden in the retina and brain [AAIC abstract (Frost et al.,
2014)]. Overall, these pilot studies, including the unpublished report,
have indicated the feasibility of noninvasively detecting
curcumin-enhanced fluorescence of amyloid deposits in the human
retina with high spatial resolution, and most of them demonstrated
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increased amyloid deposits in the retina of AD patients. In addition,
curcumin was utilized for retinal amyloid plaque imaging in vivo in
patients with Down syndrome, further suggesting the feasibility of
curcumin-amyloid imaging in the retina (Rafii et al., 2015).

Other methods have also been applied to detect increased retinal
amyloidosis in AD patients, including HSI (Hadoux et al., 2019; Lem-
mens et al., 2020; More et al., 2019). Using cerebral PET imaging as
validation for brain amyloid positivity, retinal amyloid HSI scores were
greatly correlated with brain amyloid burden (Hadoux et al., 2019).
Intriguingly, an additional study unveiled a significant correlation be-
tween retinal blue-light AF imaging of inclusion bodies, presumed to
contain Af, and diminished IPL volume on SD-OCT. Moreover, these
retinal inclusion bodies exhibited a notable association with neocortical
amyloid burden, as quantified by florbetapir-PET imaging (Snyder et al.,
2016). In agreement with human studies, several studies in transgenic
murine models of AD demonstrated the feasibility of detecting and
quantifying in vivo retinal curcumin-labelled AP deposits, alongside
showing increased levels of retinal deposits in ADtg mice compared to
WT littermates (Chibhabha et al., 2020; Koronyo et al., 2012; Kor-
onyo-Hamaoui et al., 2011; Mei et al., 2020; Sidiqi et al., 2020; Vit et al.,
2021a). These retinal optical imaging techniques allowed for
high-resolution fluorescent detection of retinal Ap deposits and longi-
tudinal monitoring of the occurrence and clearance of these deposits
during disease progression (Barton et al., 2021; Cao et al., 2021; Chib-
habha et al., 2020; Koronyo et al., 2012, 2017; Sidiqi et al., 2020; Vit
et al., 2021a).

Currently, there are no retinal imaging tools to detect tau aggregates
in living patients; however, the development of a few fluorescent probes
to detect abnormal tau forms holds promise for future applications. For
instance, Lim and colleagues demonstrated the specific affinity of the
BODIPY-fluorescence sensor (BDtau) for PHF-Tau binding in hippo-
campal neurons in vitro and in brain sections from transgenic murine
MAPT*3%IL models of tauopathy (Lim et al., 2017). In a recent study, Li
et al. designed and synthesized a series of near infrared (NIR) probes of
hydroxyethyl cycloheptatriene-BODIPY derivatives that demonstrated
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strong binding specificity to NFTs and pTau aggregates in postmortem
brains of advanced stage AD patients (Li et al., 2023). Among them,
TNIR7-9 and TNIR7-11 showed high binding affinities toward tau ag-
gregates but not to Ap plaques, allowing for their specific visualization in
brain tissues. TNIR7-13, modified with a fluorine atom, was further able
to detect different conformational forms of tau. In mice, intravenous (i.
v.) injection of TNIR7-9 or TNIR7-11 resulted in increased in vivo
fluorescence signals in the brain, suggesting the potential of these probes
for in vivo tau imaging (Li et al., 2023). Nunez-Diaz et al., further re-
ported that a fluorescent ligand, bTVBT2, exhibits high affinity and
specificity to PHF-1 and AT8-positive tau forms but not to Ap, pTDP-43,
or IAPP (Nunez-Diaz et al., 2024). The bTVBT2 ligand was used to detect
pathological tau forms within microglia in retinal flatmounts and brain
tissues from AD patients, as well as in brains from the AppNC—F/NL=F
knock-in mouse model. There were increased levels of retinal bTVBT2 in
microglia in patients with high Ap compared with low Ap levels, and
retinal bTVBT2 in microglia significantly correlated with the Braak NFT
staging (Nunez-Diaz et al., 2024). The identification of the spectral
signature of pS396-Tau in the AD retina (Du et al., 2022) may also aid in
the future development of in vivo retinal pTau imaging.

Overall, robust methodologies for assessing amyloid and tau depo-
sition in the retina should provide clinicians with an early window into
AD pathology and disease progression. Such noninvasive, high-
resolution imaging technologies could aid in stratifying at-risk patients
who may benefit from further Ap- and/or pTau-clearing therapeutics.
Furthermore, tracking abnormal amyloid and tau burden in the retina
over time could dynamically assess the efficacy of these therapies.

3.3. Retinal vascular imaging in AD patients

Clinical studies utilizing a range of imaging techniques, such as color
fundus photography, Doppler or confocal scanning laser ophthalmos-
copy, OCTA, and dynamic vessel analysis, have demonstrated multiple
vascular abnormalities in live AD patients compared to healthy controls.
These retinal vascular changes include increases in venular caliber and
density, macular avascularization, decreases in retinal and choroidal
blood flow and vascular branching complexity, vein narrowing, as well
as increases in fractal dimension and tortuosity (Berisha et al., 2007;
Cheung et al., 2017; Chua et al., 2020; Dumitrascu et al., 2021; Feke
et al., 2015; Frost et al., 2013; Golzan et al., 2017; Liew et al., 2008;
Snyder et al., 2021; Williams et al., 2015; Wisely et al., 2022, 2024; Yoon
et al., 2019; Zhao et al., 2023). However, some of these retinal vascular
changes (e.g., vein narrowing, vascular leakage) are not specific to AD
and were reported in other ocular and neurodegenerative disorders,
including glaucoma and AMD (Lee et al., 2006; Sperduto et al., 1998;
Toulouie et al., 2022; Zola et al., 2023). Nevertheless, a growing number
of studies suggest that vascular abnormalities in the retina can predict
cognitive decline in AD patients (Baker et al., 2007; Cabrera DeBuc
et al., 2018; Cheung et al., 2014; Deal et al., 2018; Ding et al., 2008;
Wong et al., 2002).

While there is significant data demonstrating a correlation between
retinal arterial and venous caliber and cognitive deficits in subjects with
dementia (Cheung et al., 2022; Chua et al., 2020; Golzan et al., 2017;
Jiang et al., 2018; Liew et al., 2009; Luengnaruemitchai et al., 2023;
McGrory et al., 2017; Moussa et al., 2023; Wang et al., 2020b; Zhang
etal., 2019), a recent meta-analysis suggests inconsistency in the results,
perhaps due to variability in the underlying definition of AD (McGrory
et al., 2017). Nonetheless, a significant association between vascular
caliber, branching complexity, and amyloid plaque burden in the brain
has been demonstrated (McGrory et al., 2017), and a significant increase
in vessel density has been reported among asymptomatic monozygotic
twins with amyloid-positive status compared to those with non-amyloid
positive status (van de Kreeke et al., 2020). Another study successfully
distinguished cerebral Ap-positive subjects from Af-negative subjects
with 85% accuracy based on retinal vascular measures, including vessel
tortuosity and diameter assessed by hyperspectral fundus photography
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(Sharafi et al., 2019). Using multimodal imaging, Cabrera DeBuc and
colleagues also found an association between retinal geometric vascular
and functional parameters and physiological changes in the retina of
cognitively impaired individuals (Cabrera DeBuc et al., 2018). Laser
Doppler and other retinal imaging modalities demonstrate a decrease in
blood column diameter, blood velocity, capillary vessel density, and
blood flow, as well as altered vessel pulsatility and reactivity that is
more significant in subjects with a clinical diagnosis of AD (Berisha
etal., 2007; Feke et al., 2015; Golzan et al., 2017; Querques et al., 2019).
The reported changes in retinal vascular caliber and geometry suggest
that there may be concomitant changes in blood flow in AD patients.

