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Editorial on the Research Topic

Seeing Beyond the Eye: The Brain Connection

The eye is an anatomical extension of the brain where multiple parallels can be drawn between
their neurons, vasculature and immune response. Furthermore, both organs modify similarly with
disease. As such it stands to reason that multidisciplinary research that investigates both will inform
upon each other, especially in the context of neurodegenerative diseases.

A rapidly emerging area of research is the use of the eye as a window to changes occurring in
the brain. These range from reports of symptomatic alterations to vision, functional and structural
changes in brain and retina, as well as the presence of key proteinopathy hallmarks of disease. Such
findings have implications for both, the effect that neurological diseases have on vision as well as
the possibility of using ocular tests as surrogate measures for detection or monitoring of systemic
diseases. The eye is the only place in the body where both neurons and blood vessels can be directly
visualized. These attributes have led to the common clinical practice for vascular diseases such as
diabetes and hypertension, to have ocular assessment as a routine component of their management.
With the advancement of in-vivo imaging techniques, a plethora of eye tests have been developed
to reveal manifestation of systemic pathological changes in the eye. In this special issue we have
curated 22 articles (15 original articles, 5 reviews, 2 perspectives) regarding the nexus between the
eye and brain.

The increasing interest in this field is highlighted by manuscripts which review and provide
perspectives on whether different ocular assessments may reflect neurodegenerative and vascular
disease and how this may be improved in the future. This includes a systematic review on whether
retinal microvasculature metrics (fractal dimensions) are modified with neurodegenerative disease
and stroke (Lemmens et al.). They found a significant association with decreased retinal fractal
dimension metrics and cognitive impairment/dementia. Additionally, most examined studies
exhibited an association between retinal fractal dimension and acute, subacute and chronic stroke
settings but more research is needed to examine the potential for prediction (Lemmens et al.).

The potential for artificial intelligence to capitalize on the data-rich capacity of eye assessments
is highlighted by Li et al. and Guidoboni et al.. More specifically, a perspective article by Li et al.
provides a broad overview of ocular changes that can be assessed in outpatient or “office-based”
scenarios on key cognitive and psychiatric disorders. These include changes to retinal structure
and microvasculature, eye-movements and pupillary responses. In particular, they highlight the
role that artificial intelligence has already played in other medical fields and its potential in ocular
assessment of brain disease. Guidoboni et al. expands on this concept suggesting that Artificial

5
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Intelligence coupled with mechanism-driven mathematical
modeling may assist to disentangle the role that different factors
play in complex diseases. Guidoboni et al. then go on to apply
this approach to the fluid-filled interconnections between eye and
brain as an example.

The need for more discovery research in this area is
highlighted by the study by Liu et al.. In a survey of neuro-
ophthalmologists they show that specialist clinicians currently
find it challenging to differentiate whether visual symptoms arise
from higher cortical disease or eye conditions. They highlight
that better characterization of visual signs and symptoms in
neurodegenerative disease will facilitate advances in the capacity
for a clinician to treat a patient appropriately.

ALZHEIMER’S DISEASE

Alzheimer’s disease is the most common form of dementia
and yet early detection and development of new treatments
continue to be a challenge. Multiple studies within this collection
investigated the potential for using the eye as a window to
Alzheimer’s disease.

Two papers from the same group build upon interesting work
in the field investigating the presence of an Alzheimer’s disease
hallmark, amyloid-beta, in the retina (Lee et al.; Sidiqi et al.).
Lee et al. examines post-mortem retinal tissue from Alzheimer’s
disease patients (n = 15) and control eyes (n = 10). Focusing
on the retinal ganglion cell layer they characterize the regional
distribution of amyloid-beta and find higher levels in the mid-
periphery and the greatest difference between Alzheimer’s disease
and control retinas occurring in the superior and temporal retinal
quadrants. In a complementary study in rodents, they extend
previous studies by other groups showing a common herbal
supplement can fluorescently highlight retinal amyloid-beta and
find that this measure correlates with cortical amyloid beta load,
predictive of Alzheimer’s disease progression (Sidiqi et al.). These
works help to direct future in-vivo retinal amyloid-beta studies.

Animal models that recapitulate retinal and cortical amyloid-
beta deposition are useful to understand the pathology associated
with the presence of these protein deposits. Using Octodon
degus, a rodent model that naturally accumulates amyloid-beta
peptides with advancing age, Chang et al. show that synaptic
remodeling, neurotransmitter changes and microglial activation
occur in a time-course that parallels amyloid beta changes in the
retina. Interestingly, even from a young age changes in the inner
retina can be found. These inner retinal mechanistic changes are
paralleled with the findings of inner retinal structure loss and
dysfunction in a separate study by Lim et al.. Here in-vivo retinal
imaging (optical coherence tomography) and electrophysiology
measures indicate that the inner retina exhibits thinning of
retinal ganglion cell axons and dysfunction of these neurons prior
to outer retinal changes in a 5×FAD transgenic mouse model
(Lim et al.).

Also, focusing on inner retinal ganglion cells Romagnoli et al.
investigate the function of a particular-type of retinal ganglion
cell that is intrinsically photosensitive. This builds on previous
work by their group that shows melanopsin containing retinal

ganglion cells are lost or abnormal in post-mortem retinas
of Alzheimer’s disease donors. In the current study, they find
that the chromatic pupillary response (a functional measure of
melanopsin retinal ganglion cells) exhibited higher variability
in mild-moderate Alzheimer’s disease patients but were not
significantly separated from controls (n= 26/group), whereas the
rod mediated transient pupillary light response was altered. They
hypothesize that this may reflect abnormalities in melanopsin
retinal ganglion cell dendrites in the early stage of the disease
before cell body manifestations.

In a proof-of-concept study that shifts ocular markers to the
anterior eye, Dehghani et al. evaluate corneal dendritic cells
in control, mild cognitive impairment and Alzheimer’s disease
patients (n = 5/group). Using laser scanning in-vivo confocal
microscopy they found morphological differences including a
larger dendritic cell field area and perimeter in patients with
mild cognitive impairment compared to controls. These findings
are consistent with an immunologically activated cell state,
echoing the retinal microglial changes found in animal models
by Chang et al.. Further studies evaluating corneal immunology
are warranted in larger populations.

The consistent themes occurring in eye and brain are
eloquently summarized by Mirzaei et al. who review the
current status in the field of retina and Alzheimer’s disease.
Of note, multiple Alzheimer’s disease pathobiological parallels
have been found including the presence of pathognomic
Alzheimer’s proteins (plaques, amyloid-beta fibrils, protofibrils,
oligomers, vascular amyloid-beta accumulation, phosphorylated
Tau) as well as accompanying inflammation, pericyte loss, and
neurodegeneration. Brighi et al. then extend our knowledge of the
current status in the field by reviewing the literature surrounding
the use of induced pluripotent stem cell-derived organoids as a
model for brain and retinal tissue in a dish. Such technology may
pave the way toward personalized medicines in the future.

VASCULAR DISEASE

Dementia is thought to be not only a neurological disease but
also a disease that has a vascular component. Indeed, cerebral
small vessel disease can lead to multiple disorders including
dementia cognitive decline and stroke. Neuroimaging features
of cerebral small vessel disease include recent small subcortical
infarcts and white matter hyper-intensities. Cao et al. found
in 40 recent small subcortical infarct patients vs. 46 controls
that optical coherence tomography angiography was reduced
in the macula area (both superficial and deep retinal capillary
plexus) and around the optic nerve head (radial peripapillary
capillary bed) which correlated with peripapillary retinal nerve
fiber layer thickness. In another study, Peng et al. assessed optical
coherence tomography angiography on 74 participants with
white matter hyper-intensities who were stroke and dementia
free at the time of assessment. They found that microvascular
density around the optic nerve (radial peripapillary capillaries)
and the deep capillary plexus at the macula were associated
with disease severity and cognitive function. These two studies
lay a foundation for use of optical coherence tomography
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angiography to evaluate vasculature in patients with cerebral
small vessel disease pending longitudinal studies with larger
sample sizes. Interestingly, in a pilot functional MRI study that
longitudinally examined patients recovering from stroke (n =

15 chronic stroke patients, n = 12 controls) Wu et al. found
that the sensorimotor network connectivity played a facilitatory
role following stroke rehabilitation. They suggested this could
be used as a rehabilitation biomarker for future development
of interventions and treatments. These studies are in alignment
with the aforementioned systematic review which indicated for
an association between retinal microvasculature integrity (fractal
dimensions) and stroke (Lemmens et al.).

Provost et al. extend previous assessment of retinal vasculature
in adults to children. They quantify retinal microvasculature
indices, including vessel diameter, fractal dimension, lacunarity
and tortuosity, from fundus photographs of 190 children. They
found that measures reflecting a denser microvascular network,
high fractal dimension and low lacunarity, were associated with
poorer behavioral and attention outcomes in children assessed
via tests from the Neurobehavioral Evaluation System battery.
This association of higher retinal fractal dimension has also
been shown in adult patients with schizophrenia and bipolar
disorder. In contrast, the aforementioned studies indicate for a
sparser retinal density with cerebral small vessel disease (Cao
et al.; Lemmens et al.; Peng et al.) associated with a cognitive
decline. Whether these differences reflect distinct mechanisms
between these diseases or a different time-course of changes
(initial upregulation with subsequent loss for instance) requires
further investigation.

Looking at vascular disease from a flipped perspective (eye
disease manifesting in the brain) Huang et al. evaluate diabetic
retinopathy patients and conduct dynamic cerebral activity
imaging (dynamic amplitude of low frequency fluctuation) as a
more sensitive measure than conventional static cerebral activity
measures. Here they find that compared with healthy controls
(n = 38) diabetic retinopathy patients (n = 34) exhibited
significantly increased variability in their dynamic cerebral
activity imaging measure in the visual cortex, cerebellum and
parahippocampal gyrus.

OTHER NEURODEGENERATIVE DISEASE

Following Alzheimer’s disease, Parkinson’s disease is the second
most common neurological disorder.

Indrieri et al. provide a comprehensive review of visual
changes and parallel molecular mechanisms in Parkinson’s
disease. Altered visual measures include reduced visual acuity,
contrast sensitivity, color vision and more complex visual
processing tasks. The retinal manifestations of dopamine, alpha-
synuclein and mitochondrial dysfunction are also reviewed.
Together these have been shown to manifest as changes in
objective assessments such as optical coherence tomography and
electroretinography, but the authors suggest that coupling these
measures with future imaging of retinal alpha-synuclein will
improve specificity.

Shen et al. characterize the retinal phenotype of neuromyelitis
optica spectrum disorder, an autoimmune inflammatory disease
of the central nervous system. More specifically, the BDNF

Val66Met genetic polymorphism was evaluated in this study
given its known links to neuronal health. In 17 neuromyelitis
optica spectrum disorder patients they found the BDNF
Val66Met was associated with more severe nerve fiber layer
damage using optical coherence tomography imaging in optic
neuritis eyes. Met carriers had thinner OCT layers that
corresponded to ganglion cells and delayed multifocal VEP in
optic neuritis eyes. In contrast no associations were found in non-
optic neuritis eyes suggesting that the gene may be associated
with optic neuritis and local damage to the optic nerve in
these patients.

Studies in animal models facilitate insight into pathobiological
changes that are occurring in disease. Tyro3 is a tyrosine kinase
receptor that is expressed in the brain and more recently has
also been shown in the retina. Blades et al. use a Tyro3 knock
out mouse model to investigate the role of Tyro3 on structure
and function of the retina. They find that Tyro3 deficiency
causes a reduction in function across the retina, including
from photoreceptor, bipolar, retinal ganglion cells. Of note,
the decrease in retinal ganglion cell function was paralleled
by in-vivo thinning of ganglion cell axons (assessed via optical
coherence tomography) and ex-vivo assays of retinal ganglion
cell health (a reduced number of retinal ganglion cells and fewer
dendrites in the ON-retinal ganglion cell layer). Further studies
are warranted to examine whether Tyro3 pathways could inform
new therapeutic approaches for ganglion cell diseases.

Duchenne muscular dystrophy is a muscular disease, but
patients also suffer from cognitive impairment and visual defects.
It is caused by problems with the cytoskeletal protein dystrophin,
Dp427 which are expressed on selected neurons including those
in the retina. By employing biochemical and immunobiological
approached this study (Persiconi et al.) shows for the first
time that Dp427 is involved in the retinal neurodevelopment
process, as reported previously for other central nervous system
neurons. Interestingly, in the retina neural alteration during
development may be compensated during growth and underlie
adult physiological dysfunctions, a role distinct to the retina. This
work in conjunction with further functional characterization
will inform our understanding of vision changes in Duchenne
muscular dystrophy.

Agadagba et al. investigate the effect of transcorneal
electrical stimulation on a retinitis degeneration mouse
model. They find that this treatment induced both local
(electrocorticogram recordings from primary visual cortex)
and global (electrocorticogram recordings from prefrontal
cortex) cortical excitation in a manner that modifies with
stimulation frequency. These findings may have implications
for retinal prostheses to treat retinal degeneration in the future.
Together these preclinical studies (Agadagba et al.; Blades
et al.; Persiconi et al.) form a foundation for our understanding
of the potential for novel interventions to treat retinal or
cortical disease.

In summary, this collection of articles brings together
some notable recent advances in the field. It shows that
brain changes are reflected in the eye and vice versa. The
challenge for the field moving forward may lie in determining
whether there are specific changes that occur in the eye
for different diseases. Together these articles indicate that
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neurological diseases may affect the anatomy and function
of the eye. Studies like these form the basis for continuing
research aiming at understanding the plethora of eye and
brain connections.
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Neuromyelitis optica spectrum disorder (NMOSD) is an autoimmune inflammatory
disease of the central nervous system (CNS). The purpose of the study was to examine
the association between the brain-derived neurotrophic factor (BDNF) Val66Met
genotype and structural and functional optic nerve damage in the eyes of NMOSD
patients. A total of 17 NMOSD subjects (34 eyes) were included in the study and
were divided into subgroups based on optic neuritis (ON) history and BDNF Val66Met
polymorphisms. The mean (range) age was 47.8 (23–78) years, and the mean (SD)
disease duration was 7.4 (2–39) years. All participants had undergone optical coherence
tomography (OCT) scans for global retinal nerve fiber layer (gRNFL) and ganglion cell-
inner plexiform layer (GCIPL) thickness and multifocal visual evoked potential (mfVEP)
test for amplitude and latency. BDNF Val66Met polymorphisms were genotyped in all
participants. OCT and mfVEP changes were compared between two genotype groups
(Met carriers vs. Val homozygotes) by using the generalised estimating equation (GEE)
models. The BDNF Val66Met polymorphism was significantly associated with more
severe nerve fiber layer damage and axonal loss in ON eyes of NMOSD subjects. Met
carriers had more significantly reduced GCIPL (P = 0.002) and gRNFL (P < 0.001)
thickness as well as more delayed mfVEP latency (P = 0.008) in ON eyes. No association
was found between Val66Met variants and non-ON (NON)-eye of the participants. These
findings suggest that the BDNF Val66Met polymorphism may be associated with optic
nerve damage caused by acute ON attacks in NMOSD patients.