The development of OCTA technology has enabled multi-
dimensional visualization of vascular abnormalities in various retinal
layers, including microaneurysms, retinal vascular non-perfusion, neo-
vascularization, and reduced capillary density (Kashani et al., 2017).
The significant potential of this technology’s utility has recently led to a
surge of investigations exploring retinal biomarkers in AD [reviewed in
(Ibrahim et al., 2023; Lopez-Cuenca et al., 2021; Snyder et al., 2021)].
An early case-control study revealed a substantial decrease in retinal
vascular density, attenuated retinal and choroidal thickness, and
enlarged FAZ area in AD patients compared to healthy controls (Bulut
et al., 2018). Additionally, Jiang et al., identified lower densities in the
retinal vascular network, superficial vascular plexus, and deep vascular
plexus in patients with MCI and AD dementia (Jiang et al., 2018).
Importantly, in a well-characterized cohort of cerebral amyloid-positive
AD patients, perifoveal capillary density on OCTA was significantly
lower in the AD cohort, correlating with worsened Fazekas score and
increased cerebrovascular lesions in AD patients (Lahme et al., 2018).
Similarly, another study reported an enlarged FAZ area and decreased
foveal thickness in PET amyloid and/or CSF-confirmed AD patients at
the early preclinical stages (O’Bryhim et al., 2018). O’Bryhim and col-
leagues also found that biomarker-positive preclinical AD subjects
continued to exhibit an enlarged FAZ area in a 3-year longitudinal
follow-up study (O’Bryhim et al., 2021). A recent report also revealed
enlarged retinal mid-peripheral capillary free zones as assessed by OCTA
in cognitively unimpaired older adults who are at high risk for AD
(Arthur et al.,, 2023). To date, case-control OCTA studies appear
consistent in demonstrating retinal vascular loss and increased FAZ area
in AD patients, but differ in identifying the exact vascular areas affected,
namely, the superficial versus deep vessels, or parafoveal versus peri-
foveal vessels (Czako et al., 2020; Lahme et al., 2018; Lee et al., 2020a;
Rifai et al., 2021; Wu et al., 2020; Yoon et al., 2019; Zabel et al., 2019b;
Zhang et al., 2019).

In a meta-analysis of OCTA measurements across 14 studies, Rifai
et al., found a significant larger FAZ area and reductions in perifoveal
and whole retinal vascular densities in AD patients compared to controls
(Rifai et al., 2021). Another OCTA imaging meta-analysis study by Hui
et al., involving 8 reports with 195 MCI patients and 226 healthy con-
trols, also observed significant increase in FAZ area and substantial
decrease in vessel density among MCI patients compared to the healthy
controls (Hui et al., 2021). Similarly, Ashraf et al.,, conducted a
meta-analysis study in biomarker-confirmed AD patients across various
disease stages, using brain PET or CSF Ap levels for confirmation. They
revealed a significant increase in FAZ area on OCTA (207 subjects) and
significant reductions in arteriole and venule fractal dimensions on
fundus photography (297 subjects) in AD patients (Ashraf et al., 2023).
However, these meta-analysis studies also mentioned significant het-
erogeneity in OCTA scanning parameters and image analysis methods
across the studies (Ashraf et al., 2023; Hui et al., 2021; Rifai et al., 2021).
Hence, while these significant findings suggest that retinal vascular al-
terations are associated with AD pathology and that retinal vascular
imaging has the potential to serve as a biomarker for AD, this technique
requires further standardization and validation for clinical utility. Of
note, OCT-adaptive optics, a promising advancement in this field, offers
ultra-high-resolution imaging, including of blood vessel walls, poten-
tially enhancing data accuracy and granularity in AD retinal studies
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(Snyder et al., 2021). Further testing is warranted to validate its utility.

Vascular amyloidosis in the AD retina (Koronyo et al., 2017; Shi
et al., 2020b, 2023) raises the question of whether retinal vascular Ap
deposition is a cause or effect of BRB abnormalities. Nevertheless,
clinical studies have often indicated that retinal vascular changes can
predict cognitive decline in living AD patients (Baker et al., 2007;
Cabrera DeBuc et al., 2018; Deal et al., 2018). Future longitudinal
studies, integrating multi-modal imaging techniques like SLO,
OCT/OCTA, OCT-leakage, and fundus fluorescein angiography to assess
retinal vascular parameters (e.g., capillary density, branching, non-
perfusion, vein narrowing, aneurysms, vascular occlusion and leakage)
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together with retinal amyloid and vascular amyloid imaging, will aid in
discerning whether retinal vascular Ap deposition precedes or follows
observed BRB abnormalities, which is crucial for understanding disease
pathogenesis. This integrated approach should allow a deeper under-
standing of the interplay between retinal vascular abnormalities and
amyloid accumulation and may shed light onto the specific impact of
retinal vascular amyloidosis on cognitive and visual functions. Indeed,
further research, incorporating multi-model ophthalmic devices to
comprehensively visualize diverse parameters of vascular anatomy,
physiology, and pathology in the retina, optic disc, choroid, and RPE, is
needed to fully understand the sequence of events and the relationships
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Fig. 15. Retinal amyloid imaging in living MCI and AD patients and correlations to hippocampal atrophy and cognitive impairment. (A) An ophthalmic
imaging illustration and a representative retinal curcumin-fluorescence amyloid image in a living AD patient, following an oral Longvida® curcumin administration.
Subjects’ retinas were imaged with a modified scanning-laser ophthalmoscope (SLO) prior to (day 0, baseline image) and after curcumin intake, as previously re-
ported (Koronyo et al., 2017). Curcumin-bound amyloid deposits in AD retina are presented as yellow dots. (B, top) Color-coded spot overlay images in NC and AD
retinas. Red spots are above the threshold and considered curcumin-positive amyloid deposits, green spots exceed 1:1 reference but not the threshold, and blue spots
fall below the reference. (B, bottom) Heatmap images with red spot centroids. (C) Threshold defining increased curcumin fluorescent signal in the retina and the
calculation of retinal amyloid index (RAI) scores in an AD patient. The blue line is a 1:1 reference, and the green line represents the threshold level, determined at 500
counts and above; the red spots are above the threshold. (D) RAI scores in AD patients (N = 6) versus age-matched NC individuals (N = 5). (E) Schematic of clinical
study timeline, including neuropsychiatric evaluation, brain magnetic resonance imaging (MRI), and Retia™ SLO retinal amyloid imaging. (F) Representative
post-processed image of the retinal superior-temporal (ST) quadrant from a subject with amnestic MCI (aMCI). Yellow spots indicate curcumin-bound amyloid
deposits. (G) Predefined division of retinal ST quadrant used for quantification of retinal amyloid deposit count and area. The topographical segmentation into distal
mid-periphery (DMP), proximal mid-periphery (PMP), and posterior pole (PP), is demonstrated. ODD - optic disc diameter. (H) Retinal PMP amyloid count and area,
and (I) total intracranial volume and hippocampal volume, when patients are stratified by Montreal cognitive assessment (MOCA) score threshold of 26 (N = 18 for
MOCA >26 and 16 for MOCA <26). (J) Retinal PMP amyloid count in MCI and AD patients (N = 25) compared to NC controls (N = 8). (K) Pearson’s (r) correlation
analysis between retinal PMP amyloid count and hippocampal volume, revealed the relationship between increased retinal amyloid burden and hippocampal volume
loss (N = 26). (L) A representative curcumin fluorescent fundus image in an AD patient with a MOCA score <26, showing multiple retinal amyloid deposits (yellow
dots) within the three topographical ST subregions. Magnified image is shown. (M) Retinal vascular analysis is shown for the region of interest, with the red circle
indicating the center of the optic nerve-head, and the smallest yellow circle shows the optic nerve-head area. The two larger circles indicate the region of interest for
the peripapillary vascular analysis, which were 1.5 and 4 times the diameter of the optic disc. The branching angle and tortuosity of retinal arteries (red) and veins
(blue) within the region of interest were calculated. (N) A combined retinal PMP amyloid and venous vessel tortuosity index (VTI) in patients stratified by cognitive
status [normal (N = 11) versus impaired (N = 18)]. (O-P) Pearson’s (r) correlation analyses between combined PMP amyloid-venous VTI index and (O) verbal
memory (N = 27) or (P) cognitive-related quality-of-life SF-MCS-36 Z-scores (N = 21). Statistics: Data from individual subjects (circles) as well as group means +
SEMs (D) and means =+ SD (H-J, N) are shown. Fold change is shown in red. *P < 0.05, **P < 0.01, by two-tailed unpaired Student t-test. Panels A-D were modified
f‘rom (Koronyo et al., 2017), Panels E-L were modified from (Dumitrascu et al., 2020), and Panels M-P were modified from (Dumitrascu et al., 2021) with permission.