Keywords: BDNF, Val66Met, optic nerve damage, NMOSD, optic neuritis

INTRODUCTION

Neuromyelitis Optica (NMO) is an idiopathic, autoimmune and inflammatory disease of the central
nervous system (CNS) that occurs in individuals of all ethnicities. NMO has long been considered
as a variant of multiple sclerosis (MS) until the detection of the serum antibodies to the astrocytic
water channel aquaporin-4 (AQP4) (Lennon et al., 2004). AQP4 antibodies are detectable in 60–
90% of the patients with NMO, but not in the serum of MS patients (Jarius and Wildemann, 2010).
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This finding together with the foveal thinning reported in
NMO patients without optic neuritis (ON) history (Oertel et al.,
2017; Yamamura and Nakashima, 2017), supports the concept
of NMO to be a predominantly serum AQP4 IgG antibody-
mediated astrocytopathy [NMO spectrum disorder (NMOSD)]
that is distinct from MS (Wingerchuk et al., 2015). Recently,
Müller glial dysfunction has been reported in the eyes of
seropositive AQP4-IgG NMOSD patients support a subclinical
retinal astrocytopathy in the disease (You et al., 2019). It has
been reported that subtype of reactive astrocytes are neurotoxic,
which may explain the severe axonal loss observed in NMOSD
(Liddelow et al., 2017). MOG-antibody-positive NMOSD has
been recently recognized as a possible new inflammatory disorder
of the CNS (Jurynczyk et al., 2017), patients with positive MOG-
IgG were thus excluded in this study.

A higher frequency of familial NMO cases was observed
in a previous study, suggested complex genetic susceptibility
in NMOSD (Matiello et al., 2010). Though several genes and
genetic variants have been evaluated as contributors to NMOSD,
the major genes that confer significant susceptibility are still
unknown (Kim et al., 2010; Wang et al., 2011; Wang et al.,
2012; Yoshimura et al., 2013; Estrada et al., 2018). Brain-derived
neurotrophic factor (BDNF) has unique roles in neuronal growth,
differentiation, distribution and survival (Poo, 2001; Gupta et al.,
2014). The genetic variation that is the focus of this study
has a single nucleotide substitution from G to A (Val66Met,
NCBI database dbSNP rs6265) in the pro-region of the BDNF
gene. The BDNF Val66Met polymorphism has been associated
with various neurodegenerative and psychiatric diseases (Notaras
et al., 2015; Shen et al., 2018b). In a recent study, carriage
of Met alleles was associated with lower rates of optic nerve
damage and was reported to be reducing the long-term open-
angle glaucoma (OAG) progression in female patients (Shen
et al., 2019). However, it remains to be elucidated whether
Val66Met is associated with neuroaxonal damage in NMOSD.
Optical coherence tomography (OCT) has been used to examine
rates of axonal damage through retinal nerve fibre layer (RNFL)
and macular thickness in NMO and MS which could help
distinguish the patterns of optic nerve damage in the two diseases
(Naismith et al., 2009; Ratchford et al., 2009). Multifocal visual
evoked potentials (mfVEPs) provide functional assessments of
axonal loss (amplitude) and demyelination (latency) in the
visual pathway (Klistorner et al., 2010). NMOSD patients were
suggested to have a more severe axonal loss in ON eyes by
more significantly reduced mfVEP amplitude compared to MS
(Shen et al., 2018a). The aim of the present study was to clarify
whether the carriage of Met allele is associated with axonal loss
and demyelination in ON and non-ON (NON) eyes of NMOSD
participants by using both structural (OCT) and functional
(mfVEP) analysis.

METHODS

Neuromyelitis optica spectrum disorder (N = 17) patients were
recruited from four tertiary neuro-ophthalmology or neurology
clinics in Sydney. The NMOSD diagnosis was made per the 2015

diagnostic criteria (Wingerchuk et al., 2015). Exclusion criteria
are: patients tested as MOG-positive, retinal, optic nerve, or
other neurologic diseases affecting the visual system, including
any other types of optic neuropathy, optic atrophy with no
known cause. Patients tested within 12 months of the acute
ON were also excluded from the study to eliminate the decline
of amplitude and prolongation of latency in mfVEP in a post-
acute stage of ON (Klistorner et al., 2010). Two participants
with visual acuities worse than hand movement were not able
to complete mfVEP testing and were excluded from mfVEP
analysis. Details on the recruitment, composition and selective
attrition are described in detail elsewhere, blood samples from all
but two participants with MOG antibodies in the previous study
were obtained (Klistorner et al., 2010). The ethnic background of
the participants is mainly Caucasian, except for one Asian subject.
All participants underwent OCT scans for RNFL and ganglion
cell-inner plexiform layer (GCIPL) thickness, multifocal VEP
testing for amplitude and latency, and MRI scans for whole-brain
(WB) lesion volume (LV) as previously reported.

The study was conducted in accordance with the Declaration
of Helsinki and approved by the Human Research Ethics
Committee of the University of Sydney (Sydney, NSW,
Australia). Written informed consent was obtained from all
study participants.

Genotyping
The genomic DNA was isolated from peripheral blood with a
commercially available DNA extraction kit (Qiagen, Hilden,
Germany). Quantification of isolated DNA was carried out
with a spectrophotometer (Thermo Scientific, Rockford,
IL, United States). The G → A nucleotide substitution,
identifying the of BDNF Val66Met polymorphism, was assayed
by polymerase chain reaction (PCR, Eppendorf, Hamburg,
Germany). The primers used in this study were as follows:
forward 5′ ACTCTGGAGAGCGTGAATGG 3′ and reverse
5′ TCCAGGGTGATGCTCAGTAGT 3′. The amplification
conditions for PCR were initiated at 95◦C for 5 min, followed
by 30 cycles comprising of denaturation at 94◦C for 1 min,
annealing at 55◦C for 30 s and extension at 72◦C for 1 min, with
a final extension step of 5 min at 72◦C. The carriage of BDNF
Val66Met polymorphism was determined by direct sequencing
(both directions, Australian Genome Research Facility, Sydney,
NSW, Australia) of genomic DNA. A detailed description of the
genotyping procedure is provided elsewhere (Shen et al., 2018b).

Statistical Analysis
Statistical analysis was performed using SPSS software version
22 (SPSS, Inc., Chicago, IL, United States). Data from both
ON eyes and NON eyes were included for the comparison
between two genotype groups using the generalised estimating
equation model (GEE). The gender was included as a cofactor,
and the age, disease duration and number of ON episodes of
all patients were included as covariates in the GEE analysis.
The correlation between OCT and mfVEP parameters were also
examined using the GEE method with adjustment of intrasubject
factors. A P-value of less than 0.05 was considered statistically
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significant, and a P-value between 0.05 and 0.1 was considered
borderline significant.

RESULTS

Demographic and clinical features of the participants included in
the study are presented in Table 1. Twenty eyes of 17 patients with
NMOSD had ON history and was included in the following GEE
analysis as ON eyes. Fourteen eyes of the patients had no previous
ON attacks and were included as NON-eyes in the statistical
analysis. The mean age of the patients was 47.8 years (range,
23–78). No significant difference was found in sex ratio, AQP4
status, age, disease duration, BCVA or T2 WB LV between two
genotype groups (Table 1).

The genotype frequencies of Val66Met among the NMOSD
cohort were 9 (52.9%) for genotype GG (Val/Val), 7 (41.2%)
for GA (Val/Met), and 1 (5.9%) for AA (Met/Met). The allele
frequency of the A allele (Met) was 26.5% in the study subjects.

The OCT and mfVEP measures were compared between
two genotype groups and are summarized in Table 2. In
ON eyes, there were significant differences between the BDNF
Val66Met polymorphism genotypes in averaged GCIPL thickness
(P = 0.002) and global retinal nerve fiber layer (gRNFL) thickness
(P < 0.001). In parallel with the OCT changes, carriage of
Met allele was also associated with significantly more prolonged
latency (P = 0.008) in ON eyes. The reduction of mfVEP
amplitude showed the borderline difference between Met and
Val genotypes (P = 0.07) in ON eyes. In NON-eyes, no
significant difference was observed in any of the parameters
mentioned above (Table 2). As there are possibilities for the
AQP4 seronegative patients to be affected by another disease
(Jarius et al., 2012), a sub-analysis was performed to validate
the differences in ON eyes and excluded the potential influence
of AQP4 serology. In AQP4 seropositive patients (16 eyes),
significant differences were observed between genotype groups
in GCIPL, gRNFL and mfVEP latency (P < 0.001, P = 0.04,

and P < 0.001, respectively). There was also a borderline
significant difference between Val/Val and Met carriers in mfVEP
latency (P = 0.1).

The correlation between GCIPL and gRNFL (P < 0.001)
was showed in Figure 1A as data visualization. In addition,
correlation analysis demonstrated strong positive correlations in
NMOSD participants with increased GCIPL (P < 0.001) and
gRNFL (P = 0.001) thickness associated with higher mfVEP
amplitude (Figure 1B). There was a significant correlation
between GCIPL and mfVEP latency (P = 0.03). A borderline
significant correlation was also observed between gRNFL and
mfVEP latency (P = 0.06).

DISCUSSION

This study suggests that BDNF Val66Met polymorphism may be
associated with more severe ON attacks in NMOSD patients.
In cross-sectional analysis, the Met carriers were found to
have significantly more reduced GCIPL and gRNFL thickness,
more diminished mfVEP amplitude (borderline significance) and
significantly more delayed mfVEP latency than Val homozygotes
in ON eyes. The genotypic effect of Val66Met on NMOSD
remains positive even with adjustment for a range of cofactors
and covariates, including sex, age, disease duration, and ON
episodes. In contrast, no association was found between
BDNF polymorphisms and changes in NON-eyes of patients.
Correlation analysis suggested positive associations between
structural and functional measurements in the NMOSD cohort.
To our knowledge, this is the first study to suggest that the
presence of Met alleles may convey higher rates of axonal damage
in ON in NMOSD. The frequency of the BDNF Val66Met
polymorphism varies among different ethnicity. In our cohort,
the Met allele frequency is 26.5%, which is close to the frequencies
previous reported in the United States (28.0%) (Parsian et al.,
2004) and Italian cohorts (29.7%) (Ventriglia et al., 2002). OCT
is an objective, simple and non-invasive method that allows

TABLE 1 | Demographic and clinical characteristics of participants.

Total (N = 17) Val/Val (N = 9) Met carriers (N = 8) P-values

Eyes, N (%) 34 18 (52.9) 16 (47.1) n.a.

ON eyes, N (%)a 20 (58.8) 10 (55.6) 10 (62.5) 0.68

NON-eyes, N (%)a 14 (41.2) 8 (44.4) 6 (37.5)

ON history, N (%) 13 (76.5) 6 (66.7) 7 (87.5) 0.31

Unilateral ON history, N (%)a 6 (35.3) 2 (22.2) 4 (50.0) 0.39

Bilateral ON history, N (%)a 7 (41.2) 4 (44.4) 3 (37.5)

Female, N (%)a 11 (64.7) 6 (66.7) 5 (62.5) 0.86

AQP4-IgG seropositive, N (%)a 13 (76.5) 6 (66.7) 7 (87.5) 0.31

Age, years, mean (range)b 47.8 (23–78) 42.8 (23–64) 53.4 (38–78) 0.14

Disease duration, years, mean (SD)b 7.4 (10.1) 10.9 (13.2) 3.5 (1.9) 0.1

BCVA, LogMAR, mean (SD)b 0.4 (0.8) 0.3 (0.8) 0.4 (0.9) 0.63

T2 WB LV, cm3, mean (SD)c 860.2 (1858.0) 926.0 (1737.7) 786.3 (2104.2) 0.91

AQP4-IgG = astrocyte water channel aquaporin-4 immunoglobulin G; BCVA = best-corrected visual acuity; WB = whole brain; LV = lesion volume. Statistics: achi-square
test; bgeneralized estimating equation; cMann–Whitney U test. Neuromyelitis optica spectrum disorder treatment: immunosuppressants (n = 13, including azathioprine,
mycophenolate, rituximab, and prednisolone), plasma exchange (n = 3), and not receiving treatment (n = 3). No parameter showed significant differences between two
genotype groups.
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TABLE 2 | Association between BDNF Val66Met polymorphism and optic nerve damage in NMOSD.

Parameters Val/Val Met carriers Difference P-values

Value 95% CI

ON eyes OCT GCIPL 62.19 59.43 2.76 0.97 to 4.55 0.002∗

gRNFL 82.23 58.84 23.39 20.54 to 26.25 <0.001∗

mfVEP Amp 137.64 68.54 69.1 −4.67 to 142.86 0.07

Lat 152.13 163.39 −11.26 −19.61 to−2.91 0.008∗

NON-eyes OCT GCIPL 78.81 75.44 3.37 −9.13 to 15.88 0.6

gRNFL 98.98 95.2 3.78 −22.72 to 30.28 0.78

mfVEP Amp 171.45 184.71 −13.26 −46.57 to 20.06 0.44

Lat 148.91 149.87 −0.96 −7.32 to 5.40 0.77

ON = optic neuritis; OCT = optic coherence tomography; GCIPL = ganglion cell-inner plexiform layer; gRNFL = global retinal nerve fiber layer; mfVEP = multifocal visual
evoked potential; NON = non-optic neuritis, n.s. = not significant. GEE models were applied assuming additive effect for the minor allele variant (Met carriers), adjusted
for sex, age, disease duration, and ON episodes. Statistical significance was defined as P < 0.05 an asterisk (∗).

FIGURE 1 | Data visualization showing correlation analysis of (A) ganglion cell-inner plexiform layer (GCIPL) and global retinal nerve fiber layer (gRNFL) and (B)
gRNFL and multifocal visual evoked potential (mfVEP) in neuromyelitis optica spectrum disorders (NMOSD).

in vivo measurement of the thickness of retinal nerve fibers. It
has been reported that the actual RNFL thickness measured from
histologic sections would be 4–12% larger than the corresponding
OCT measurements of nerve fibers (Toth et al., 1997). Previous
studies demonstrated that ON in NMO is associated with thinner
RNFL, GCIPL, and mfVEP amplitude compared to MS (Naismith
et al., 2009; Shen et al., 2018a). The mfVEP amplitude and latency
were suggested to be highly correlated with RNFL thickness
(Parisi et al., 1999; Trip et al., 2005; Klistorner et al., 2008).

The age distribution was suggested to influence the AQP4
autoimmunity where females aged 65 years above were more
likely to be seropositive than other age groups, and the detection
rate of AQP4-IgG rise exponentially in females after 50 years old
(Quek et al., 2012). A recent study has also established that the
gray matter atrophy and RNFL thinning were correlated with
longer disease duration in NMOSD (von Glehn et al., 2014).
There were no significant differences between two genotype
groups in gender, age or disease duration in this study, and
though all these parameters have been included and adjusted for
as either cofactors or covariate, the results remained significant in
ON eye analysis. It has been reported that BDNF is transported
anterogradely and retrogradely, and BDNF secretion has a
selective effect on the survival and maintenance of lesioned optic

nerve axons (Weibel et al., 1995; Fawcett et al., 1998). As the
carriage of BDNF Val66Met polymorphism has been associated
with reduced activity-dependent secretion of BDNF (Egan et al.,
2003), the more severe axonal loss in ON eyes may be explained
by less availability of BDNF within the retina and along the
higher visual pathway.