between the development and progression of ocular vascular abnor- (Al-Mujaini et al., 2021; Balestrini et al., 2016; Celebi and Mirza, 2013;
malities and vascular amyloidosis. Additionally, the potential imaging of Datta et al., 2020; Garcia-Martin et al., 2016b; Lee et al., 2019; Miki
retinal pericytes using adaptive optics (Schallek et al., 2013) holds et al., 2014; Shi et al., 2019; Wang et al., 2014; Woo et al., 2022; Zhang

promise for evaluating the integrity of early neurovascular unit alter- et al.,, 2020). However, these retinal structural changes may play a
ations in AD. Overall, the retinal vascular imaging methodologies, crucial role in assessing tissue degeneration processes that are pertinent
coupled with validated cognitive testing and advanced cerebral imaging to the functional deficits observed in AD. As mentioned, imaging AD
techniques, may revolutionize AD diagnosis and provide a novel means core hallmarks in the retina would likely be required for specific and
of tracking disease progression in clinical practice. more reliable early AD diagnosis. In addition, longitudinal studies in

large cohorts are obligatory to determine the capability of translating
retinal imaging modalities from bench-to-bedside, demonstrating the
feasibility of facilitating early screening and real-time tracking of AD
progression and response to therapy. As previously described in MCI or
AD patients (Dumitrascu et al., 2020, 2021; Hadoux et al., 2019; Kile
et al., 2020; Koronyo et al., 2017; Lemmens et al., 2020; More et al.,
2019; Ngolab et al., 2021; Tadokoro et al., 2021b) and animal models
(Butovsky et al., 2006; Dionisio-Santos et al., 2021; Doustar et al., 2020;
Frenkel et al., 2005; Koronyo et al., 2012; Koronyo-Hamaoui et al.,
2009, 2011; Liu et al., 2009; Parthasarathy et al., 2015; Vit et al.,
2021a), proof-of-concept longitudinal or cross-sectional noninvasive
retinal amyloid imaging has allowed for assessing specific changes (e.g.,
AP deposition) in various disease stages or in response to intervention. In
agreement with Alber and colleagues, applying harmonized analytical
methods and interpretation algorithms to the clinic for image processing
and data analysis will be vital to achieve standardized information on
AD-related retinal changes to make it useful to providers (Alber et al.,
2023). Furthermore, the potential COU for different retinal imaging
modalities would likely be beyond facilitating early and accurate diag-
nosis. Although currently speculative, we believe that noninvasive,
affordable, and sensitive retinal biomarkers will further aid in evalu-
ating the efficacy of therapeutic interventions as well as in predicting
conversions from preclinical AD to MCI and to AD dementia.

As it relates to retinal vascular parameters, the potential of retinal
vascular imaging to predict CAA status has been highlighted by several
recent reports. These studies found that retinal vascular amyloidosis and
other vascular abnormalities strongly correlated with CAA severity and
cognitive deficits in MCI and AD patients (Alber et al., 2021; Dumitrascu
et al., 2021; Shi et al., 2020b, 2021, 2023). Currently, definitive CAA
diagnosis can only be made by postmortem examination of brain tissues
and CAA assessment in living patients is severely limited. Nevertheless,
retinal imaging offers the opportunity to not only detect the A deposits
but also visualize retinal venules, arterioles, and capillaries, as well as
vascular amyloidosis and leakage with ultra-high spatial resolution. In a

3.4. Retinal imaging biomarkers in AD: challenges and future directions

A prerequisite for developing a retinal imaging biomarker is the
ability to identify the molecular processes related to AD and track these
pathological changes during disease progression. While noninvasive
ophthalmic imaging is expected to be safe and useful for future AD
detection and monitoring in clinical settings, especially in low- and
middle-income countries (LMICs), this research area is still in its early
developmental stage (Alber et al., 2023; Snyder et al., 2021). There are
some limitations and discrepancies of results from different retinal im-
aging modalities that necessitate additional replication, rigorous testing,
and validation against the gold-standard neuropathological examina-
tion. Hence, studies involving larger cohorts of confirmed AD patients
will potentially allow the transition from the biomarker discovery phase
to the biomarker validation phase (Snyder et al., 2021), with the pros-
pect of achieving higher sensitivity and accuracy. To enhance consis-
tency and coordination across ophthalmic devices and users for
screening at-risk populations and early AD detection, standardizing
retinal amyloid imaging and developing retinal tau imaging are essen-
tial. This aligns with the NIA-AA Research Framework, which defines
elevated brain amyloid-PET burden as a marker of initial-stage AD,
along with elevated amyloid and tau-PET accumulation in the medial
temporal brain as the subsequent early-stage AD markers (Jack, 2023).
Furthermore, leveraging validated retinal imaging biomarkers in AD
should aid in selective participant recruitment, enhance trial designs,
improve monitoring of disease progression and therapeutic target
engagement, and bolster outcomes by sub-stratification of individuals to
facilitate precision medicine approaches for treating AD.

Another challenge faced by several retinal imaging modalities for AD
is their lack of disease specificity. While many studies have shown
retinal cell layer atrophy, particularly RNFL thinning and narrowing of
retinal veins in AD patients, these changes are not exclusive to AD and
can also occur in other ocular or neurodegenerative conditions
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pilot study, Alber et al., found a trend level correlation between retinal
and cerebral microbleeds in CAA patients, suggesting that retinal
microbleeds may reflect degree of cerebral microbleed burden (Alber
et al., 2021). In another study, retinal venular tortuosity was shown to
discriminate between patients with normal and impaired cognition, and
the differentiation was stronger when an index combining retinal am-
yloid deposits in the superior-temporal mid-periphery and retinal peri-
papillary venular tortuosity was utilized (Dumitrascu et al., 2021).
Furthermore, histopathological analyses identified a significant accu-
mulation of vascular and perivascular Ap deposits in postmortem retinas
of MCI and AD patients (Koronyo et al., 2017; La Morgia et al., 2016; Shi
et al., 2020b, 2023). In particular, retinal arteriolar Af49 burden was
linked to retinal pericyte and tight junction losses, and these retinal
vascular changes strongly correlated with CAA severity scores (Shi et al.,
2020b, 2023). Since CAA is considered a risk for developing
amyloid-related imaging abnormalities (ARIA) following the anti-Ap
monoclonal antibody therapies, future studies in larger cohorts are
warranted to determine the potential of noninvasive retinal vascular
imaging to assess ARIA risk. Overall, while retinal imaging alone is not
likely to provide a complete answer for AD detection and monitoring, we
anticipate that a comprehensive clinical, behavioral, fluid and
brain-imaging biomarkers, in combination with multi-modal retinal
imaging will allow a more specific and sensitive assessment of AD risk,
development, and progression.

To provide a balanced view of the current state of imaging tech-
nologies for examining the retina, we have compiled the advantages,
limitations, and potential COU of various retinal imaging modalities
used to visualize AD-related changes in Table 1.

4. Visual impairments in AD

Diverse neurocognitive dysfunctions, such as memory loss, disori-
entation, impaired judgment, personality changes, and emotional dis-
turbances, are common symptoms observed in AD patients. In addition
to these manifestations, visual impairment is another common sequela
of AD, affecting all parts of the visual systems in AD patients (Armstrong,
1996; Bambo et al., 2015; Begde et al., 2024; Blanks et al., 1996a; Chang
et al., 2014; Cormack et al., 2000; Engedal et al., 1989; Gaynor et al.,
2019; Goldstein et al., 2003; Hart et al., 2016; Hutton et al., 1993; Javitt
et al., 2023; Kergoat et al., 2002; Lopez-Cuenca et al., 2023; McKee
et al., 2006; Mendez et al., 1990; Namazi et al., 1989; Nissen et al., 1985;
Polo et al., 2017; Risacher et al., 2013, 2020; Sadun, 1988; Sadun et al.,
1987; Salobrar-Garcia et al., 2019; Schlotterer et al., 1984; Takemori
and Ida, 1988). The diverse neuropathological manifestations in the
visual system of AD patients include the deposition of Ap plaques in the
lens (Goldstein et al., 2003) and retina (Koronyo et al., 2017), degen-
eration of RGCs, optic nerve atrophy, and RNFL thinning (Blanks et al.,
1989, 1996a, 1996b; Carelli et al., 2017; Hinton et al., 1986; Jane-
z-Escalada et al., 2019; Kirbas et al., 2013; Kromer et al., 2014; Liu et al.,
2015; Marziani et al., 2013; Moreno-Ramos et al., 2013; Oktem et al.,
2015; Shi et al., 2014), optic disc pallor atrophy and cupping (Kiyosawa
et al., 1989; Sadun et al., 1987; Syed et al., 2005), accumulation of
lipofuscin in the LGN (Katz and Rimmer, 1989), loss of pyramidal cells in
the visual cortex (Armstrong, 1996; Hof and Morrison, 1990), and the
presence of cored senile plaques and NFTs in the visual cortex (Hof and
Morrison, 1990; McKee et al., 2006). These events are believed to
contribute to the complex visual abnormalities observed in AD (Bature
et al., 2017; Katz and Rimmer, 1989; Sadun, 1988; Sadun et al., 1987).

The common visual symptoms reported in AD patients may be linked
to dysfunctions of the lens, retina, and optic nerve, including reduced
color and contrast sensitivity (Cormack et al., 2000; Crow et al., 2003;
Gilmore and Whitehouse, 1995; Nissen et al., 1985; Risacher et al.,
2013, 2020; Sadun et al., 1987; Schlotterer et al., 1984), defective visual
field and acuity, and abnormal pupillary responses (Bassi and Sadun,
1990; Gross et al., 1989; Trick et al., 1995). In addition, approximately
20% of individuals diagnosed with AD can experience visual
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hallucinations, particularly in those with compromised vision and se-
vere cognitive impairment (Chiu et al., 2017). Abnormalities in eye
movement and fixation, such as delayed saccadic eye movements,
slowed smooth pursuit (Fletcher and Sharpe, 1988), compromised pu-
pillary reactions, defects in motion perception, altered ocular motor
function, and impaired stereopsis (Chang et al., 2014), are also reported
in AD patients. These findings may be due to a combination of optic
nerve dysfunction and degeneration of higher cortical areas, such as the
frontal eye fields, along with fixation and saccadic centers in the parietal
lobe (Fletcher and Sharpe, 1988; Sadun and Bassi, 1990).

Complex visual functions, such as reading and object/face recogni-
tion, are also impacted in AD. This plausibly results from both impaired
transmission of visual information via injured RGCs to higher cortical
centers, combined with dysfunction of higher cortical processing centers
(Armstrong, 2009). In addition, AD patients often experience reading
impairment, possibly resulting from neuropathological changes in the
occipital lobes and the left temporal region, which are specialized in the
high-level visual processing of written words (Glosser et al., 2002). An
attenuation in reading speed has been reported in AD patients, partic-
ularly at lower contrast levels (Gilmore et al., 2005). Of note, reading
latency is increased among AD patients and is more evident when
irregular words are present in text (Passafiume et al., 2000). A recent
longitudinal study with a large human cohort (N = 8623) found that
decreased complex visual processing speed is associated with dementia
risk, predicting dementia onset 9 years prior to the appearance of clin-
ical symptoms (Begde et al., 2024), suggesting a link between visual
processing and AD pathology.

A deficit in contrast sensitivity in AD patients greatly affects day-to-
day functioning and leads to an overall reduced quality of life (Crow
et al.,, 2003; Gilmore et al.,, 1994; Gilmore and Whitehouse, 1995;
Hutton et al., 1993; Sadun et al., 1987). A recent study demonstrated
significant associations between visual contrast sensitivity and
brain-regional amyloid and tau deposition among patients with MCI and
subjective cognitive decline (Risacher et al., 2020). As mentioned
earlier, abnormalities, particularly in mRGCs, can result in circadian
rhythm disturbances (Oh et al., 2019). This can have a spill-over effect,
where abnormal sleep-wake patterns lead to a “sundowning” effect that
exacerbates behavioral disturbances in these patients (Volicer et al.,
2001). Sleep disturbances in turn may also impair the amyloid and tau
clearance mechanisms (Holth et al., 2019; Ju et al., 2019; Wang and
Holtzman, 2020; Yulug et al., 2017). Indeed, AD patients exhibit sub-
stantial circadian disturbances, including reduced interdaily stability
and daytime activity, as well as rest-activity rhythm disturbances, sleep
abnormalities, sundowning, and increased intradaily variability (Car-
rero et al., 2024; Guarnieri et al., 2020; Hoogendijk et al., 1996; Kang
et al., 2021; Li et al., 2020a; Musiek et al., 2015, 2018; Niu et al., 2022;
Rigat et al., 2023; Satlin et al., 1992; Sekiguchi et al., 2017; Van Som-
eren, 1997; van Someren et al., 1996; Van Someren et al., 1997). Dis-
ruptions of normal circadian rhythms and sleep cycles have been
associated with neurodegeneration and cognitive dysfunctions in AD,
including in preclinical and early symptomatic AD patients (Ju et al.,
2013; Lucey and Holtzman, 2015; Lucey et al., 2021; Musiek and
Holtzman, 2016). In the retina of AD patients, evidence of A accumu-
lation around and inside degenerating mRGCs, a subset of ganglion cells
that engage in photoentrainment and are believed to regulate circadian
rhythms and sleep-wake cycles (La Morgia et al., 2016), may contribute
to the sleep disturbances seen in these patients.

Furthermore, AD patients are reported to have lower thresholds for
motion detection (Gilmore et al., 1994) and difficulty maintaining fix-
ation on objects (Molitor et al., 2015). They also experience impaired
semantic memory (Gaynor et al., 2019; Laatu et al., 2003), slower re-
action times (Crawford et al., 2015), and reduced stereopsis (Dai et al.,
2015; Lee et al., 2015). These visual deficits could stem from Ap accu-
mulation and associated pathological changes in the retina and
higher-order visual centers, such as the LGN and visual cortex, in these
patients (Grienberger et al., 2012; Javaid et al., 2016; Yan et al., 2017).
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Growing evidence suggests that MCI and AD patients exhibit retinal
functional impairments as assessed by pattern ERG (PERG). Numerous
studies have continuously demonstrated a significant amplitude reduc-
tion in these patients compared to age-matched controls. These re-
ductions are linked to retinal RGC dysfunction, evident even in
preclinical AD cases (Asanad et al., 2021; Katz et al., 1989; Mavilio et al.,
2020; Trick et al., 1989). Interestingly, preclinical AD patients with
normal retinal morphology by OCT showed significant retinal dysfunc-
tion on ERG analysis compared to controls (Asanad et al., 2021). Kra-
sodomska et al., found increased implicit time of the P50-wave in
early-stage AD patients compared to the controls in PERG examination,
whereas the amplitudes of P50- and N95-waves were significantly
reduced in AD patients. This could be attributed to RGC and optic nerve
dysfunction in early-stage AD patients (Krasodomska et al., 2010). Ngoo
et al., further confirmed these PERG findings of reduced P50- and
N95-waves amplitudes in AD patients (Ngoo et al., 2019). Similarly,
Parisi et al., found a significant delay in N35, P50, and N95 implicit
times, as well as a reduction in N35-P50 and P50-N95 amplitudes by
PERG analysis of AD patients (Parisi et al., 2001). Another study further
reported that the mean amplitude in the re-test PERG was significantly
lower in the AD group than in the control group, while the intrinsic
variability of the second harmonic phase was significantly higher in the
AD group than in the control group (Mavilio et al., 2020). These findings
indicate early-stage alteration of PERG in AD. Additionally, a few in-
dependent studies also revealed significant reduction of multifocal ERG
wave amplitudes with delayed implicit times in AD patients, which were
significantly correlated with the inner retinal layer thinning and poorer
disease severity scores (Byun et al., 2021; Moschos et al., 2012; Sen
et al., 2020; Strenn et al., 1991; Trick et al., 1989; Zhao et al., 2020).

Besides ERG changes, visual evoked potential (VEP) is also a critical
electrophysiological process impacted in AD patients (Crow et al., 2003;
Katz et al., 1989; Krasodomska et al., 2010; Ngoo et al., 2019; Sadun
et al., 1987; Sartucci et al., 2010; Sen et al., 2020; Stothart et al., 2015;
Zhao et al., 2020). Mounting evidence suggests a range of functional
retinal impairments in pattern VEP latency and amplitude waves in MCI
and AD patients. One study found a significant increase in the latency for
yellow-black N-wave, whereas its amplitude was reduced in AD patients
compared to the controls (Sartucci et al., 2010). Interestingly, there
were no differences in the latencies and amplitudes for red-green and
blue-yellow N-waves in AD and control groups. The abnormalities in
yellow-black N-waves VEP in AD patients suggest an impairment of the
magnocellular stream in AD patients (Sartucci et al., 2010). Similarly,
Stothart et al., found a significant reduction of P1 and N1 VEP ampli-
tudes in AD patients, whereas amnestic MCI patients showed a reduction
in N1 amplitude compared to healthy older adults. The reduction in P1
amplitude in AD patients was associated with the degree of cognitive
impairment (MMSE) (Stothart et al., 2015). Despite no difference in
amplitude, Krasodomska et al., found a significant increase in the la-
tency of the P100 wave in early-stage AD patients compared to controls
(Krasodomska et al., 2010). Taken together, the altered latencies and
amplitudes of diverse waves in pattern VEP might contribute to the vi-
sual disturbances experienced by AD patients.

AD patients may also suffer from posterior cortical atrophy (PCA), a
rare visual variant causing significant visual field loss and greater visual
impairment (Meyer and Hudock, 2018). PCA is characterized by a range
of visual symptoms, including difficulties with reading, driving, oculo-
motor apraxia, object ataxia, simultanagnosia, topographical disorien-
tation, left hemineglect, acalculia, agraphia, visual agnosia, and
prosopagnosia, ultimately leading to severe visual disability (Kaeser
etal., 2015). AD pathology may be also associated with cataracts, which
can further impair visual acuity (Jefferis et al., 2011). These clinical
studies have highlighted the impact of AD pathology on the visual sys-
tem, suggesting that visual abnormalities in elderly individuals could
serve as potential indicators of AD development. Likewise, in animal
models of AD, the pathological processes has been linked to visual im-
pairments and ERG disturbances (Chouhan et al., 2016; Georgevsky
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et al., 2019; Lim et al., 2020; O’Leary and Brown, 2009, 2022; Parnell
et al.,, 2012; Raudino, 2018; Vit et al., 2021a, b). Our group has
demonstrated color and contrast vision deficits in young and old trans-
genic murine models of AD (Fig. 16) (Vit et al., 2021a, 2021b). Further
research is essential to deepen our understanding of the precise nature of
visual impairments in AD and to elucidate their relationship with retinal
pathology.