The results of the present study demonstrated a potential
negative effect BDNF Val66Met polymorphism has on ON
damage in NMOSD, which contrasts with the previous glaucoma
study where the Met alleles exhibited protective effects on OAG
progression in a gender-specific way (Shen et al., 2019). The
opposite effect may suggest different mechanisms in the axonal
loss in glaucoma and NMOSD. The precursor form of BDNF
(pro-BDNF) was suggested to increase cell apoptosis, while in
contrast, mature BDNF (mBDNF) enhances cell survival (Lu
et al., 2005). In neurons, pro-BDNF is generally converted to
mBDNF by proteases such as tissue plasminogen activator (tPA),
and cerebral tPA expression was reported to decrease with
age in an animal model (Cacquevel et al., 2007). Thus, higher
levels of BDNF secretion in Val/Val may not increase neuronal
function unless there are enough cleavage molecules to convert
BDNF from the precursor form to mature form. The mean
age was approximately 70 for the participants in the glaucoma
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study, and only 47 in our NMOSD cohort, the significant age
difference between the cohorts may contribute to differentiated
tPA levels and opposite effects of Val66Met on RGC survival.
In addition, it is well established that in glaucoma, elevated
intraocular pressure is the main cause of RGC apoptosis and
optic nerve head degeneration via several mechanisms (Kuehn
et al., 2005), while in NMOSD, inflammation of the optic nerve
and spinal cord were usually dominating the disease and causing
axonal damage. It has been reported that BDNF has protective
effects against ischemic insult by modulating local inflammation
in the brain in an animal model (Jiang et al., 2011). The Met
allele may interact differently with acute optic nerve damage in
inflammation and progressive glaucomatous optic neuropathy;
however, future studies are warranted to investigate further the
cellular mechanisms of the contrast effects BDNF Val66Met have
in two diseases.

There are several potential limitations to the current study.
First, the sample size of NMOSD is relatively small due to the
rarity of the disease in the Caucasian population. However, the
genotype distribution was favorable with both eyes included
in the analysis, which significantly increased the sample size
and met the minimum requirement for desired statistical
power. The P-values were especially small for both gRNFL
and GCIPL thickness (Table 1), which were likely representing
true differences between the two genotype groups. Second, the
investigation was in the absence of a healthy control group.
This study is also limited by the cross-sectional study design,
future longitudinal study with larger sample size is necessary
to validate the reproducibility of the results, especially a cohort
with only AQP4 seropositive subjects to exclude the possibility
of seronegative patients influenced by another disease. In
addition, future research could also focus on the BDNF Val66Met
polymorphism’s effect on ON in other neuroinflammatory
diseases such as MS.

CONCLUSION

Our study demonstrated significant associations between carriage
of BDNF Met allele and more severe axonal damage in ON eyes

in NMOSD patients. The difference was not found in NON-
eyes of participants indicating the effect of BDNF Val66Met
on RGC axonal loss in NMOSD is specifically related to acute
inflammatory ON attacks.
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Introduction: Ocular manifestations in several neurological pathologies accentuate

the strong relationship between the eye and the brain. Retinal alterations in particular

can serve as surrogates for cerebral changes. Offering a “window to the brain,” the

transparent eye enables non-invasive imaging of these changes in retinal structure

and vasculature. Fractal dimension (FD) reflects the overall complexity of the retinal

vasculature. Changes in FD could reflect subtle changes in the cerebral vasculature

that correspond to preclinical stages of neurodegenerative diseases. In this review, the

potential of this retinal vessel metric to serve as a biomarker in neurodegeneration and

stroke will be explored.

Methods: A literature search was conducted, following the PRISMA Statement 2009

criteria, in four large bibliographic databases (Pubmed, Embase, Web Of Science and

Cochrane Library) up to 12 October 2019. Articles have been included based upon their

relevance. Wherever possible, level of evidence (LOE) has been assessed by means of

the Oxford Centre for Evidence-based Medicine Level of Evidence classification.

Results: Twenty-one studies were included for qualitative synthesis. We performed a

narrative synthesis and produced summary tables of findings of included papers because

methodological heterogeneity precluded a meta-analysis. A significant association was

found between decreased FD and neurodegenerative disease, mainly addressing

cognitive impairment (CI) and dementia. In acute, subacute as well as chronic settings,

decreased FD seems to be associated with stroke. Differences in FD between subtypes

of ischemic stroke remain unclear.

Conclusions: This review provides a summary of the scientific literature

regarding the association between retinal FD and neurodegenerative disease and

stroke. Central pathology is associated with a decreased FD, as a measure of

microvascular network complexity. As retinal FD reflects the global integrity of

the cerebral microvasculature, it is an attractive parameter to explore. Despite

obvious concerns, mainly due to a lack of methodological standardization, retinal FD
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remains a promising non-invasive and low-cost diagnostic biomarker for

neurodegenerative and cerebrovascular disease. Before FD can be implemented in

clinic as a diagnostic biomarker, the research community should strive for uniformization

and standardization.

Keywords: fractal dimension, retina, brain, neurodegeneration, cognitive impairment, Alzheimer’s disease, stroke,

cerebral small vessel disease

INTRODUCTION

Rationale
The retina and optic nerve are outgrowths of the embryonic
diencephalon and therefore share anatomic similarities, and
functional and immunological characteristics with the brain
(London et al., 2013; De Groef and Cordeiro, 2018). Hence,
the retina can be approached as an integral part of the central

Abbreviations: Ab+, beta-amyloid positive; Ab–, beta-amyloid negative; AD,

Alzheimer’s disease; ADCI, Alzheimer’s disease cognitive impairment; AFa/v,

arteriolar/venular asymmetry factor; AIBL, Australian Imaging, Biomarkers

and Lifestyle; aMCI, amnestic mild cognitive impairment; AMT, Abbreviated

Mental Test; AVR, artery-vein ratio; BAa/v, arteriolar/venular branching angle;

BCa/v, arteriolar/venular branching coefficient; BCFDt, total box counting fractal

dimension; BMES, Blue Mountains Eye Study; BSTDa/v, zone B standard

deviation of arteriolar/venular width; CA, case; CADASIL, cerebral autosomal

dominant arteriopathy with subcortical infarcts and leukoencephalopathy;

CI, cognitive impairment; CIND, cognitive impairment no dementia; CMB,

cerebral microbleeds; CO, control; CRAE, central retinal arteriolar equivalent;

CRVE, central retinal venular equivalent; CSVD, cerebral small vessel disease;

CT, computed tomography; cTORTa/v, curvature arteriolar/venular tortuosity;

DD, disc diameter; DSM-IV, Diagnostic and Statistical Manual of Mental

Disorders IV; DVP, deep vascular plexus; EDIS, Epidemiology of Dementia in

Singapore; FD, fractal dimension; FDCt, total Higuchi’s fractal dimension in

circumferential direction; FDt/a/v, total/arteriolar/venular fractal dimension; FD0,

capacity dimension (multifractal); FD1, information dimension (multifractal);

FD2, correlation dimension (multifractal); FOV, field of view; IQ, intelligence

quotient; IRIS-Fractal, International Retinal Imaging Software-Fractal; JEa/v,

junctional exponent deviation for arterioles/venules; LBC1936, Lotharian Birth

Cohort 1936; LDRa/v, arteriolar/venular length-diameter ratio; LI, lacunar

infarction; LOE, level of evidence; M/F, male-female ratio; MCI, mild cognitive

impairment; MCRS, Multi-Centre Retinal Stroke; MMSE, Mini-Mental State

Examination; MoCA, Montreal Cognitive Assessment; MRI, magnetic resonance

imaging; MSS, Mild Stroke Study; NCI, noncognitive impairment; NIA-AA,

National Institute on Aging–Alzheimer’s Association; NINCDS-ARDRA, National

Institute of Neurological and Communicative Disorders and Stroke and the

Alzheimer’s Disease and Related Disorders Association; NS, not specified;

Num1stBa/v, number of first branching arterioles/venules; OCT-A, optical

coherence tomography angiography; OD, optic disc; PD, Parkinson’s disease;

RVN, retinal vascular network; RVP, retinal vascular parameters; SCES, Singapore

Chinese Eye Study; SD, standard deviation; SD-OCT, spectral domain optical

coherence tomography; SEED, Singapore Epidemiology of Eye Disease; SFDt,

total spectrum (or Fourier) fractal dimension; SiMES, Singapore Malay Eye

Study; SINDI, Singapore Indian Eye Study; SIVA, Singapore I Vessel Assessment;

SLO, scanning laser ophthalmoscopy; sTORTa/v, simple arteriolar/venular

tortuosity; SVaD, subcortical vascular dementia; SVCI, subcortical vascular

cognitive impairment; svMCI, subcortical vascular mild cognitive impairment;

SVP, superficial vascular plexus; T2DM, type 2 diabetes mellitus; TICSM,

Telephone Interview for Cognitive Status; TOAST, Trial of Org 10172 in Acute

Stroke Treatment; UWF, ultra-widefield; VAMPIRE, Vessel Assessment and

Measurement Platform for Images of the Retina; WGa/v, arteriolar/venular width

gradient; WHO-MONICA, World Health Organization Monitoring Trends and

Determinants in Cardiovascular Disease; WLCDTRU, West London Cognitive

Disorders Treatment and Research Unit; WMH, white matter hyperintensity;

WML, white matter lesions.

nervous system. The occurrence of ocular manifestations in
neurodegenerative and cerebrovascular pathologies, such as
Alzheimer’s disease (AD), Parkinson’s disease (PD) and stroke,
accentuates the strong relationship between the eye and the brain
(Archibald et al., 2009; Armstrong, 2015; Lim et al., 2016; Cheung
et al., 2017; Mahajan and Votruba, 2017). Retinal changes in
particular can present a surrogate for cerebral changes in these
disorders. Offering a “window to the brain,” the transparent eye
enables non-invasive imaging of these changes in retinal structure
and vasculature.

Microvascular changes are an important component of
neurodegenerative and cerebrovascular diseases (Iadecola, 2010;
Brown and Thore, 2011; Wardlaw et al., 2013; Shi and Wardlaw,
2016). The presence of a retinal counterpart of these vascular
changes has been reported repeatedly (Patton et al., 2007; Frost
et al., 2013; Cheung et al., 2019). Fundus photography is a routine
analysis to visualize retinopathy signs (retinal hemorrhage,
microaneurysms) and retinal vascular caliber changes, which
have been shown to be associated with these disorders of the
central nervous system. Central retinal arteriolar equivalent
(CRAE) and central retinal venular equivalent (CRVE) quantify
generalized retinal vessel narrowing or widening, matching
subtle dysfunction of the retinal microvasculature. Decreased
CRVE and CRAE have been associated with AD (Frost
et al., 2013; Cheung et al., 2014b). But the retinal vascular
tree holds more information than these focal measurements,
and advances in retinal imaging and (semi-)automated image
processing and analysis rose scientific interest in the association
between retinal vessel metrics such as the fractal dimension
(FD), tortuosity and branching of the retinal vascular network
and neurodegenerative and cerebrovascular disorders. These
retinal vascular network parameters quantify global vessel
network characteristics, reflecting the integrity of the cerebral
microcirculation (Cheung et al., 2015).

The FD of the retinal vascular network is a relatively
novel parameter, introduced by Mandelbrot and Wheeler
(1983) that has already been described in many subfields of
medicine (Mandelbrot and Wheeler, 1983; Goldberger and
West, 1987; Stanley et al., 2005). In 1990, Mainster was the
first to describe the retinal microvascular network as a fractal,
implying great potential to gain new insights in the complex
arborization pattern of the retinal vascular network (Mainster,
1990). During the last three decades, this upcoming non-
invasive parameter has proven its merits in various research
papers often covering multidisciplinary research combining
ophthalmology with cardiology, endocrinology, or neurology.
Significant correlations with refractive error (Li et al., 2010; Al-
Sheikh et al., 2017), glaucoma (Kolár and Jan, 2008; Wu et al.,
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2013), age-related macular degeneration (Al-Sheikh et al., 2018),
cardiovascular health (Liew et al., 2008; Cheung et al., 2011)
and diabetes mellitus have been reported (Avakian et al., 2002;
Cheung et al., 2009). In 2019 alone, more than 20 research papers
addressing the retinal FD, have been registered in MEDLINE.
The FD of the retinal vascular network is a measure of its
complexity and vessel density (Mainster, 1990; Misson et al.,
1992; Masters, 2004; Kwa and Lopez, 2010; Ab Hamid et al.,
2016). The retinal vasculature is a transport network delivering
oxygen and nutrients to the retinal tissue and removing waste
products. This network strives for minimal energy consumption,
reflected by its accordance to Murray’s Law of Minimal Work,
which describes an optimal relationship between the radii of
mother and daughter branches in a network. This law leads
to the typical vessel arborization pattern of the retina (Rossitti,
1995). Many parameters of this vascular tree are being studied,
and FD is one expressing the density and overall complexity of
this spatial pattern in one number. It literally means “broken
dimension.” The retinal microvasculature can be considered to
be more dimensional than a line (1-dimensional), but less than
a square (2-dimensional), hence a dimension between 1 and 2
can be attributed to this pattern with a higher number reflecting
a more complex branching pattern. The retinal FD is associated
with age (Azemin et al., 2012; Che Azemin et al., 2013; Wei et al.,
2017), refractive error (Li et al., 2010, 2017; Azemin et al., 2014;
Yang et al., 2016; Al-Sheikh et al., 2017; Tai et al., 2017) and
comorbidities (Avakian et al., 2002; Liew et al., 2008; Cheung
et al., 2009, 2011).

In our review we collect and summarize the current
literature on FD measurements from studies addressing possible
associations between global retinal parameters and cerebral
disease, with a particular focus on dementia and stroke.

Objective
This systematic review aims to provide an overview of the
current scientific evidence of changes in the FD of the retinal
vasculature in subjects affected by central neurodegenerative
disease or stroke.

Research Question
Is the retinal FD significantly altered in patients with central
neurodegenerative disease and/or stroke and to what extent can
retinal FD serve as a non-invasive biomarker for these diseases?

What could be the potential future applications of retinal FD
and which hurdles are still to be overcome?

METHODS

We adopted the Preferred Items for Systematic Reviews and
Meta-Analysis (PRISMA) guidelines (Moher et al., 2009).

Search Strategy
We searched: MEDLINE (PubMed), EMBASE (Ovid), Web Of
Science (Clarivate Analytics), and Cochrane Library (Cochrane).
Search strategies were constructed using database specific subject
headings and keywords. The search strategies are provided as

(Supplementary Data 1). These searches were extended by hand
searching the bibliographies of all included studies.

Gray literature was not considered. Accepted language of
publication were: English, German, French and Dutch. Articles
published until October 12, 2019 were included.

Study Design
Case-control studies, cohort studies, and case series were
included. Case reports, case series with<10 patients, reviews and
articles without original results were excluded.

Participants, Interventions, Comparators
We included studies on patients affected by stroke or central
neurodegenerative disease.

Severity of stroke, etiology of stroke, stages of cognitive
impairment (CI), or etiology of central neurodegeneration were
not exclusion criteria.

We included studies using the following retinal
imaging techniques:

- Conventional digital fundus photography
- Scanning laser ophthalmoscopy (SLO)
- Optical coherence tomography angiography (OCT-A).

Data Sources, Studies Sections, and Data

Extraction
According to the PRISMA flow diagram, screening of titles and
abstracts was carried out. Non-pertinent articles were rejected.
Duplicates were removed using Mendeley Reference Manager
(by Mendeley, London, UK). After this initial selection, full texts
were independently judged for eligibility by three independent
reviewers (SL, AD, JB) and inconsistencies were solved by
consensus. We used the Oxford Centre for Evidence-based
Medicine classification to determine the LOE (Phillips, 2014) of
the papers included in this qualitative synthesis (Table 1).

Data Analysis
The main outcome of this systematic review was the current
understanding of changes in the FD of the retinal vasculature
in central neurodegenerative disease and stroke patients. Results
were separately analyzed and presented for studies addressing
stroke and neurodegenerative pathology. In the subset of central
neurodegeneration studies, differences between various types and
stages of CI were analyzed wherever possible.

RESULTS

Study Selection
A total of 205 studies were screened using the described search
strategy. At the end of the selection process, 13 case-control
studies, seven cohort studies and one case series were included
in the systematic review. Prisma flow diagram (Figure 1) gives
details on screening process. Six out of 21 (29%) studies
examined retinal vascular changes in terms of FD alone, whereas
the 15 (71%) remaining studies examined at least one other
vascular metric.
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TABLE 1 | Demographic and clinical characteristics.

Author, year Pathology N patients Age (years) Mean ± SD Sex M/F (%) Study design

(LOE)

Clinical characteristics

CA CO CA CO CA CO

Aliahmad et al.

(2014)

STROKE 46 39 67.6 ± 5.8 67.9 ± 5.6 54/46 54/46 Case-control

(3b)

Stroke cases and controls from the BMES cohort. Diagnosis based on

World Health Organization Monitoring Trends and Determinants in

Cardiovascular Disease (WHO-MONICA) + CT or MRI

Cabrera DeBuc

et al. (2018)

CI 20 19 81 ± 6 80 ± 7 20/80 16/84 Case-control

(3b)

CI cases and controls recruited in a non-systematic fashion as they

appeared in the clinic or identified from a population attending adult

care centers and community clinics. Diagnosis of CI according to

MoCA. No CI staging (including AD cases)

Cavallari et al. (2011) CADASIL

(STROKE)

10 10 43.8 43.5 40/60 40/60 Case series (4) CADASIL cases from 5 Italian families. Diagnosis of CADASIL by

molecular diagnosis

Cheung et al. (2010) STROKE 392 (45 LI) 67.2 ± 14.1 57/43 Cohort (2b) Acute lacunar stroke patients from 2 stroke centers in Australia.

Diagnosis of lacunar infarction (LI) based on CT and/or MRI

Cheung et al. (2013) STROKE 2644 57.4 ± 10.7 48/52 Cohort (2b) Data derived from the Singapore Malay Eye study (SiMES). During

follow-up, 51 participants had an incident stroke event. Confirmation

by record linkage with the stroke cases registered by National Registry

of Diseases Office, Singapore (electronically captured and compulsory

by law)

Cheung et al.

(2014a)

CI 1202 70.6 ± 5.4 67.9 ± 5.2 21/79 59/41 Cohort (2b) Data derived from the SiMES. Diagnosis of CI based on AMT score. Of

the 1202 participants, 262 (21.8%) had cognitive dysfunction as

defined by the AMT with education-adjusted cutoffs. No CI staging

Cheung et al.

(2014b)

AD 136 290 74.8 ± 5.7 73.9 ± 4.6 47/53 53/47 Case-control

(3b)

AD cases from three tertiary hospitals in Singapore. Controls from

population-based studies under the Singapore Epidemiology of Eye

Disease (SEED) program, which includes the Singapore Chinese Eye

Study (SCES), the Singapore Indian Eye Study (SINDI), and SiMES.

Diagnosis of dementia syndrome according to DSM-IV, diagnosis of AD

according to NINCDS-ADRDA, inclusion of controls based on AMT

score

Csincsik et al. (2018) AD 56 baseline/9

follow-up

48

baseline/14

follow-up

79.2 ± 8.4 70.7 ± 10.4 NS NS Case-control

(3b)

AD cases and controls from the West London Cognitive Disor-ders

Treatment and Research Unit (WLCDTRU). Controls from carers of

index patients. Diagnosis of AD according to NINCDS-ADRDA criteria.

Follow-up after 2 years

Doubal et al. (2010) STROKE 86 80 65 ± 11 69 ± 11 63/37 70/30 Case-control

(3b)

Cases (acute lacunar stroke) and controls (mild cortical stroke) from UK

hospital stroke service, Mild Stroke Study (MSS). Assessment of stroke

severity using the National Institutes of Health Stroke Scale and

classification of the stroke clinical syndrome (lacunar or cortical)

according to the Oxfordshire Community Stroke Project classification

as well as using radiologic criteria (MRI)

(Continued)
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TABLE 1 | Continued

Author, year Pathology N patients Age (years) Mean ± SD Sex M/F (%) Study design

(LOE)

Clinical characteristics

CA CO CA CO CA CO

Frost et al. (2013) AD 25 (1) 123 (2)

30 Ab–, 15

Ab+

72.4 ± 7.5 (1) 71.6

± 5.6 (2)

70.4 ± 5.3,

73.7 ± 6.3

48/52 (1) 45/55 (2)

50/50, 60/40

Case-control

(3b)

AD cases and controls from the Australian Imaging, Biomarkers and

Lifestyle (AIBL) study of ageing. Diagnosis of probable AD according to

NINCDS-ADRDA criteria. Two study components: (1) ‘clinical status

study’: retinal vascular parameters (RVP) differences between 25 AD

and 123 CO participants, and (2) “neuroimaging study”: RVP with

respect to neocortical plaque burden in CO participants with AIBL

neuroimaging data available (n = 45)

Hilal et al. (2014) CSVD in CI 261 (36 LI−29 WML - 83 CMB) 70.0 ± 0.4 47/53 Cohort (2b) Chinese participants from Epidemiology of Dementia in Singapore

(EDIS) study aged ≥60 years were screened using AMT and self-report

of progressive forgetfulness. Diagnosis of cerebral small vessel disease

(CSVD) based on MRI. No CI staging

Jiang et al. (2018) MCI + AD 12 AD

19 MCI

21 73.3 ± 9.6

69.6 ± 9.8

67.6+/8.3 58/42 37/63 33/67 Case-control

(3b)

MCI + AD cases from the McKnight Brain Registry and referred from

the Division of Cognitive Disorders at the University of Miami to the

neuroophthalmology clinic at the Bascom Palmer Eye Institute.

Recruitment of controls: NS. Diagnosis of AD and MCI based on

National Institute on Aging–Alzheimer’s Association (NIA-AA) criteria

Jung et al. (2019) ADCI +

SVCI

29 Ab+ ADCI

28 Ab– SVCI

34 73.8 ± 8.0

75.4 ± 8.0

69.8 ± 6.1 45/55 29/71 21/79 Case-control

(3b)

CI cases and controls from Samsung Medical Center, Republic of

Korea. 29 Alzheimer’s disease CI (ADCI): 6 amnestic MCI (aMCI) and

23 probable AD dementia. 28 subcortical vascular CI (SVCI): 17

subcortical vascular MCI (svMCI) and 11 subcortical vascular dementia

(SVaD). Probable AD dementia according to NINCDS-ADRDA). SVaD

according to DSM-IV) and imaging criteria for SVaD proposed by

Erkinjuntti et al. aMCI and svMCI patients met Petersen’s criteria for

MCI with modifications. All svMCI and SVaD patients had severe WMH

on MRI scans

Kawasaki et al.

(2011)

STROKE 101 184 73.8 ± 8.2 (age-matched) 42/58 (gender-matched) Case-control

(3b)

Stroke cases and controls from the BMES cohort. Diagnosis based on

WHO-MONICA + CT or MRI

McGrory et al.

(2019)

CSVD/

STROKE

603 72.5 ± 0.7 50/50 2 cohorts (2b) Lower burden of CSVD. Participants from second wave of testing in

Lotharian Birth Cohort 1936 (LBC1936) study. 84 with any history of

stroke: 22 self-reported, 62 imaging evidence.

155 66.9 ± 11.4 68/32 Higher burden of CSVD. Participants from MSS: prospective study of

patients with recent (within 3 months) clinical lacunar or mild cortical

ischemic stroke. Participants from UK hospital stroke service.

Assessment of stroke severity using the National Institutes of Health

Stroke Scale and classification of the stroke clinical syndrome (lacunar

or cortical) according to the Oxfordshire Community Stroke Project

classification as well as using radiologic criteria (MRI)

Naidu et al. (2016) CIND in

T2DM

69 68 Range:

18–75

Range:

18–75

45/55 65/35 Case-control

(3b)

Cases and controls from the South London Diabetes Study (SOUL-D),

an ongoing prospective study of people with newly diagnosed type 2

diabetes (T2DM). Diagnosis of CI based on modified Telephone

Interview for Cognitive Status (TICSM). Cases: TICSM scores in the

lowest 10% of the sample distribution (score 17 or below), controls:

randomly selected sample of remaining participants. Dementia cases

excluded.

(Continued)
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TABLE 1 | Continued

Author, year Pathology N patients Age (years) Mean ± SD Sex M/F (%) Study design

(LOE)

Clinical characteristics

CA CO CA CO CA CO

Ong et al. (2013) STROKE 557 557 61.9 ± 9.4 61.9 ± 9.1 64/36 64/36 Case-control

(3b)

Cases from one study site of the Multi-Centre Retinal Stroke (MCRS)

study (Singapore General Hospital, Singapore), with first-ever or

recurrent ischemic stroke (261 lacunar, 185 large artery, 54

cardioembolic), within 7 days of onset. Controls from participants of the

Singapore Epidemiology of Eye Diseases (SEED) study. Diagnosis of

stroke based on clinical neurological assessment + CT or MRI. Stroke

classification based on modified version of the Trial of Org 10172 in

Acute Stroke Treatment (TOAST) classification.

Ong et al. (2014) CIND 78 CIND-mild

69 CIND-mod

121 NCI 71.1 ± 6.3

74.1 ± 5.4

67.3+/4.8 46/54 32/68 44/56 Cohort (2b) Chinese participants from EDIS study aged ≥60 years were screened

for CI using AMT and self-report of progressive forgetfulness. All 268

subjects included were screening-positives. Definite classification was

based on detailed neuropsychological testing and MRI. Non-cognitive

impairment (NCI) was diagnosed if participants were not impaired in

any of the domains tested. CIND was defined as impairment in 1 or

more domains in the neuropsychological test battery. CIND-mild was

diagnosed if 1 or 2 domains were impaired, and CIND-moderate if

more than 2 domains were impaired

Shi et al. (2019) PD 25 25 61.9 ± 7.6 59.0 ± 5.8 52/48 52/48 Case-control

(3b)

PD cases from Neurology Department of Wenzhou People’s Hospital,

China. Controls from working staff at the Eye Hospital of Wenzhou

Medical University, China. Diagnosis of PD based on United Kingdom

Brain Bank Criteria, recording of disease severity (Hoehn and Yahr

scale), disease duration, and treatment.

Taylor et al. (2015) Cognitive

ability in

physiological

aging

648 72.4 ± 0.71 50/50 Cohort (2b) Participants from LBC1936 study. Individuals with a MMSE score <24

were excluded (cut-off to exclude individuals with possible dementia)

Williams et al. (2015) AD 213 294 79.6 ± 7.8 76.3 ± 6.6 36/64 40/60 Case-control

(3b)

Cases from opportunistic screening in hospital memory clinic,

United Kingdom. Controls from caretakers of patients attending any

out-patient clinic in the study hospital, university press release, controls

asked friends to participate, and a series of talks given to AD patient

support groups in the region led to volunteers. Diagnosis of AD

according to NINCDS-ADRDA criteria

Ab+, beta-amyloid positive; Ab-, beta-amyloid negative; AD, Alzheimer’s disease; ADCI, Alzheimer’s disease cognitive impairment; AIBL, Australian Imaging; Biomarkers and Lifestyle; aMCI, amnestic mild cognitive impairment; AMT,

Abbreviated Mental Test; BMES, Blue Mountains Eye Study; CA, case; CADASIL, cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy; CI, cognitive impairment; CIND, cognitive impairment no

dementia; CMB, cerebral microbleeds; CO, control; CSVD, cerebral small vessel disease; CT, computed tomography; DSM-IV, Diagnostic and Statistical Manual of Mental Disorders IV; EDIS, Epidemiology of Dementia in Singapore;

LBC1936, Lotharian Birth Cohort 1936; LI, lacunar infarction; LOE, level of evidence; M/F, male-female ratio; MCI, mild cognitive impairment; MCRS, Multi-Centre Retinal Stroke; MMSE, Mini-Mental State Examination; MoCA, Montreal

Cognitive Assessment; MRI, magnetic resonance imaging; MSS, Mild Stroke Study; NCI, noncognitive impairment; NIA-AA, National Institute on Aging–Alzheimer’s Association; NINCDS-ARDRA, National Institute of Neurological and

Communicative Disorders and Stroke and the Alzheimer’s Disease and Related Disorders Association; PD, Parkinson’s disease; RVP, retinal vascular parameters; SCES, Singapore Chinese Eye Study; SD, standard deviation; SEED,

Singapore Epidemiology of Eye Disease; SiMES, Singapore Malay Eye Study; SINDI, Singapore Indian Eye Study; SVaD, subcortical vascular dementia; SVCI, subcortical vascular cognitive impairment; svMCI, subcortical vascular

mild cognitive impairment; T2DM, type 2 diabetes mellitus; TICSM, Telephone Interview for Cognitive Status; TOAST, Trial of Org 10172 in Acute Stroke Treatment; WHO-MONICA, World Health Organization Monitoring Trends and

Determinants in Cardiovascular Disease; WLCDTRU, West London Cognitive Disor-ders Treatment and Research Unit.
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FIGURE 1 | PRISMA 2009 flow diagram (Moher et al., 2009).

Study Characteristics
A total of 9,397 subjects were considered in this systematic
review. Nine studies included stroke patients, 12 included
neurodegeneration patients, with one of these including patients
with disease overlap between stroke and neurodegeneration.
Because of the clinical characteristics of the study population (CI
subjects, based on Abbreviated Mental Test (AMT) score and
self-report of progressive forgetfulness), this study by Hilal et al.
has been included in the neurodegenerative section of this review
(Hilal et al., 2014).

Regarding studies focusing on neurodegenerative disease, four
included only patients with cognitive impairment no dementia
(CIND), four had only patients with AD, two combined CIND
as well as dementia patients, one included only patients with PD,
and finally one study reported on the parameters of the retinal
microvascular network and cognitive ability in physiological
aging in a cohort of older adults without CI. Severity of CI with
or without dementia varies frommild to severe and some authors
included different stages in the same study. However, the method
of severity classificationwas not consistent throughout all studies.