5. Parallels in retina and brain pathophysiology of AD and
response to therapy

As discussed above, a growing number of studies have demonstrated
the critical characteristic features of AD, such as amyloidosis, tauopathy,
inflammation, vasculopathy, and neurodegeneration, manifesting in the
AD retina and comparable to those detected in the AD brain (Asanad
et al., 2019; Grimaldi et al., 2019; Hart de Ruyter et al., 2023; Koronyo
etal., 2017, 2023; Lee et al., 2020b; Shi et al., 2020b, 2023; Walkiewicz
et al., 2024; Xu et al., 2022). Table 2 summarizes the key clinical find-
ings and histopathological evidence in the retina of MCI and AD pa-
tients. In fact, common pathophysiological processes were reported in
both the retina and brain of AD patients. As it relates to Af plaques,
Koronyo and colleagues described morphological similarities between
retinal and brain deposits in AD patients (Koronyo et al., 2017), albeit
typically smaller in size than plaques found in the brain (den Haan et al.,
2018; Koronyo et al., 2017). Notably, these structural similarities were
apparent when examining retinal flatmounts and Af4o-containing ag-
gregates by TEM imaging (Cao et al., 2021; Koronyo et al., 2017, 2023;
Qiu et al., 2020).

Higher levels of BAPP and Af4o in postmortem retinal and brain
tissues of AD patients compared with age-matched healthy controls, as
measured by a sensitive biochemical assay, were also reported (Alex-
androv et al., 2011). Note that the extent of APP and A4 increases in
the AD brain was higher than that observed in the AD retina. Another
study detected increased levels of high molecular weight Ap42, AP4o, and
IAPP in the AD retina and levels were comparable to those detected in
the hippocampi of patients (Schultz et al., 2020). Two additional reports
quantified retinal Af;.42 and Af;.40 levels by ELISA and found significant
6- and 1.8-fold increases, respectively, in AD patients compared with
age- and sex-matched cognitively normal controls (Koronyo et al., 2023;
Shi et al., 2020b). Furthermore, quantification of retinal AB4 immu-
noreactive area revealed 5- and 9-fold increases in MCI and AD patients,
respectively (Koronyo et al., 2023). A rigorous study using several
biochemical methods found an average 3.8-fold increase in the total Ap
levels in brains of AD patients as compared to a group of age-matched
cognitively normal controls (Roberts et al., 2017). In this study,
cortical Afj.42 levels, as determined by ELISA, were ~4.5-fold (Tris--
buffered saline fraction) and ~3-fold (Formic acid fraction) increased in
AD patients compared to normal controls (Roberts et al., 2017). These
results are in agreement with other groups (Adlard et al., 2014; Xia et al.,
2009), and our own report detecting a 3.2-fold increase in brain Ap
plaque scores in AD patients versus NC controls (Koronyo et al., 2023).
Overall, these studies suggest a similar magnitude of Ap accumulation in
the brain and retina of AD patients compared to controls.

With regards to tau pathology, several studies have identified the
presence, elevation, and spreading of tau isoforms in retinal tissues from
AD patients (den Haan et al., 2018; Du et al., 2022; Grimaldi et al., 2019;
Hart de Ruyter et al., 2023; Nunez-Diaz et al., 2024; Schon et al., 2012;
Shi et al., 2024; Walkiewicz et al., 2024), similar to observations in the
AD brains. Comparable to the AD brain, reactive astrocytes and acti-
vated microglia were identified in the MCI and AD retinas, and they
were closely associated and surrounded Af deposits, engaging in Af
uptake (Koronyo et al., 2023; Xu et al., 2022). In addition, the degree of
retinal atrophy in MCI and AD patients was similar to that of the
respective brain atrophy in these patients (Koronyo et al., 2023), sug-
gesting comparable retinal and brain neuronal vulnerability to degen-
eration during AD progression. Importantly, parallels in proteome
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signatures, including multiple molecular and biological pathways [e.g., and brain AD pathologies. For instances, the levels of retinal A4 and
immune responses, apoptosis, necrosis, mitochondrial dysfunction, A4 correlated with corresponding hippocampal levels as well as with
oxidative phosphorylation, metabolic and chromatin dysregulation, and brain AP scores (Schultz et al., 2020). We reported significant correla-
proteostasis], were similarly dysregulated in the retina and cortex of AD tions between retinal Ap4o-immunoreactivity and plaque load with brain
patients (Fig. 17) (Koronyo et al., 2023). Ap plaques in MCI and AD patients (Koronyo et al., 2017, 2023). In
Multiple studies also reported strong associations between retinal addition, the burden of retinal pTau isoforms (Ser202/Thr205 and
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Fig. 16. Color and contrast vision impairments in young and old ADtg mice observed in the visual-stimuli X-maze test. The visual-stimuli (4-arm) X-maze
(ViS4M) behavioral apparatus was used to quantitatively evaluate color and contrast vision and cognitive function in transgenic APPswg/PS1go (AD") mice versus
WT littermates. (A) Color mode for ViS4M text is shown. (B) The spectral distribution of the LED sources for each X-maze arm, corresponds to the wavelength-
sensitive mouse M- and S-type opsins. (C) Characteristics of the light stimuli, wavelength, and full width at half maximum (FWHM), for each maze arm in the
color mode. (D) Illustration of the spontaneous mouse alternation pathways in the ViS4M test. (E) Percent alternations in the red high (RH)- and the equal (E)-light
intensity conditions in old AD" and WT mice. (F) Noninvasive in vivo retinal imaging of curcumin-positive amyloid deposits in the same AD* mouse at the age of 8.5-
and 13-month-old. Orange arrows show pre-existing plaques at the 8.5-month-old mice that persisted at 13 months of age, and green arrows identify newly formed
plaques at 13 months of age. (G) Percent alternations in E-light condition of the color mode in 8.5-, 13-, and 18-month-old AD™ versus WT mice. (H) Heatmap-coded
chord diagrams from the most frequent (orange) to the least frequent (black) bidirectional transitions, showing marked differences in arm transition patterns between
AD" and WT mice. (I) Percent time spent in each colored arm under the E-light condition in 13-month-old AD" and WT mice. (J) Chord diagrams depicting the most
frequent transitions under the E-light condition in WT (up) and AD" (down) mice at 3 different age groups. (K) Visual X maze in the contrast mode: the arms include
either black (B), gray (G), white (W), or clear (C) objects, against the white floor and black walls. The dimension of the object (e.g., black) in the arm is shown. (L)
Percent alternations under the contrast mode in 8.5-, 13-, and 18-month-old WT versus AD" mice. (M-N) Percent entries in the arm containing (M) the black object
and (N) the clear object in 8.5-month-old WT vs AD* mice. (O) Rainbow heatmap illustrating the percentage of bidirectional transitions between arms with gray and
black objects, white and clear objects, white and black objects, and gray and clear objects (shown in top panel). The color gradient bar shows the range of percent
transitions (from lowest in red to highest in purple). Mouse cohorts: 8.5-month-old WT (N = 13-16) and AD" (N = 11-12); 13-month-old WT (N = 11-15) and AD™"
(N = 11-15); and 18-month-old WT (N = 19) and AD" (N = 9). Statistics: Data from individual mouse (circles) as well as group means + SEMs are shown. *P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001, by two-way ANOVA followed by post-hoc Fisher’s least significant difference test. Panels were modified from (Vit et al.,
2021a; Vit et al., 2021b) with permission.
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Table 2

Clinical and histopathological evidence of AD pathology in the retina of MCI and AD patients.
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Retinal Pathology

Findings

References

Amyloid §-protein
(Aap)