Stroke subtype was not specified in three out of
eight stroke studies and in a subset of 84 out of 231
stroke patients belonging to a fourth study (the latter
corresponding with 15% of the total number of stroke
patients). Three studies included different types of ischemic
stroke whereas two studies included lacunar stroke
patients only.

Patient characteristics of included studies are reported in
Table 1. Subjects included in the central neurodegeneration
section of this review show heterogeneity in mean age
ranging from 59 (Shi et al., 2019) up to 81 (Cabrera DeBuc
et al., 2018) years. In the section dedicated to studies
focusing on stroke patients, the heterogeneity in mean
age is even higher, from 44 (Cavallari et al., 2011) up
to 74 (Kawasaki et al., 2011). Most studies accounted for
potential confounding due to age, gender and cardiovascular
risk factors by multivariate regression or exclusion. The
effect of refractive error and ocular comorbidities however,
was rarely described, let alone taken into account in
statistical analysis.
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Outcomes of Fractal Analysis in Studies on

Neurodegenerative Disease
Changes in the FD of the retinal vasculature in neurodegenerative
disease patients are reported in Table 2. One particular
methodological set-up was the strategy of choice in eight out

of 13 neurodegeneration studies. These studies combined their
focus on CI and/or dementia with a region of interest (ROI) of
0.5–2.0 disc diameters from the disc margin on a disc-centered

fundus image, taken with a conventional 45◦ field-of-view (FOV)
digital retinal camera and processed and analyzed using the
commercially available Singapore I Vessel Assessment (SIVA,
National University of Singapore, Singapore) software, offering

curvature-based vessel segmentation and calculation of the FD
as a monofractal using the box counting method. Seven of these

papers reported a decreased FD in AD (Frost et al., 2013; Cheung
et al., 2014b; Williams et al., 2015), CI (including dementia)
(Cheung et al., 2014a), subcortical vascular CI (including vascular
dementia) but not in CI related to AD (Jung et al., 2019), or CIND
(Ong et al., 2014), as opposed to cognitively normal controls.
Lower FD was also reported in cognitively impaired elderly
with multiple cerebral microbleeds, as opposed to cognitively

impaired elderly without multiple cerebral microbleeds (Hilal
et al., 2014). Naidu et al. applied the same strategy in a population
of recently diagnosed type 2 diabetics with and without CIND,
but found no association between FD and cognitive status (Naidu
et al., 2016). Some of the studies using this method showed an
association between FD and AMT score (Cheung et al., 2014a)
and cognitive performance (Ong et al., 2014), but a significant
relationship between FD and Mini-Mental State Examination
(MMSE) (Jung et al., 2019) or plaque burden in cognitively
normal controls (Frost et al., 2013) could not be confirmed.

The five remaining studies used a different methodology.
Three of these focused on CI, and even with differences in ROI,
imaging device, vessel segmentation software, FD calculation
method and software, all three confirmed a significant decrease

of FDmeasures in CI (including dementia) (Cabrera DeBuc et al.,
2018), mild CI (Jiang et al., 2018) and AD (Csincsik et al., 2018).
After a follow-up period of 2 years, Csincsik et al. reported that

the significant difference in FD between AD and controls at
baseline had become a trend (Csincsik et al., 2018), whereas Jiang
et al. described a trend of vascular density loss from controls over
MCI to AD cases (Jiang et al., 2018). A significant association
between fractal dimension and Montreal Cognitive Assessment
(MoCA) could not be confirmed (Cabrera DeBuc et al., 2018).

The only study including only healthy elderly could not

establish an association between FD and cognitive ability, both
measured in later life. Differences in childhood cognitive ability
appeared to account for much of the variance in cognitive ability
in older age (Taylor et al., 2015).

Research by Shi et al., unique in its position addressing retinal
microvascular changes in PD and one of two studies using
OCT-A, showed that FD of the superficial vascular plexus was
decreased in all analyzed regions and that FD of the deep vascular
plexus was decreased in all but two ROIs. Of note, this was the
only study able to confirm a significant correlation with disease
duration (Shi et al., 2019).

Outcomes of Fractal Analysis in Stroke

Studies
Table 3 summarizes the findings on fractal dimension analysis of
the retinal vasculature in stroke patients. The eight studies that
were kept for our review are heterogeneous, both in methods
and in outcome. Cheung et al. and Ong et al. shared the same
methodological set-up and analyzed monofractal FD in ischemic
stroke patients using SIVA software. Ong et al. reported a
significant association between decreased FD and acute ischemic
stroke (Ong et al., 2013). Cheung et al. concluded that retinal
imaging may help in the discrimination between subjects with a
history with and without stroke, as well as stratification of stroke
risk (Cheung et al., 2013). Two other studies confirmed a decrease
in FD is associated with higher risk of stroke (Kawasaki et al.,
2011; Aliahmad et al., 2014). It has to be noted that both studies
analyzed data from subsets of the same BlueMountains Eye Study
(BMES) cohort, with the stroke cases included by Aliahmad et al.
all being part of those included by Kawasaki et al.

In acute and subacute setting, studies reported decreased
microvascular network complexity in lacunar stroke compared to
mild cortical stroke (Doubal et al., 2010), an association between
a decrease in arteriolar FD and deep white matter hyperintensity
(WMH) scores in patients with a recent lacunar or cortical stroke
(McGrory et al., 2019), and a general decrease in FD in ischemic
stroke compared to controls without stroke (Ong et al., 2013).
In contrast, Cheung et al. showed an increased FD in patients
with acute lacunar stroke compared to patients with other types
of acute ischemic stroke (Cheung et al., 2010).

The only case series included in this review studied retinal
microvascular complexity in cerebral autosomal dominant
arteriopathy with subcortical infarcts and leukoencephalopathy
(CADASIL), and the authors concluded that vascular complexity
was decreased but they failed to reveal a correlation with disease
duration or lesion volume on magnetic resonance imaging
(Cavallari et al., 2011).

DISCUSSION

In this review, the outcomes of fractal analysis in
neurodegeneration studies show a decreased FD in various
degrees and etiologies of CI, including AD and vascular
dementia, as opposed to cognitively normal controls. Despite
rather small sample sizes, findings are consistent with effect sizes
ranging from −0.018 (Csincsik et al., 2018) to −1.33 (Cabrera
DeBuc et al., 2018). The findings in studies with stroke patients
are less straightforward, probably due to the heterogeneity in
both study design and methodological set-up. Overall, in acute,
subacute as well as in chronic settings, decreased FD seems to
be associated with stroke. Differences in FD between subtypes of
ischemic stroke remain unclear. The most striking inconsistency
arose from two papers by Cheung et al. and Doubal et al.,
both focusing on FD in lacunar stroke vs. non-lacunar stroke
(Cheung et al., 2010; Doubal et al., 2010). Cheung et al. reported
an increased FD in lacunar stroke compared to other stroke
types, whereas Doubal et al. observed a decreased FD in lacunar
stroke compared to mild cortical stroke. More recent findings by
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TABLE 2 | Outcomes of studies focusing on neurodegenerative pathology and cognition.

Author, year RVP(s) analyzed Imaging device FD ROI(s) FD calculation Results FD

Cabrera DeBuc

et al. (2018)

FD0, FD1, FD2

(multifractal)

CRAE, CRVE

cTORTa, cTORTv

BCa, BCv

AFa, AFv

LDRa, LDRv

AVR

[Also: electroretinography,

color vision quantification,

visual performance test]

45◦ digital SLO camera

(EasyScan, iOptics,

Netherlands)

Whole area of visible retina

permitted by each image

(from the OD boundary out

toward the periphery)

SIVA

ImageJ (http://rsb.info.nih.

gov/ij) together with the

FracLac plug-in was used to

calculate the multifractal

properties of the retinal

vasculature network

The vascular FD, assessed

with a multifractal approach,

was lower in individuals with

CI (capacity, information and

correlation dimensions:

FD0, FD1, and FD2) vs.

controls

Cheung et al.

(2014a)

FDt (monofractal)

CRAE, CRVE

cTORTa, cTORTv

BAa, BAv

45◦ digital retinal camera

(Canon CR-DGi with a 10D

SLR digital camera back;

Canon, Japan)

0.5–2.0 DD from disc

margin

SIVA Participants with lower

retinal vascular FD values

were more likely to have

cognitive dysfunction

Cheung et al.

(2014b)

FDt, FDa, FDv

(monofractal)

CRAE, CRVE

cTORTa, cTORTv

BAa, BAv

45◦ digital retinal camera

(Canon CR-DGi 10D or

Canon CR-1 40D; Canon,

Japan)

0.5–2.0 DD from disc

margin

SIVA Compared with the normal

controls, the AD patients

had smaller total and FDa.

Persons with smaller FDt,

FDa and FDv were more

likely to have AD, controlling

for potential confounders.

These associations were still

persistent after only AD

cases without history of

cerebrovascular disease

were included

Csincsik et al.

(2018)

FDa, FDv (monofractal)

WGa, WGv

TORTa, TORTv

(algorithm NS) …

(not explicitly stated)

[Also: peripheral drusen]

Optomap P200C UWF-SLO

(Optos Plc, Dunfermline,

UK)

0.5–1.0 DD from the

disk margin

0.5–2.0 DD from the

disk margin

Whole area of visible retina

permitted by each image

(from the OD boundary out

toward the periphery)

Automated segmentation of

the vasculature by algorithm

developed by Pellegrini et al.

(2014). Manual refinement

removed artefacts (i.e.,

spurious vessel detections)

and separated out the

arteriolar and venular

components of the vascular

tree by labeling vessels and

marking crossing points by

hand. RVPs were measured

using software specially

designed to handle UWF

imaging, VAMPIRE for

UWF-SLO (v1, Universities of

Edinburgh and Dundee,

United Kingdom)

There was a significant

decrease in FDa in AD at

baseline with a trend at FU.

The most consistent

differences between AD

patients and controls were

observed when the entire

image was considered

Frost et al. (2013) FDa, FDv (monofractal)

CRAE, CRVE

AVR

BSTDa, BSTDv

cTORTa, cTORTv

Num1stBa, Num1stBv

BCa, BCv

AFa, AFv

JEa, JEv

LDRa, LDRv

45◦ digital retinal camera

(Canon CR-1 non-mydriatic

camera, Canon USA, Lake

Success, NY, USA)

0.5–2.0 DD from the disk

margin

SIVA Reduced complexity of the

branching pattern in AD (FD,

Num1stB). No association

between FD and (high)

plaque burden in healthy

individuals

Hilal et al. (2014) FDa, FDv (monofractal)

CRAE, CRVE

cTORTa, cTORTv

45◦ digital retinal camera

(Canon CR-DGi 10D or

Canon CR-1 40D; Canon,

Japan)

NS (most likely 0.5–2.0 DD

from disc margin)

SIVA Smaller FDa was associated

with presence of multiple

CMB. No association was

found with lacunar infarcts

and WML volume. After

multivariate adjustments,

association remained

statistically significant

(Continued)
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TABLE 2 | Continued

Author, year RVP(s) analyzed Imaging device FD ROI(s) FD calculation Results FD

Jiang et al. (2018) FDrvn, FDsvp,

FDdvp (monofractal)

Representing

microvascular density

[Also: GC-IPL thickness]

Zeiss Angioplex OCTA (Carl

Zeiss Meditec, Dublin, CA),

covering a retinal area of 3 x

3 mm2 centered on the

fovea

The area between circles

centered on the fovea and

diameters of 0.6–2.5mm

was defined as the annular

zone. The annular zone was

then divided into 4

quadrantal sectors, named

the superior temporal,

inferior temporal, superior

nasal, and inferior nasal.

The annular zone was also

divided into 6 thin annuli

with a width of ∼0.16mm

(C1-C6). Fractal analysis

was performed in each

sector or annular zone.

Automated segmentation of

the vasculature by algorithm

developed by Jiang et al.

(2013). Fractal analysis was

performed in each sector or

annular zone using the box

counting method with the

fractal analysis toolbox

(Benoit, Trusoft Benoit Fractal

Analysis Toolbox; Trusoft

International, Inc, St.

Petersburg, USA).

Patients with AD had lower

densities of RVN, SVP, and

DVP in the annular zone, in

comparison with controls.

Patients with MCI had lower

density of DVP in the

superior nasal quadrant

than that of the controls.

There was a trend of

vascular density loss from

control to MCI then AD

Jung et al. (2019) FDt, FDa, FDv

(monofractal)

CRAE, CRVE

BAa, BAv

45◦ digital retinal camera

(TRC-50DX; Topcon

Medical Systems, Inc., USA)

0.5–2.0 DD from disc

margin

SIVA Compared to NCI

individuals, the SVCI

patients had smaller FDt

and FDa, whereas there was

no significant difference of

FD between ADCI and NCI

Naidu et al. (2016) FDt, FDa, FDv

(monofractal)

CRAE, CRVE

AVR

sTORTt, sTORTa,

sTORTv,

cTORTt,

cTORTa, cTORTv

45◦ digital retinal camera

Topcon Fundus Camera

(TRC 50-VT; Tokyo Optical,

Tokyo, Japan)

0.5–2.0 DD from disc

margin

SIVA No significant differences

between cases and controls

in FD

Ong et al. (2014) FDa, FDv (monofractal)

CRAE, CRVE

cTORTa, cTORTv

Non-mydriatic digital

camera (NS)

0.5–2.0 DD from disc

margin

SIVA Reduced retinal FDa and

FDv were associated with

an increased risk of

CIND-mild and

CIND-moderate. Reduced

FD was associated with

poorer cognitive

performance globally and in

the specific domains of

verbal memory,

visuoconstruction and

visuomotor speed

Shi et al. (2019) In annular zone +

per quadrant:

FDsvp,

FDdvp (monofractal)

retinal capillary perfusion

density

Retinal capillary

skeleton density

Commercial

SD-OCT system (Optovue

RTVue XR Avanti; Optovue,

Inc, Fremont, CA, OCT-A

images derived from the

built-in software [Angiovue,

Version 2015.1.90)],

covering a retinal area of 3 x

3 mm² centered on the

fovea

The area between circles

centered on the fovea and

diameters of 0.6–2.5mm

was defined as the annular

zone. The annular zone was

then divided into 4

quadrantal sectors, named

the superior, inferior, nasal,

and temporal.

FD was calculated based on

skeletonized images of the

retinal capillary network in the

OCT-A images, using the

following series of image

processing procedures to

create binary images of the

vessels: bicubic interpolation,

segmentation, detection of

the FAZ boundary, and

determination of the

background signal-to-noise

ratio. Fractal analysis software

(Benoit, Trusoft Benoit Fractal

Analysis Toolbox; Trusoft

International, Inc, St.