Abnormal tau
isoforms

Neurodegeneration

Vascular
abnormalities

e Extra/intracellular Ap deposits, including classical, diffused, and
neuritic-like AB plaques in postmortem retinas of MCI and AD patients

eUltrastructure of retinal Af4» protofibrils and fibrils

eSpectral signature of AB and A, in retinas from AD patients

elncreased AP, Ao, and APy levels in retinas from AD patients

elncreased vascular Ap, especially arterial AP4p, in retinal tissues from MCI

and AD patients

elncreased intraneuronal Ap oligomers, mostly in RGCs, in retinas from MCI

and AD patients

eAp deposits inside and around degenerating mRGCs in the retinal tissue

from AD patients

elncreased retinal amyloid deposits detected by curcumin-enhanced fluo-

rescence or AF using SLO imaging in live pre-clinical, MCI, and AD patients

epTau immunoreactivity in GCL, IPL, INL, ONL, and OPL in AD patients

epTau epitopes (3R, 4R, AT8, Ser396, AT100, pTau231, MC-1, Ser396/

Ser404) in the postmortem retinas from AD patients

oNFT-like structures in the retina of AD patients

eSpectral signature of pS396-Tau in retinas from AD patients

eRGC/mRGC cell loss, thinning of RNFL, GCL, IPL, INL, ONL; RGC swelling,

dendritic arborization, macular degeneration, and retinal atrophy in AD

patients”

eThinning of the neuro-retinal tissue, especially in the temporal mid-
periphery, of MCI and AD patients

eDecreased Nissl-positive neuronal counts in postmortem retinas of AD
patients

elncreased cleaved-caspase-3 immunoreactivity in retinal tissues from AD
patients

eDecreased fractal dimensions, including column diameter, vein narrowing,
branching complexity, arteriolar and venular tortuosity, and geometric
optimality in AD patients, including early-stage cases

eReduced flow speed, venous blood flow volume, parafoveal vessel loss,
reduced peripapillary vessel density, and FAZ enlargement in live early- and
late-stage AD patients

eIncreased vascular and perivascular AB4o and Af4» deposits in postmortem
retinas of MCI and AD patients

eReduced pericyte/PDGFRS levels in MCI and AD patients

eReduced expression of endothelial TJ proteins (ZO-1 and Claudin-5) in
retinas from MCI and AD patients

eRetinal arterial AB,4o and Claudin-5 correlated with CAA

eHigher Ap4o deposition in arteries vs. veins and capillaries in retinas from
MCI and AD patients

eIncreased combined retinal PMP-amyloid count and circumpapillary VT
index in live patients with impaired cognition vs. normal cognition
elnverse correlation between retinal venous brunching angle and WAIS-IV
elnverse correlation between retinal venular tortuosity index and the verbal
memory WMS LM-II (and other cognitive parameters) in live MCI and AD
patients
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(Du et al., 2022; Grimaldi et al., 2019; Hadoux et al., 2019; Koronyo et al.,
2017, 2023; Koronyo-Hamaoui et al., 2011; La Morgia et al., 2016; Lee
et al., 2020b; More et al., 2019; Tsai et al., 2014; Walkiewicz et al., 2024)

(Alexandrov et al., 2011; Koronyo et al., 2017, 2023; Lee et al., 2020b;
Schultz et al., 2020; Shi et al., 2020b, 2023)

Koronyo et al. (2023)
La Morgia et al. (2016)

(Dumitrascu et al., 2020, 2021; Kile et al., 2020; Koronyo et al., 2017;
Ngolab et al., 2021; Tadokoro et al., 2021b)

(den Haan et al., 2018; Du et al., 2022; Grimaldi et al., 2019; Hart de Ruyter
et al., 2023; Nilson et al., 2017; Schon et al., 2012; Walkiewicz et al., 2024)

Koronyo et al. (2017)

Du et al. (2022)

(Almeida et al., 2019; Armstrong et al., 2021; Asanad et al., 2020; Asanad
et al., 2021; Asanad et al., 2019; Ascaso et al., 2014; Bambo et al., 2015;
Bayhan et al., 2015; Berisha et al., 2007; Bevan et al., 2020; Blanks et al.,
1989; Cabrera DeBuc et al., 2018; Carazo-Barrios et al., 2021;
Chaitanuwong et al., 2023; Chan et al., 2019; Chen et al., 2023; Cheung
et al., 2015; Choi et al., 2016; Cipollini et al., 2020; Coppola et al., 2015;
Cunha et al., 2017a; den Haan et al., 2019; den Haan et al., 2017;
Farzinvash et al., 2022; Ferrari et al., 2017; Galvin et al., 2021;
Garcia-Martin et al., 2016a; Garcia-Martin et al., 2023; Garcia-Martin et al.,
2014; Girbardt et al., 2021; Hedges et al., 1996; Iseri et al., 2006;
Janez-Escalada et al., 2019; Jindahra et al., 2020; Jindal, 2015; Kao et al.,
2023; Kesler et al., 2011; Kim et al., 2021a; Kim et al., 2022; Kim and Kang,
2019; Kirbas et al., 2013; Koronyo et al., 2017; Koronyo et al., 2023;
Kromer et al., 2014; Kwon et al., 2017; La Morgia et al., 2023; La Morgia
et al., 2016; Larrosa et al., 2014; Liu et al., 2015; Lopez-de-Eguileta et al.,
2019; Lu et al., 2010; Marquie et al., 2020; Marziani et al., 2013; Mathew
et al., 2023; Mei et al., 2021; Mejia-Vergara et al., 2020; Moreno-Ramos
et al., 2013; Moschos et al., 2012; Mutlu et al., 2018; Oktem et al., 2015;
Paquet et al., 2007; Parisi et al., 2001; Polo et al., 2017; Rotenstreich et al.,
2022; Sadun and Bassi, 1990; Salobrar-Garcia et al., 2019; Salobrar-Garcia
et al., 2015; Sanchez et al., 2020; Santos et al., 2018; Sen et al., 2020; Shao
et al., 2018; Shi et al., 2014; Shi et al., 2019; Tao et al., 2019; Trebbastoni
etal., 2016; Tsai et al., 1991; Un et al., 2022; van de Kreeke et al., 2019; van
der Heide et al., 2023b; Yoon et al., 2019; Zabel et al., 2019a; Zhao et al.,
2023)

Koronyo et al. (2023)

Koronyo et al. (2017)
(Grimaldi et al., 2019; Koronyo et al., 2023)

(Arthur et al., 2023; Berisha et al., 2007; Bulut et al., 2018; Cabrera DeBuc
et al., 2018; Cheung et al., 2014; Cheung et al., 2022; Chiara et al., 2022;
Chua et al., 2020; de Jong et al., 2011; de la Torre, 2002; Di Pippo et al.,
2023; Feke et al., 2015; Frost et al., 2013; Golzan et al., 2017; Hui et al.,
2021; Jiang et al., 2018; Kotliar et al., 2022; Launer, 2002; Lesage et al.,
2009; Liew et al., 2009; Mei et al., 2021; Moon et al., 2023; O’Bryhim et al.,
2018; Pead et al., 2023; Querques et al., 2019; Shin et al., 2021; van de
Kreeke et al., 2020; Wang et al., 2023a; Wang et al., 2020b; Williams et al.,
2015; Wu et al., 2020; Yeh et al., 2022; Yoon et al., 2019; Zhang et al.,
2019)

(Koronyo et al., 2017; La Morgia et al., 2016; Shi et al., 2020b, 2023)

Shi et al. (2023)

Dumitrascu et al. (2021)

(continued on next page)
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Table 2 (continued)
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Retinal Pathology Findings

References

Inflammation
patients

eIncreased macro- and microgliosis in postmortem retinas of MCI and AD

elncreased astrocyte-to-neuron ratio in retinas from AD patients
elncreased expression of microglial complement C3 and IL-1f cytokine in

retinas from AD patients

eMicroglia directly involved in Ap uptake in retinas from MCI and AD

patients

(Blanks et al., 1989, 1996a; Grimaldi et al., 2019; Koronyo et al., 2023; Xu
et al., 2022)

(Koronyo et al., 2023; Xu et al., 2022)

eReduced AP phagocytosis by microglia in retinal tissues of MCI and AD

patients

elncreased pTau uptake by microglia in retinal tissues of AD patients

Nunez-Diaz et al. (2024).

Abbreviations: AB: amyloid-beta protein; AD: Alzheimer’s disease; AF: autofluorescence; CAA; cerebral amyloid angiopathy; FAZ: foveal avascular zone; GCL: ganglion
cell layer; IL: Interleukin; INL: inner nuclear layer; IPL: inner plexiform layer; MCI: mild cognitive impairment; NFT: neurofibrillary tangle; ONL: outer nuclear layer;
OPL: outer plexiform layer; PMP: proximal mid-periphery; pTau: hyperphosphorylated tau; RGC: retinal ganglion cell; mRGC: melanopsin RGC; RNFL: retinal nerve
fiber layer; SLO: scanning laser ophthalmoscope; TJ: tight junctions; VT: venous tortuosity; WAIS-IV: Wechsler Adult Intelligence Scale IV; WMS LM-II: Wechsler

Memory Scale Logical Memory IL
 Findings from both histological and live imaging studies.