Petersburg, USA) was applied

to the image analysis

The superficial retinal

capillary plexus in PD

patients had lower capillary

complexity in the total

annular zone and all

quadrant sectors compared

with healthy control

subjects. The deep retinal

capillary plexus complexity

was decreased in the total

annular zone and the

superior and inferior

quadrants. The retinal

capillary complexity in the

inferior quadrant was

negatively correlated with

the best-corrected visual

acuity and disease duration

(Continued)
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TABLE 2 | Continued

Author, year RVP(s) analyzed Imaging device FD ROI(s) FD calculation Results FD

Taylor et al. (2015) FDt (monofractal)

FD0, FD1, FD2

(multifractal)

45◦ digital retinal camera

(CRDGi; Canon USA Inc.,

Lake Success, NY)

Whole area of visible retina

permitted by each image

(from the OD boundary out

toward the periphery)

Automated segmentation of

the retinal microvascular

network was performed using

an algorithm described

previously by Soares et al.

(2006). Images were analyzed

by an expert retinal image

analyst using VAMPIRE

custom software (School of

Computing, University of

Dundee, United Kingdom)

built in Matlab (The

MathWorks, Natwick, MA)

Only three out of 24

comparisons were found to

be significant. No

association survived

Bonferroni correction for

multiple statistical testing.

Significant unadjusted

associations were

weakened and lost

significance after covarying

for IQ at age 11 and

cardiovascular risk factors,

and not one association

was verified by an equivalent

finding using measurements

from the contralateral eye

Williams et al.

(2015)

FDt, FDa, FDv

(monofractal)

CRAE, CRVE

cTORTa, cTORTv

BAa, BAv

45◦ digital retinal camera

(500 Canon CR-DGi;

Canon, Japan)

0.5–2.0 DD from disc

margin

SIVA AD patients have a sparser

retinal microvascular

network with significantly

lower FDt, FDa and FDv.

Subjects with lower FDv

were more likely to have AD.

A secondary analysis failed

to detect any significant

associations between retinal

microvascular parameters

and MMSE score

AD, Alzheimer’s disease; ADCI, Alzheimer’s disease cognitive impairment; AFa/v, arteriolar/venular asymmetry factor; AVR, artery-vein ratio; BAa/v, arteriolar/venular branching angle;

BCa/v, arteriolar/venular branching coefficient; BSTDa/v, zone B standard deviation of arteriolar/venular width; CRAE, central retinal arteriolar equivalent; CRVE, central retinal venular

equivalent; CI, cognitive impairment; CIND, cognitive impairment no dementia; CMB, cerebral microbleeds; cTORTa/v, curvature arteriolar/venular tortuosity; DD, disc diameter; DVP,

deep vascular plexus; FAZ, foveal avascular zone; FD, fractal dimension; FDt/a/v, total/arteriolar/venular fractal dimension; FD0, capacity dimension; FD1, information dimension; FD2,

correlation dimension; IQ, intelligence quotient; JEa/v, junctional exponent deviation for arterioles/venules; LDRa/v, arteriolar/venular length-diameter ratio; MCI, mild cognitive impairment;

MMSE,Mini-Mental State Examination; NCI, noncognitive impairment; NS, not specified; Num1stBa/v, number of first branching arterioles/venules; OCT-A, optical coherence tomography

angiography; OD, optic disc; PD, Parkinson’s disease; RVN, retinal vascular network; ROI, region of interest; SD-OCT, spectral domain optical coherence tomography; SIVA, Singapore

I Vessel Assessment; SLO, scanning laser ophthalmoscopy; sTORTa/v, simple arteriolar/venular tortuosity; SVCI, subcortical vascular cognitive impairment; SVP, superficial vascular

plexus; UWF, ultra-widefield; VAMPIRE, Vessel Assessment and Measurement Platform for Images of the REtina; WGa/v, arteriolar/venular width gradient; WML, white matter lesions.

McGrory et al. (2019), reporting an association between sparser
arteriolar retinal network and cerebral small vessel disease, favor
those by Doubal et al.

Potential Clinical Value of Retinal Fractal

Dimension in Central Neurodegeneration

and Stroke
Interesting observations are being made with retinal fractal
dimension. However, a number of methodological issues need
to be addressed before the metric can be considered for clinical
application as a reliable and non-invasive biomarker in central
neurodegeneration and/or stroke. Indeed, some hurdles remain
to be taken, such as uniformization of patient populations and
study design. First of all, study populations were generally
well characterized but heterogeneous throughout studies (e.g.,
ethnicity) and overall of fairly small size. Work by Cheung et al.,
Ong et al., McGrory et al., and Williams et al. comprised larger
population samples (Cheung et al., 2013, 2014a; Ong et al., 2013;
Taylor et al., 2015; Williams et al., 2015; McGrory et al., 2019).
In studies focusing on cognitive dysfunction, the standardized

National Institute of Neurological and Communicative Disorders
and Stroke and the Alzheimer’s Disease and Related Disorders
Association (NINCDS-ADRDA) criteria were mostly applied for
AD diagnosis, but the assessment of healthy cognitive status
or CI (stage not specified) was based on a variety of tests and
criteria, often complemented by brain imaging. Comparable
to the importance of etiology and disease staging in CI and
dementia studies, it is equally important in stroke studies to
differentiate between different stroke subtypes and acute vs.
chronic setting. Second, many different methodological set-ups
have been implemented. Imaging devices considered mainly
conventional digital retinal cameras, but the latest studies already
made the first steps toward ultra-widefield SLO and OCT-A.
The most often demarcated ROI, being the annulus between 0.5
and 2.0 disc diameters from the disc margin, originated from
the Atherosclerosis Risk in Communities (ARIC) cohort and
has been developed for use with Canon 45◦ retinal photographs
(modified ARIC grid) (Hubbard et al., 1999). The use of a
particular ROI was not well-argumented in any of the studies.
Vessel segmentation was usually done semi-automatically,
using custom or commercially available software packages.
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TABLE 3 | Outcomes of studies focusing on stroke.

Author, year RVP(s)

analyzed

Imaging device FD ROI(s) FD calculation Results FD

Aliahmad et al. (2014) FDCt

(monofractal)

SFDt

(monofractal)

BCFDt

(monofractal)

30◦ digital retinal camera

(Zeiss FF3 fundus camera)

Three concentric zones:

zone A: 0.0–0.5 DD

from disc margin zone

B: 0.5–1.0 DD from

disc margin zone C:

1.0–1.5 DD from

disc margin FDC was

calculated for all seven

possible combinations

of the zones: A, B, C,

AB, BC, AC, and ABC.

SFD and BCFD were

calculated for the entire

ROI, being zone ABC.

Automated segmentation of the retinal

microvascular network was performed using an

algorithm described previously by Soares et al.

(2006). Software for FD calculation is not

specified; information regarding the

mathematical approach for the different types

of FD calculation is available.

Cases and controls do not differ in a statistically

significant way based upon the FDCtA, FDCtC

or FDCtAC alone. However, FDCtB, FDCtAB,

FDCtBC, and FDCtABC are found to give rise

to statistically significant differences.

FDCt(ABC) was revealed as a better predictor

of stroke compared with SFDt(ABC) and

BCFDt(ABC), with overall lower median value

for cases compared to controls

Cavallari et al. (2011) FDt

(monofractal)

NS 0.0–1.75 DD from disc

center

ImageJ (http://rsb.info.nih.gov/ij) together with

the FracLac plug-in was used to calculate the

fractal properties of the retinal vasculature

network.

The results showed that mean-FDt value of

cases was lower than in controls. Mean-FDt did

not correlate with disease duration nor with MRI

lesion volumes of the subjects with CADASIL

Cheung et al. (2010) FDt

(monofractal)

45◦ digital retinal camera

(Canon D60, Canon, Tokyo,

Japan)

0.0-1.75 DD from disc

center

IRIS–Fractal (non-linear orthogonal projection

segmentation; Zhang et al., 2009)

After the program automatically traced all

retinal vessels within this region, the grader

checked the tracing with the original

photograph and removed occasional artifacts

misidentified as vessels (peripapillary atrophy,

choroidal vessels, pigment abnormalities, and

nerve fiber reflection). The program then

performed fractal analysis and calculated retinal

FD using the box-counting approach

Higher retinal FDt was independently and

positively associated with lacunar stroke

Cheung et al. (2013) FDt

(monofractal)

CRAE, CRVE

cTORTa,

cTORTv

BAa, BAv

[Also:

retinopathy

signs on

fundus

photographs]

45◦ digital retinal camera

(Canon CR-DGi with a 10D

SLR digital camera back,

Canon, Japan)

0.5–2.0 DD from disc

margin

SIVA Retinal imaging improves the discrimination

and stratification of stroke risk beyond that of

established risk factors by a significant but

small margin: compared with the model with

only established risk factors, the addition of

retinal measures improved the prediction of

stroke and correctly reclassified 5.9% of

participants with incident stroke and 3.4% of

participants with no incident stroke. Whereas,

retinopathy signs and larger CRVE were

associated with an increased risk of stroke, FDt

alone was not significantly associated with a

higher risk of stroke

(Continued)
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TABLE 3 | Continued

Author, year RVP(s)

analyzed

Imaging device FD ROI(s) FD calculation Results FD

Doubal et al. (2010) FDt

(monofractal)

FD0

(multifractal)

45◦ digital retinal camera

(Canon CR-DGi, Canon

USA Inc.)

45◦ FOV area Retinal images were analyzed in Matlab (The

MathWorks, Natwick, MA), combining fractal

analysis with an automatic vessel segmentation

procedure

Decreased FDt and FD0 (both representing

decreased branching complexity) were

associated with increasing age and lacunar

stroke subtype

Kawasaki et al. (2011) SFDt

(monofractal)

30◦ digital retinal camera

(Zeiss FF3 fundus camera)

0.0–1.25 DD from disc

center

Fully automated procedure, based on Gabor

wavelet enhanced images, developed by

Azemin et al. (2011)

Each SD decrease in baseline SFDt was

associated with 40% greater risk of stroke

events

McGrory et al. (2019) FDa, FDv

(monofractal)

CRAE, CRVE

BSTDa,

BSTDv

WGa, WGv

cTORTa,

cTORTv

BCa, BCv

LDRa, LDRv

AFa, AFv

45◦ digital retinal camera

(CRDGi; Canon USA, Lake

Success, New York,

USA)

0.5–2.0 DD from disc

margin

VAMPIRE (School of Computing, University of

Dundee, United Kingdom)

In the LBC1936 FDa accounted for 4% of the

variance in WMH load

In the MSS lower FDa was associated with

deep WMH scores

Ong et al. (2014) FDa, FDv

(monofractal)

CRAE, CRVE

cTORTa,

cTORTv

BAa, BAv

[Also:

retinopathy

signs on

fundus

photographs]

45◦ digital retinal camera

(MCRS: Canon D60, Canon,

Tokyo, Japan) (SEED:

Canon CR-DGi with a 10D

or 20D (NS) SLR backing,

Canon, Tokyo, Japan)

0.5–2.0 DD from disc

margin

SIVA Decreased FDa and FDv were associated with

stroke

AFa/v, arteriolar/venular asymmetry factor; BAa/v, arteriolar/venular branching angle; BCa/v, arteriolar/venular branching coefficient; BCFDt, total box counting fractal dimension; BSTDa/v, zone B standard deviation of arteriolar/venular

width; CADASIL, cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy; CRAE, central retinal arteriolar equivalent; CRVE, central retinal venular equivalent; cTORTa/v, curvature arteriolar/venular

tortuosity; DD, disc diameter; FD, fractal dimension; FDCt, total Higuchi’s fractal dimension in circumferential direction; FDt/a/v, total/arteriolar/venular fractal dimension; FD0, capacity dimension; FOV, field of view; IRIS-Fractal, International

Retinal Imaging Software-Fractal; LBC1936, Lotharian Birth Cohort 1936; LDRa/v, arteriolar/venular length-diameter ratio; MCRS, Multi-Centre Retinal Stroke; MRI, magnetic resonance imaging; NS, not specified; ROI, region of interest;

SD, standard deviation; SEED, Singapore Epidemiology of Eye Disease; SFDt, total spectrum (or Fourier) fractal dimension; SIVA, Singapore I Vessel Assessment; VAMPIRE, Vessel Assessment and Measurement Platform for Images

of the Retina; WGa/v, arteriolar/venular width gradient.
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Agreement between different software packages appears to be
poor (McGrory et al., 2018). Huang et al. showed an important
effect of vessel annotations from human observers, automatic
segmentation methods, various regions of interest, accuracy of
vessel segmentation methods, and different imaging modalities
on FD measurement, suggesting FD must be determined under
very strict conditions to deliver a stable parameter (Huang et al.,
2016). After image processing, automated FD calculation was
performed. The FD can be determined in a monofractal or
multifractal approach. The monofractal FD is a constant for all
scales, whereas the multifractal FDq describes the multifractal
behavior of a structure in different scales. Monofractal FD can
be calculated using Higuchi’s method, using a spectrum or
Fourier method, or using a box counting method. Multifractal
FD comprises FD0, FD1, and FD2: capacity dimension, entropy
dimension and correlation dimension, respectively. Because
of its degree of spatial complexity, the retinal arteriolar tree
may represent a composite of many monofractal dimensions,
making a multifractal technique better suited to characterize
such arrangement (Stosić and Stosić, 2006). The monofractal
dimension was usually calculated using the box countingmethod.
The only paper calculating monofractal dimension using all
three techniques, however, identified Higuchi’s FD as a better
predictor of stroke (Aliahmad et al., 2014). The three papers
using a multifractal approach applied the generalized sandbox
method (Doubal et al., 2010; Taylor et al., 2015; Cabrera DeBuc
et al., 2018). According to Doubal et al., FD0 would be the
most appropriate measure for the complexity of the retinal
microvasculature, because it appeared most sensitive to small
vascular changes (Doubal et al., 2010). Besides the use of different
software algorithms and calculation techniques, a distinction
between arteriolar, venular, and total FD should be made. All
these variables in every stage toward data collection, analysis,
and interpretation make it very hard to compare findings,
which argues for the development of a study protocol based
on comparative research, which is currently missing. Such
standardization is indispensable to determine the position of FD
analysis among other potential biomarkers. Additionally, many
papers included in this review did not solely focus on FD, but
explored a wide range of retinal vascular parameters (Tables 2,
3) without a detailed hypothesis. The comparison of many
different parameters creates the problem ofmultiple comparisons
and thus increases the likelihood of incorrectly rejecting a null
hypothesis. However, only three out of 21 papers reported the use
of correction (e.g., Bonferroni correction) to control for this type
I error (Taylor et al., 2015; Jung et al., 2019; McGrory et al., 2019).

Future of Retinal Fractal Dimension:

Limitations and Suggestions for Further

Studies
There is a need for new, simple, non-invasive, cost-effective and
reliable biomarkers for risk stratification, screening purposes,
early diagnosis and follow-up in neurodegenerative disorders
and stroke. Prevalence of neurodegenerative disease and stroke
is increasing and causes an enormous socio-economic burden
worldwide (Prince et al., 2015; Feigin et al., 2017). Diagnosis is

often based on clinical symptoms complemented with technical
investigations such as neuroimaging. However, diagnosis is
often made at a point were irreversible damage has already
occurred. On top of this, many diagnostic tests have the
disadvantage of being costly, invasive and imperfect. State-of-
the-art technologies for ocular imaging, such as spectral-domain
optical coherence tomography (SD-OCT), OCT-A and SLO,
allow to visualize retinal changes at a resolution of at least an
order of a magnitude higher than conventional brain imaging
techniques, without the need for invasive, costly procedures or
tracers, and in a well-reproducible and quantifiable manner.
These techniques are increasingly being implemented as standard
equipment in ophthalmological and neurological practices. The
assessment of the retinal FD, and possibly additional retinal vessel
metrics, could find a way into clinical practice through these
imaging techniques.

Besides standardization in the assessment of retinal FD in
central neurodegeneration and stroke, in-depth knowledge
about FD in health and disease is required to determine
and consolidate the exact position of this parameter, e.g.,
in screening, risk stratification, early diagnosis, follow-up.
Information on changes in FD in ocular and systemic conditions
affecting the retinal vasculature needs to be supplemented to
identify potential confounders. In diabetes mellitus, FD has
been investigated extensively. Findings remain inconclusive,
with a number of studies reporting an increased FD in patients
with diabetes mellitus on one hand (Cheung et al., 2009; Lim
et al., 2017; Orlando et al., 2017), and quite some studies
describing a decreased FD in diabetes patients on the other
hand (Avakian et al., 2002; Chen et al., 2018; Popovic et al.,
2018). Inconsistencies can at least partly be explained by the
wide variety in study methodology. In arterial hypertension,
FD has been investigated less extensively, but studies tend to
point toward a decreased FD in arterial hypertension (Liew
et al., 2008; Cheung et al., 2011). A valuable population is
that of “healthy” elderly, representing normal aging, including
prevalent cardiovascular risk factors. Very little is known
about the reversibility of FD changes, leaving the question
whether lifestyle changes can “restore” FD unanswered. Another
question that still remains is the exact temporal relationship
between retinal and cerebral vascular changes. Prospective
cohort studies with a standardized imaging and FD analysis
protocol and long follow-up period can offer the answers
to these questions and contribute to the understanding
of the pathophysiology of neurodegenerative diseases
and stroke.

CONCLUSION

This review provides a summary of the scientific literature
regarding the association between retinal FD and
neurodegenerative disease and stroke. Central nervous system
disease is associated with a decreased FD, as a measure of
microvascular network complexity. As retinal FD reflects the
global integrity of the cerebral microvasculature (Cheung
et al., 2015), it is an attractive parameter to explore. Most
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studies showed an association between retinal FD and
neurodegeneration or stroke, but a predictive value has not
been confirmed, partly due to its low specificity. The research
community should strive for uniformization and standardization
in retinal vessel analysis. Future research should also delineate
the normal evolution of FD with age and cardiovascular health
status to take the effect of confounders into account. This is
required before the development of clinical applications for
retinal FD can be established.
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Accumulation of amyloid-beta (Aβ) peptides is regarded as the hallmark of
neurodegenerative alterations in the brain of Alzheimer’s disease (AD) patients. In the
eye, accumulation of Aβ peptides has also been suggested to be a trigger of retinal
neurodegenerative mechanisms. Some pathological aspects associated with Aβ levels
in the brain are synaptic dysfunction, neurochemical remodeling and glial activation, but
these changes have not been established in the retina of animals with Aβ accumulation.
We have employed the Octodon degus in which Aβ peptides accumulated in the
brain and retina as a function of age. This current study investigated microglial
morphology, expression of PSD95, synaptophysin, Iba-1 and choline acetyltransferase
(ChAT) in the retina of juvenile, young and adult degus using immunolabeling methods.
Neurotransmitters glutamate and gamma-aminobutyric acid (GABA) were detected
using immunogold labeling and glutamate receptor subunits were quantified using
Western blotting. There was an age-related increase in presynaptic and a decrease
in post-synaptic retinal proteins in the retinal plexiform layers. Immunolabeling showed
changes in microglial morphology characteristic of intermediate stages of activation
around the optic nerve head (ONH) and decreasing activation toward the peripheral
retina. Neurotransmitter expression pattern changed at juvenile ages but was similar in
adults. Collectively, the results suggest that microglial activation, synaptic remodeling
and neurotransmitter changes may be consequent to, or parallel to Aβ peptide and
phosphorylated tau accumulation in the retina.

Keywords: retina remodeling, amyloid protein, aging, Alzheimer’s disease, Octodon degus

INTRODUCTION

Elevated levels of amyloid beta (Aβ) proteins and the associated cell damage have been described in
the aging eye and opened up the possibility of Aβ being a key constituent of age-related ocular
pathologies (Hinton et al., 1986; Dutescu et al., 2009; Koronyo-Hamaoui et al., 2011; Koronyo
et al., 2017). Several investigations using the Octodon degus (degus) have confirmed a role for Aβ

peptides in diseases, including increased Aβ peptides and phosphorylated tau levels in the adult
retina (Acosta et al., 2014; Du et al., 2015) or altered retinal structure with age (Szabadfi et al., 2015).
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Other studies in degus have described behavioral and memory
deficit in the animals (Inestrosa et al., 2005; van Groen et al.,
2011; Ardiles et al., 2012; Castro-Fuentes and Socas-Pérez, 2013;
Tarragon et al., 2013), and modeled the expression of Alzheimer’s
disease–like (AD) proteins in aging degus (Inestrosa et al., 2005;
van Groen et al., 2011; Ardiles et al., 2012, 2013; Tarragon et al.,
2013; Inestrosa et al., 2015; Salazar et al., 2016). The degus
offer new opportunities to investigate the fundamental question
of whether Aβ and tau in the retina are associated with an
accelerated aging process. It should also be acknowledged that
although the degus have been described as a sporadic AD model
with AD-like neuropathology, the occurrence of AD may be
variable and not all colonies develop neuropathology in the brain
and retina (Steffen et al., 2016; Bourdenx et al., 2017). As an
animal model of aging or for AD investigation, it is important
to consider the animal colony husbandry that includes exercise,
and nutrition as these are important factors that may affect
amyloidosis (Van der Auwera et al., 2005; Nichol et al., 2008; Zhao
et al., 2015; Prado Lima et al., 2018). Other possible explanations
may be genetic polymorphism in the degus that causes variation
in enzymes which may in turn have implications on metabolic
and neurological functions (Carter et al., 1972; Gurney et al.,
1986; Quan et al., 2009). Inbreeding of laboratory-bred degus
may also display different co-morbidities and exposure to stress
compared to wild-captured bred degus (Palacios and Lee, 2013;
Ibanez et al., 2018). Therefore, we conducted this investigation
using tissues from a colony of degus that had occurrence of Aβ

peptides and phosphorylated tau in adult animals, and animals
that had behavioral testing to infer their neurological status.

In a previous publication (Du et al., 2015), greater Aβ peptide
levels were observed in the retina of adult degus (average
age of 28 months) than the young animals (average age of
12 months). The protein levels were also higher in central
retina than in peripheral retina. Furthermore, there was an
age-related increase in Aβ oligomers and hyper-phosphorylated
tau accumulation, particularly in the ganglion cell layer (GCL)
of the retina. The confirmed accumulation of Aβ peptide in
the retina motivated this investigation of retinal structural
changes, synaptic remodeling, and neurotransmitters profile as a
function of aging.

A prominent feature of the aging process in the retina and
brain is inflammation (Nilson et al., 2017). In this study, we
investigated whether there is resident microglial response in the
aging degus retina. We also hypothesized that glutamate, being
the main neurotransmitter in the vertebrate retina could be
altered due to the elevated levels of Aβ peptides possibly affecting
synaptic function. This study employed animals from a colony of
degus where the increase in Aβ peptides during the aging process
has been described (Du et al., 2015).

MATERIALS AND METHODS

Breeding Conditions and Tissue
Collection
Degus were born and raised in the animal facility at Universidad
de Valparaiso, Chile. Animals were bred under a 12:12 light/dark
cycle in a controlled temperature environment (23 ± 1◦C) with

water and food ad libitum. Young and adult degus were housed
in groups of 2–4 animals in metal cages with a chip wood-based
bedding floor. Food consisted of commercial rabbit pellet, hay
cubes or Prolab rat diet (RMH 3000 LABDIET). Water ad libitum
was provided. No material for nest or social enrichment was
provided to adults. Animal ages were: juvenile 4–10 months
(n = 25), young 12–24 months (n = 8), adult 36–56 months (n = 5)
and aged adult ≥ 60 months old (n = 15). Only animals that had
behavioral testing to infer their neurological status were included
in this manuscript. Animals with cataracts, usually developing
in degus secondary to diabetes, were not included in this study.
Representative images of the brain Aβ labeling in some animals is
shown in Supplementary Figure S1.

Octodon degus at various ages were euthanized by
intraperitoneal pentobarbital overdose injection. All experiments
were in accordance with the bioethics regulation of the
Chilean Research Council (CONICYT) and in accordance with
the Association for Research in Vision and Ophthalmology
statement for the use of animals in ophthalmic and vision
research. The University of Auckland Animal Ethics Committee
(permit number: AEC 001138) also approved the collection of
tissues for these experiments.

Fluorescence Immunohistochemistry
The eyes were dissected from the orbit, and fixed in 4%
paraformaldehyde (PFA), 0.01% glutaraldehyde in 0.1 M
phosphate buffer saline (PBS) for 30 min followed by several 10
min PBS washes. After fixation the tissues were submerged in
sucrose solutions for cryoprotection and then were embedded
in optimum cryosectioning medium (OCT) and were sectioned
at 12 µm and collected on Superfrost Plus glass slides. Sections
were maintained frozen at −20◦C until immunohistochemistry
proceeded. All tissues were processed under the same conditions.
Retinal sections were incubated in a blocking solution containing
6% donkey or goat serum, 1% bovine serum albumin (BSA),
and 0.5% Triton X-100 for 1 h, and then incubated in
primary antibody (Table 1) diluted in a 3% donkey or goat
serum, 1% albumin serum bovine (BSA), and 0.5% Triton
X-100 solution overnight. On day 2, the retinal tissues were
washed and incubated in secondary antibody solution (goat
anti-mouse or goat anti-rabbit conjugated with A594 or A488;
1:500, Molecular Probes, United States) for 3 h at room
temperature in the dark before thorough washes in 0.1M PBS.
4′,6-diamidino-2-phenylindole (DAPI) was added at this stage.
Sections were mounted using anti-fading reagent (Citifluor,
Electron Microscopy Sciences, United States) and coverslipped.

Silver Intensified Immunogold Labeling
The procedure for post-embedding silver-intensified
immunogold detection has been previously described (Marc
et al., 1990; Acosta and Kalloniatis, 2005; Sun et al., 2007).
Briefly, eyes were dissected out of the orbit and fixed in 2.5%
glutaraldehyde, 1% PFA in 0.1 M PBS for 1 h followed by
several 10 min PBS washes. The retina was then dissected
out of the eye and was processed for embedding in Epon
resin. The tissue was sectioned at 500 µm thickness using a
Leica Ultracut UCT ultramicrotome (Leica, Germany). Retinal
sections were collected on PTFE (Teflon)-coated 10-well slides
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TABLE 1 | List of primary antibodies used for immunohistochemistry and in Western blotting.

Name Host Isotype Epitope/Immunogen Specificity Dilution Supplier References

PSD95 Ms IgG2 Recombinant rat PSD95 Glutamatergic synapses
in OPL and IPL of retina

1:1000 Clone 7E3-1B8
Millipore CP35

Naisbitt et al., 1999

Synaptophysin Ms IgG1 Presynaptic vesicles of
cerebral/spinal neurons

Presynaptic vesicles in
OPL and IPL of retina

1:200 Chemicon
MAB5258

Rodriguez-de la Rosa
et al., 2012

Choline
acetyltransferase
ChAT

Rb IgG Cholinergic neurons in
brain and central nervous
system

Cholinergic amacrine
cells in the retina

1:100 AB143 Fox et al., 2011

Iba-1 Rb IgG C terminal of Iba-1
protein

Retinal microglia 1:500 Wako 019−19741 Kanazawa et al., 2002

Glutamate Rb IgG Small Molecule
conjugated to BSA by a
Glutaraldehyde linker

Calibrated against a
spectrum of antigens to
assure hapten selectivity.
No measurable
cross-reactivity

1:500 Abcam ab9440 Kalloniatis et al., 1996;
de Souza et al., 2012

Glutamine Rb IgG Small Molecule
conjugated to BSA by a
Glutaraldehyde linker

Calibrated against a
spectrum of antigens to
assure hapten selectivity.
No measurable
cross-reactivity (<1:1000)
was detected against
glutamine in peptides or
proteins

1:1000 Abcam ab9445 Kalloniatis et al., 1996

GABA Rb IgG Small Molecule
conjugated to BSA by a
Glutaraldehyde linker

Fixed tissue
cross-reactivity tested
with known targets at
recommended dilution.
No measurable
glutaraldehyde-fixed
tissue cross-reactivity
(<1:1000) against other
amino acids

1:500 Abcam ab9446 Kalloniatis et al., 1996;
de Souza et al., 2012

Pan-Shank Ms IgG1 Recombinant protein
consisting of SH3/PDZ
domain of rat Shank2

Western Blotting in rat
brain membrane tissue
lysate

1:500 Clone N23B/49;
UC Davis/NIH
NeuroMab

Serrano et al., 2014

GluA2 Ms IgG1 Fusion protein amino
acids 834–883
cytoplasmic C-terminus
of rat GluA2/GluR2

Immunoblot of
membranes from adult
rat brain and adult
GluA2/GluR2 knockout
and wild-type mouse
hippocampi

1:1000 Clone L21/32; UC
Davis/NIH
NeuroMab

Serrano et al., 2014

GluN1 Ms IgG2 Recombinant protein
corresponding to
extracellular N-terminus
of rat GluN1/NR1

Specific for GluN1 1:1000 Clone N308/48 UC
Davis/NIH
NeuroMab

Uttl et al., 2018

(ER-208B-CE24, Thermo Fisher Scientific) and stored until
immunohistochemistry proceeded.

Primary antibodies used in this procedure detected retinal
amino acids (Table 1: anti-glutamate; anti-glutamine; anti-
gamma-aminobutyric acid), and 1.4 nm Nanogold R© conjugated
secondary antibody (1:100; #2003, Nanoprobes, United States)
was used to detect the primary antibody. The detection was
enhanced using silver intensification of the nanogold tag as
previously described (Kalloniatis et al., 1996).

Western Blotting
Retinal samples were processed as described in a previous
publication (Du et al., 2015). Briefly, proteins extracted from
homogenized retinas were resolved by 10% SDS-PAGE and

transferred to a polyvinylidene difluoride (PVDF) membrane.
Proteins of interest were detected using primary antibodies
raised in mouse (Table 1) and a secondary goat anti-mouse
peroxidase conjugated antibody (Pierce, United States). Band
intensities in Western blotting were visualized with enhanced
chemiluminescence blotting substrate (Pierce, United States)
and densitometrical quantification was conducted using Image J
software (National Institutes of Health, United States). Data are
presented as relative values to the loading control protein value.