Thr217) in AD patients versus controls correlated with hippocampal and
cortical pTau (Ser202/Thr205) burden and Braak staging (Hart de
Ruyter et al., 2023). A wide range of vascular pathologies were also
commonly detected in the retina and brain of AD patients. For instance,
retinal arterial AB49 accumulation, and vascular pericyte-PDGFRp and
endothelial claudin-5 tight junction deficiencies, strongly correlated
with CAA severity in MCI and AD patients (Shi et al., 2020b, 2023).
Finally, a few imaging modalities also supported the link between retinal
and brain AD pathology. Retinal amyloid reflectance spectra on HSI in
AD patients correlated with brain amyloid-PET burden (Hadoux et al.,
2019), and retinal curcumin-amyloid counts significantly correlated
with cerebral amyloid-PET load (Ngolab et al., 2021). Taken together,
these human findings, along with numerous animal model studies
(Alexandrov et al., 2011; Chang et al., 2020; Chiasseu et al., 2017;
Doustar et al., 2020; Grimaldi et al., 2018; Habiba et al., 2020; Kor-
onyo-Hamaoui et al., 2011; Liu et al., 2009; Perez et al., 2009; Tsai et al.,
2014; Zhang et al., 2021c¢), demonstrate the connection between retinal
and brain pathology in AD.

In the realm of therapeutic approaches, several preclinical in-
vestigations and a pilot clinical trial have demonstrated beneficial out-
comes in the retina, often mirroring the effects observed in the
corresponding brain (Doustar et al., 2020; Gao et al., 2015a; He et al.,
2014; Kile et al., 2020; Koronyo et al., 2012; Koronyo-Hamaoui et al.,
2011; Liu et al., 2009; Parthasarathy et al., 2015; Yang et al., 2013). For
instance, Kile et al. demonstrated that i.v. administration of immuno-
globulin to several patients with MCI due to AD over a 2-month period
resulted in similar reductions of retinal AF-amyloid deposits and brain
amyloid-PET burden in most patients (Kile et al., 2020). Similar re-
ductions in retinal and brain pathology following therapy have been
described in murine models of AD. In one study, an immunomodulation
therapy with myelin-derived peptide (MOG45D)-loaded dendritic cells
led to significant and comparable reductions in Ap plaques in the retina
and brain of ADtg mice (Koronyo et al., 2012; Koronyo-Hamaoui et al.,
2011). Additionally, Liu and colleagues reported that amyloid-peptide
vaccination decreased Af plaques in the retina (Liu et al., 2009), a
response paralleled by a reduction in brain Af plaques (Zhou et al.,
2005). Moreover, two separate studies illustrated the feasibility of
non-invasively and longitudinally tracking the dynamics of curcumin
labelled AP plaques within the retinas of living ADtg mice, which
involved observing plaque formation with disease progression and
subsequent clearance following GA immunotherapy (Koronyo et al.,
2012; Vit et al., 2021a). Indeed, multiple studies have shown that GA
immunization leads to reduction in brain Af plaques, along with alle-
viating other pathological processes and cognitive deficits in various
transgenic AD-model mouse [(Butovsky et al., 2006, 2007; Dio-
nisio-Santos et al., 2021; Frenkel et al., 2005; Koronyo et al., 2015),
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reviewed in (Kasindi et al., 2022)].

Notably, in aged, late-stage ADtg mice, GA immunomodulation led
to similar reductions in levels of retinal and brain A4 and ABsa/AB4o
ratios, as well as a strong correlation between retina and brain Af42
levels and AD-related proteome markers, as depicted in Fig. 8F and G
(Doustar et al., 2020). Parthasarathy and colleague further reported that
Neprilysin administration reduced Ap levels in retinal tissues of 5XFAD
transgenic mice (Parthasarathy et al, 2015). Neprilysin is a
well-established Af-degrading enzyme known to promote Ap clearance
from the brain [reviewed in (Hersh and Rodgers, 2008)]. These findings
underscore the similar responses to AD therapies in both the brain and
retina and highlight the potential use of noninvasive retinal imaging for
monitoring therapeutic efficacy in patients.

Taken together, the identification of various pathological processes
in the AD brain that are similarly found in the AD retina (Fig. 18) sug-
gests common effects of AD on both the retina and brain during disease
progression and in response to therapy.

6. Is the retina an early site of Alzheimer’s pathology?

Can the retina serve as an efficient early screening target for pre-
symptomatic AD? If so, could this early detection allow clinicians to
initiate amyloid-clearing or other early therapies, potentially enhancing
their therapeutic efficacy? This approach could be an exciting avenue to
identify patients who may benefit from amyloid clearance before irre-
versible neural damage occurs.

The importance of the retina as a plausible early site for AD pa-
thology stems from its prospective application in noninvasive detection
and intervention before clinical symptoms manifest. Given that Af is one
of the earliest core biomarkers of AD (Counts et al., 2017; Zou et al.,
2020), a prerequisite for AD diagnosis (Jack, 2023), and the primary
target of AD-specific therapies (McDade et al., 2022; Sims et al., 2023;
van Dyck et al., 2023), the possibility of early retinal amyloid detection
and longitudinal monitoring holds substantial clinical promise. Clinical
trials employing Ap plaque-clearing monoclonal antibodies that bind
with high affinity to Ap aggregates have demonstrated efficacy in
slowing AD progression, particularly when initiated in early AD patients
defined as those with a clinical diagnosis of MCI or mild AD dementia
and positive for brain AD hallmarks (Gandy and Ehrlich, 2023; Reardon,
2023; Sims et al., 2023; Sperling et al., 2023; van Dyck et al., 2023).
These trials, using Aducanumab and Lecanemab (Eisai, Biogen), which
received accelerated approvals from the US regulatory agency (FDA),
alongside a positive Phase 3 trial of donanemab (Eli Lilly), underscore
the amyloid hypothesis in AD and highlight the therapeutic benefits of
clearing brain AP aggregates during the early stages of the disease
(Cummings et al., 2024; Markovic et al., 2023; Pang et al., 2024; Sims
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et al., 2023). Notably, Lecanemab, targeting soluble Af protofibrils and
plaques, effectively cleared brain Ap and slowed global clinical decline
by 27% as compared to placebo in the clinical dementia rating scale sum
of boxes [CDR-SB] after 18 months of i.v. infusions every other week in
early AD patients, with global CDR scores of 0.5-1 (Boxer and Sperling,
2023; Cummings et al., 2024; van Dyck et al., 2023). Aducanumab,
targeting oligomeric Ap and fibrillar aggregates, modestly slowed clin-
ical decline of CDR-SB scores by 18% in MCI or mild-AD dementia pa-
tients after 76 weeks of monthly i.v. infusions of escalating dosages
(Budd Haeberlein et al., 2022; Dhillon, 2021). A larger reduction in
cerebral Ap burden was associated with greater clinical benefits (Budd
Haeberlein et al., 2022). Donanemab, targeting insoluble Af plaques and
pyroglutamated AP, significantly slowed clinical progression by 29%
(combined population CDR-SB) and by 40% in early AD patients with
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low/medium tau levels after i.v. administration every 4 weeks for up to
72 weeks (Boxer and Sperling, 2023; Sims et al., 2023). Hence, timely
detection of AD is critical, and the potential for facilitating early
screening via high-resolution retinal A imaging holds promise for
enhancing anti-Ap drug efficacy and proactive preclinical disease
management.

The possibility that the retina is an early site for AD pathology is
supported by several studies in animal models of AD. In the double-
transgenic APPgwg/PS1 g9 mouse model of AD, we found that Ap pla-
ques in the retina preceded those detected in the respective brain of
these mice (Koronyo-Hamaoui et al., 2011). Ap plaques in the retina
were detected as early as 2.5 months of age, whereas the first detectable
Ap plaques in the brain were observed at the 4-5 months of age (Gar-
cia-Alloza et al., 2006; Koronyo-Hamaoui et al., 2011). Another
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Fig. 17. Proteome landscape of the AD retina and brain. (A) Heatmaps display the proteomics profiling with detectable protein hierarchies as identified by mass
spectrometry analysis on protein homogenates from temporal hemiretinas (N = 6 AD, N = 6 NC) and temporal (T.) cortices (N = 10 AD, N = 8 NC) of AD patients
versus NC controls. The differentially expressed proteins (DEPs) and fold changes (FC) are presented for upregulated (pink) and downregulated (green) DEPs. (B)
Volcano plots of top 20 up- or downregulated DEPs organized by FC (lowest P values highlighted in bold) in retinas and T. cortices from AD versus NC subjects (DEPs
marked by red circles). (C) Common retinal and cortical upregulated and downregulated DEPs in AD patients versus NC controls. (D) Ingenuity pathway analysis of
top upregulated and downregulated biological functions in AD versus NC retinas based on Z-scores. (E-I) DAVID biological classification analysis displays major
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et al., 2023) with permission.
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independent study found AP plaques in the retina of 3-month-old
APPgwg/PS1 g9 mice, whereas brain Ap plaques were not detected at
this age (Habiba et al., 2021), reaffirming our previous study on early Ap
deposits in the retina in this mouse model of AD. Additionally, APP23
ADtg mice showed Af plaque deposition around photoreceptors in the
retina earlier (at 9 months) than in the brain (12 months), which was
accompanied by early onset photoreceptor degeneration (Zhang et al.,
2021b). Another study using HSI revealed the presence of retinal Ap in
APP/PS1 mice at the age of 4 months in the retina but only after 8
months in the brain, further suggesting early pathologic changes in the
retina (More and Vince, 2015). Furthermore, early
neurodegeneration-inducing tau accumulation in the retina was
observed as early as three months of age in triple ADtg mice, prior to the
onset of any behavioral deficits, and preceded tau accumulation in the
brain (Chiasseu et al., 2017). Color and contrast vision impairments on
the Visual-Stimuli X-maze were detected in APPsyg/PS1g9 ADtg mice
versus WT littermate mice as early as 8.5 months of age, prior to the
detection of cognitive impairment as assessed by the Barnes maze test
(Vit et al., 2021a, 2021b). Consistently, another in-vivo longitudinal
study utilizing ERG analysis and OCT imaging in APP/PS1 mice at
different times (3- to 12-months of age) revealed progressive functional
and structural impairment in the inner retina (Georgevsky et al., 2019).
Importantly, the functional ERG deficits started at 3 months, earlier than
the OCT structural thinning that started at 9 months, both preceding
cognitive impairment, suggesting an early onset of retinal degeneration
in AD models. Findings from these animal studies affirm that the retina
is a promising target to detect early pathological changes in AD,
including amyloid deposition and tauopathy.

These findings support some of the early retinal changes described in
human studies. The specific hallmarks, Ap and tau pathologies, were
detected in postmortem retinas of patients with early-stage AD,
including MCI due to AD and mild AD dementia (Koronyo et al., 2023;
Koronyo-Hamaoui et al., 2011; Shi et al., 2020b, 2023, 2024). In addi-
tion, several clinical studies have demonstrated significant increases in
retinal amyloid deposits in live pre-clinical AD and MCI patients
(Dumitrascu et al., 2020, 2021; Hadoux et al., 2019; More et al., 2019;
Ngolab et al., 2021). The highest sensitivity for differential retinal
amyloid-hyperspectral signature was found for MCI patients with >22
MMSE scores as compared to age-matched controls (More et al., 2019).
A trend of increased retinal amyloid was further reported by Tadokoro
and colleagues in a study with 7 MCI versus 10 NC subjects (Tadokoro
etal., 2021b), whereas the increase reached significance for AD patients.
In addition, other non-AD specific pathological findings were reported
in early symptomatic stages of AD, in MCI patients. Utilizing OCT im-
aging, including meta-analysis studies, indicated significant changes
such as thinning of the peripapillary and nasal RNFL and the GCL in MCI
patients (Chan et al., 2019; Chen et al., 2023; den Haan et al., 2017; Lu
et al.,, 2010; Paquet et al., 2007). Similarly, various vascular abnor-
malities, including reduced venous blood column diameter and enlarged
FAZ, were found in early AD patients (Berisha et al., 2007; Chua et al.,
2020; Hui et al., 2021; O’Bryhim et al., 2018; Shin et al., 2021; Snyder
et al., 2016; Wu et al., 2020; Yeh et al., 2022). OCTA imaging also
demonstrated a significant decline in parafoveal flow and vessel density
in individuals with amnesic MCI and early AD patients (Zhang et al.,
2019). These significant changes in retinal vascular function and
structure appear to be early pathological signs that may occur during the
asymptomatic or early symptomatic stages of AD (Frost et al., 2013).

Clinically, visual dysfunctions can also provide an early clue for
patients who may develop AD. Testing of object recognition and
discrimination showed significant differences between pre-MCI,
amnestic-MCI, and dementia groups versus NC controls, suggesting
that these tests can detect early visual impairments related to AD
(Gaynor et al., 2019). Object recognition impairments in early AD are
linked to semantic memory impairment, causing visual deficits and
difficulty recognizing items, people, and places (Laatu et al., 2003).
Significant visual impairments, including deficits in visual acuity,
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contrast sensitivity, and color perception, were further observed in MCI
and mild AD dementia patients (Gaynor et al., 2019; Javitt et al., 2023;
Krasodomska et al., 2010; Laatu et al., 2003; Lopez-Cuenca et al., 2023;
Risacher et al., 2013, 2020; Salobrar-Garcia et al., 2019; Stothart et al.,
2015; Ye et al., 2018; Zhao et al., 2020), suggesting early and substantial
visual abnormalities during AD progression. In a recent clinical study, an
eye-tracking test facilitated the early detection of cognitive impairment
in patients with MCI and AD (Tadokoro et al., 2021a). Another longi-
tudinal study revealed that complex visual processing speed in in-
dividuals can predict dementia risk 9 years prior to the onset of clinical
symptoms (Begde et al., 2024), suggesting early visual abnormalities in
AD pathology.

Overall, the presence of pathological hallmarks and structural ab-
normalities in the retina, alongside visual impairments in early AD pa-
tients, demonstrate the value of further studying the retina for potential
early noninvasive AD detection. It is still unclear how early and common
these retinal changes are in the broader population of AD patients and
whether they can accurately predict disease status in the brain and
cognitive decline. Additionally, future studies are required to determine
whether retinal biomarkers can be used as a screening tool in asymp-
tomatic patients who may have risk factors such as a strong family
history. Hence, it is conceivable that a future healthcare plan for
detecting AD would include periodic multimodal retinal scans. Asymp-
tomatic individuals with evidence of retinal AD pathology could be
referred for further assessments of AD biomarkers, including brain am-
yloid- and tau-PET imaging and/or fluid Ap and pTau biomarkers, to
confirm an AD diagnosis.

7. Conclusions

In our quest to enhance AD diagnostics, significant strides have been
made in identifying the pathological hallmarks of AD within the acces-
sible retina. These include the detection of abnormal forms of Ap and tau
isoforms, along with a spectrum of vascular and inflammatory abnor-
malities, and neurodegeneration. Notably, these changes can precede
the dementia diagnosis, occurring during preclinical stages or at the
onset of functional impairment (e.g., MCI), and may correlate with the
severity of cerebral AD pathology and cognitive deficits. This un-
derscores the retina’s potential as a predictive site for early AD detection
and monitoring. A summary of retinal histopathological evidence in MCI
and AD patients, alongside predicted changes during the AD continuum,
is illustrated in Fig. 19. Retinal imaging stands out for its noninvasive,
cost-effective, and high-resolution imaging capabilities, encompassing
structural, vascular, cellular, and molecular dimensions of CNS tissue.
Ophthalmic imaging technologies have advanced in capturing a range of
pathological processes, some of which are widely used in clinical prac-
tice. Advances in retinal amyloid deposit and vascular functional-
structural imaging may serve as future early indicators for individuals
at risk and provide real-time assessment of treatments targeting amy-
loid. While live imaging of retinal gliosis or tauopathy remains elusive,
this area harbors great promise for breakthrough innovation. The
comprehensive body of literature reviewed here, along with ongoing
research, emphasizes the necessity to deepen our understanding of AD
pathophysiology in the retina. Future studies are critically needed to
replicate previous findings in larger and more diverse cohorts with
confirmed AD biomarkers. These studies must utilize standardized
retinal pathology and imaging techniques to validate retinal biomarkers
for AD and determine their context of use. Collectively, these efforts
signal an emerging era where standardized retinal imaging has the po-
tential to revolutionize the diagnosis and management of AD and other
neurodegenerative diseases.
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Fig. 19. Retinal pathological processes and predicted changes during AD continuum. (A) Schematic depiction of the pathological changes identified in
different cell layers of the retina from MCI and AD patients. Ap deposition occurs throughout the retinal layers, as well as in the retinal blood vessels, pericytes, and
Miiller glia endfeet. AB deposits are identified predominantly in the inner retina as compared to the outer retina. pTau accumulation is often observed in the OPL,
along with the IPL, INL, GCL, and RNFL. Retinal neurodegeneration is detected across all retinal layers with marked ganglion cell loss, and inflammatory processes,
including reactive astrocytes and activated microglia, being abundant in the inner retina (RNFL, GCL, IPL, and INL). As disease progresses, activated microglia are
also found in the OPL. (B) Graphical illustration of the predicted changes (continues dotted lines) in retinal histopathological markers during AD progression.
Experimental histopathological data of the mean fold change (FC) values quantified in retinal tissues from MCI and AD patients versus NC controls. Retinal pa-
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retinal regions and does not include MCI patients. All other biomarkers represent retinal changes from central, mid-, and far-peripheral ST and IT subregions, in the
three diagnostic groups. The black line represents the threshold FC value of 1 relative to NC controls.
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