Tissue Imaging
All fluorescence retinal images were acquired using an
Olympus FluoViewTMFV-1000 confocal microscope (Olympus
Corporation, United States), with the excitation wavelengths set
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for Alexa 488, and Alexa 594 fluorochromes and for DAPI. A z-
stack (along the optical axis) was acquired using 0.9 µm step-size
to go through a total thickness of ∼9 µm per tissue. Six retinal
images acquired from different animals were analyzed for each
group, and the representative images shown in the figures. Retinal
sections with silver-intensified amino acid immunoreactivity
were imaged under the same lighting and contrast parameters,
using Brightfield microscope (Leica Corporation, Germany)
with an attached Leica DFC495 camera and a LASV4.8 Leica
Microsystems software used for taking the images.

Quantification of Labeling
Six images from each animal per age group were analyzed
to obtain the percentage area labeled by the antibody, using
Image J (National Institutes of Health, United States). Images
were split into RGB channels and the single channel that
corresponded to the secondary antibody fluorochrome was used
in the quantification. Retinal cell counting was performed in 1
µm thickness confocal images. A fixed size area was selected
on each image and the number of labeled cells in that area was
counted. Number of Iba-1 positive microglial cells were counted
in central retina. Values per retina were averaged and plotted as
mean± SEM (standard error of the mean).

Immunogold labeling was quantified in grayscale images.
Using the auto-threshold modality, minimum and maximum
threshold values were selected. The labeled area was calculated
by determining the mean pixel number in selected retinal areas.

Statistical Analysis
Statistical analyses were performed using SPSS (International
Business Machines Corporation, United States). One-way
ANOVA and Bonferroni post hoc test was performed to
determine significant differences in the expression of retinal
markers between age groups. A p < 0.05 was considered to be
statistically significant.

RESULTS

Evidence of Retinal Synaptic Remodeling
as a Function of Aging in Degus
The retina was immunolabeled to confirm accumulation
of Aβ peptides and Tau phosphorylation (Supplementary
Figures S2, S3). In these tissues, we have previously determined
that there are changes in retinal ganglion cell (RGC) density
and photoreceptor cell apoptosis in adult retina (Du et al.,
2015). Now we investigated whether the retinal plexiform layers
are affected. Synaptophysin (SYN) was detected in presynaptic
structures in the outer plexiform layer (OPL) and inner plexiform
layer (IPL) of the degus’ retina (Figure 1). SYN expression was
similar in juvenile and young retina (juvenile: 10.44 ± 0.72
vs. young: 10.27 ± 0.52, p = 0.996). However, there was a
marked increase in SYN expression in adult degus (adult:
16.26 ± 0.2, p < 0.001). There was no statistically significant
difference between adult and the aged adult group (16.94 ± 0.57,
p = 0.809). However, SYN labeling pattern showed retraction of

photoreceptor synaptic end (Figures 1D,D’, arrows), and reduced
labeling of the OPL.

The post-synaptic density protein 95 (PSD-95) was detected in
the OPL and IPL (Figure 2). PSD-95 expression was the lowest in
juvenile degus in which < 1% of the retina was immunolabeled.
There was a statistically significant increase in PSD-95 protein
expression from juvenile to young age (juvenile: 0.91 ± 0.15
vs. young: 5.12 ± 0.4, p < 0.001), which remained high in
adults (4.07 ± 0.8) but was significantly different from young
animals (p < 0.05). Interestingly, a significant decrease in protein
expression was found in aged adults (2.60 ± 0.22) compared
with adult animals (p < 0.01). The decrease in PSD-95 protein
expression was found even in aged adults that had a reduction
in size of both the outer nuclear layer (ONL) and the OPL
(Figures 2D,D’).

Quantification of Synaptic Proteins and
Glutamate Receptor Subunits
To determine if the changes in synaptic layer protein expression
were associated with neurotransmitter changes, Western blotting
of synaptic proteins and glutamate receptor subunits was
conducted (Figure 3). Shank was used as a post-synaptic
density protein marker which functions as a part of the
N-methyl-D-aspartate (NMDA) receptor-associated PSD-95
complex (Naisbitt et al., 1999). It has both signaling and
anchoring functions. Shank expression was found to be relatively
constant as a function of age.

GluN1, a subunit present in NMDA receptors was also
quantified as a function of degus’ age. GluN1 expression
was not significantly different between juvenile and young
animals but a significant decrease was detected between young
and adults (p < 0.05), suggesting an age-related effect on
expression of the subunit.

GluA2, a subunit of post-synaptic α-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid (AMPA) type glutamate
receptors was also found at all ages. There was a non-significant
decrease in GluA2 expression when comparing juvenile with
young retina. A significantly higher expression was seen in
the adult degus group (1.31 ± 0.02) compared with the
young group (0.61 ± 0.05), but the GluA2 value in the adult
group was not significantly different from the juvenile group
(p = 0.34; Figure 3).

Aging in Degus and Neurotransmitter
Levels
The observed changes in synaptic protein expression and in
glutamate receptor subunit prompted us to investigate the
levels of glutamate neurotransmitter, and other amino acids
related to the glutamate pathway (Figure 4). An anti-glutamate
antibody was used to immunolabel degus’ retina. In juvenile
retina, glutamate was expressed in the IPL, in some bipolar
cells (BC), amacrine cells (AC), and in the GCL. Young
retinas showed increased expression in the IPL, AC, horizontal
cells (HC), BC, and the GCL. Quantification of the amount
of labeling in the plexiform layers showed an increase in
glutamate in the IPL and OPL at young age (Figures 4M,N and
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FIGURE 1 | SYN immunolabeling in degus retina. (A,A’) Juvenile degus, (B,B’) Young degus, (C,C’) adult degus, (D,D’) aged adult degus. (E) Quantification of
percentage area occupied by SYN labeling in the entire retinal image. SYN, synaptophysin; OLM, outer limiting membrane; ONL, outer nuclear layer; OPL, outer
plexiform layer; ILM, inner limiting membrane; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer; NFL, nerve fiber layer. Scale bar = 20 µm.
Statistical analysis was completed by one way ANOVA. Data are expressed as mean ± SEM (n = 6). Significant values are indicated with asterisks: ∗∗∗p < 0.001.

Frontiers in Neuroscience | www.frontiersin.org 5 March 2020 | Volume 14 | Article 16136

https://www.frontiersin.org/journals/neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-14-00161 March 18, 2020 Time: 15:26 # 6

Chang et al. Synaptic Remodeling in Degus Retina

FIGURE 2 | PSD95 immunolabeling in the degus retina. (A,A’) Juvenile degus, (B,B’) Young degus, (C,C’) adult degus, (D,D’) aged adults. (E) Quantification of %
area occupied by PSD95 labeling in the entire retinal image. Intense labeling in the outer segment seen in (C,C’) is judged to be unspecific autofluorescence. PSD95,
post-synaptic density protein 95; OLM, outer limiting membrane; ONL, outer nuclear layer; OPL, outer plexiform layer; ILM, inner limiting membrane; INL, inner
nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer; NFL, nerve fiber layer. Scale bar = 20 µm. Statistical analysis was completed by one way ANOVA.
Data are expressed as mean ± SEM (n = 6). Significant values are indicated with asterisks: *p < 0.05; **p < 0.01; ***p < 0.001.

Supplementary Table S1). Such increase was maintained in adult
retina (Figure 4J).

Glutamine was expressed in all layers but more abundantly
in the INL and in the IPL in juvenile degus. The expression
pattern was similar in the young group, but Müller cell processes

were clearly labeled. Quantification of the amount of glutamine
labeling in the OPL showed a significant decrease (p < 0.01)
followed by increase (p < 0.05) in the OPL of the old adult
degus (Figure 4K). No changes were observed in the IPL
compared with adults.
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FIGURE 3 | Western blot of Shank, GluN1, GluA2 in juvenile, young, and adult retina. Quantification of the bands shows no age-related changes in expression of the
markers, except for GluN1. Anti-tubulin was used as loading control. Statistical analysis was done using by one way ANOVA with Boferroni post hoc test. Data are
expressed as mean ± SEM (n = 6). Significant values are indicated with asterisks: ∗p < 0.05; NS, non-significant.

GABA immunoreactivity was assessed as a function of age.
Strong labeling was found in AC, and three typical GABA-
positive bands were present in the IPL in juvenile retina
(Figure 4C). The labeling pattern was similar in juveniles and
in young (Figures 4C,F). Some areas in the OPL and Müller
cell processed in the ONL were immunoreactive to GABA.
The adult retina showed a similar pattern of GABA with no
significant changes in the plexiform layers (Figure 4I). Such
GABA expression pattern and labeling in adult retina has been
described in other species (Kalloniatis and Tomisich, 1999). The
labeling pattern did not appear to differ from the old adult age
group (Figure 4L).

Loss of cholinergic neurons has been reported in AD in the
brain. We investigated whether cholinergic AC were affected
in the degus model as a function of age. The results show
that a juvenile and young retina show a normal pattern of
ChAT+ cell arrangement in the INL and in the GCL with
strong labeling of two sublayers in the IPL (Figure 5A). Adult
retinas also show this typical arrangement in the IPL, but less
labeling of somata was observed in the nuclear layers (Figure 5B).

Aged adult degus, on the other hand, presented a decreased
number of ChAT+ somata and highly reduced labeling of the IPL
(Figure 5C). Quantification of the labeling confirmed reduced
ChAT expression in the aged adult degus (Figure 5D).

Microglial Phenotype in the Retina
In the retina, microglia have a role in neuroprotection and
degeneration. The role is evident when there is change in the
morphology of resident microglia. Microglia was considered
to be inactive, intermediate activation or active according to
the morphological description published by Karperien et al.
(2013). Unramified and intermediate forms were considered to
be active vigilant sentinels. Amoeboid or rounded microglia
were considered to be active with an inflammatory role. In their
unramified and intermediate forms microglia are considered to
be activated (Karperien et al., 2013). In their fully hyper-ramified
form microglia are actively engaged in essential physiological
roles, such as those described in Karperien et al. (2013). Microglia
in its intermediate morphological forms may be associated with
synaptic remodeling, as a reduction in PSD95 expression, and
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FIGURE 4 | Aminoacid immunolabeling in the degus retina. (A,D,G,J) Glutamate, (B,E,H,K) Glutamine, (C,F,I,L) gamma-aminobutyric acid (GABA) Glutamate
labeling was most different in juvenile retina (A) compared with young (D) and adults (G) where there was labeling throughout the retina. Glutamine in juvenile degus
(B) was observed in the IPL and INL, while in young retina (E) glutamine expression was increased in areas corresponding to the location of Müller cells. High level of
glutamine immunolabeling was seen in amacrine cells in the adult retina (H). GABA in juvenile (C) and in the young retina (F) was expressed in amacrine cells in the
INL and immunolabeled sublayers in the IPL, while in adults (I) labeling increased in the INL and extended to labeling of the OPL. In the old adult, increased
expression of glutamate (J), glutamine (K), and GABA (L) was observed. Quantification of the labeling in juvenile-adult ages is shown in (M–O). There were not
enough silver intensified immunogold samples to quantify the old adult group. Scale bar on (I) = 20 µm and applies to (A–I). Scale bar on (L) = 20 µm and applies to
(K,L). Statistical analysis was completed by one way ANOVA. Data are expressed as mean ± SEM (n = 4–5). Significant values are indicated with asterisks:
∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001.
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FIGURE 5 | Choline acetyltransferase immunolabeling in degus retinas. (A) Young degus, (B) adult degus, (C) aged adult degus. ChAT labeling was similar in young
retina compared with juvenile. Adults had reduced labeling of the IPL and apparent reduction in labeling of somata in the INL and GCL. Aged adults had a reduction
in labeling of the IPL but intense ChAT labeling was seen in the few remaining labeled cells. (D) Quantification of ChAT expression per unit area was conducted in
n = 4 retina per group. Statistical analysis was completed by one way ANOVA. Significant values are indicated with asterisks: ∗∗p < 0.01. Scale bar = 20 µm.

increase in SYN expression was seen when animals transitioned
from young to adult age. To determine whether the degus retina
was in an active or intermediate phase of surveillance, as the
result of abnormal accumulation of Aβ peptides, the synaptic
remodeling and the neurotransmitter changes, microglia was
labeled with ionized calcium-binding adaptor molecule-1 (Iba-
1) and its morphology assessed as a function of age. Iba-1 labels
resting and active microglial cells and we classified the cells
according to their morphology. Figure 6 shows the Iba-1 positive
cells in central retina in each age group. Figures 6A,A’ show
that the microglial cells were mostly inactive, as they were flat
and had short unramified processes within their usual residing
retinal layer in juvenile and young degus retina. Microglial cells in
the IPL were more of a “dendritic-like” appearance (Rojas et al.,
2014), had longer cell processes projecting beyond the IPL, and
were found in young retina but mostly in adult (Figure 6B).
The aged adult group had more microglia per unit area in
central retina (Figures 6C,D). However, their morphology did
not reflect an active stage of inflammation. A particular microglia
morphology of intermediate activation was first noticed at ages
between 12 and 48 months old, and tissues within this age-bracket
were further analyzed.

We determined whether the microglia morphology was
consistent across retinal eccentricity in the young age animals.
A detailed analysis of the labeling pattern as a function of

eccentricity was conducted, and a representative image shows
labeling around the optic nerve head (ONH) in Figure 7. In
the young retina, there were active and inactive microglia as
a function of eccentricity. The morphology of the cells varied
depending on the distance from the ONH, and probably with
retinal position. Quantification of the number of cells as a
function of distance from the optic nerve showed that active
microglial cells were within an area spanning ∼1200 µm on
either side of the optic nerve. The active state of microglia was
judged by the number of hyper-ramified processes (up to four fine
and elongated cell processes) branching out. Iba-1 cells that were
more than 1200 µm away from the ONH have less, thicker, and
shorter cell processes (inactive).

DISCUSSION

This investigation confirmed the presence of synaptic changes
with aging in degus retina. We proposed that synaptic
remodeling is the consequence of abnormal accumulation of
Aβ peptides and hyperphosphorylated tau, found in degus at
a young age (∼12 months old) (Du et al., 2015). This is in
agreement with Masliah and colleagues’ (Masliah et al., 2006)
suggestion that the mechanism of synaptic loss is due to
excess Aβ accumulation reaching neurotoxic levels, resulting
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FIGURE 6 | Iba-1 immunolabelling of degus central retina. (A’) Young, 18-month old degus, (B’) Adult, 48-month old degus, (C’) Aged adult, 84-month old degus.
Representative images of increased activation of microglia as a function of age. (D) Quantification of number of Iba-1 per unit area was conducted in n = 4 retina per
age group. Young retinas had inactive microglial cells (A), while they were dendritic-like in adult retina. (B). The aged adult group did not seem to have active
microglia (C). Statistical analysis was completed by one way ANOVA. Significant values are indicated with asterisks: *p < 0.05. Scale bar = 40 µm.
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FIGURE 7 | Iba-1 immunolabeling of a retina representative of the young age group. (A) Collage of retinal images spanning ∼2200 µm on either side of the optic
nerve head (ONH, marked by ♦). Note the high labeling of Iba-1+ cells in the inner retina and the choroid. (B) Enlarged view of the peripheral retina (∼1952 µm to
the left of ONH). (C) Enlarged view of the central retina (∼1120 µm to the left of ONH. Active microglial in IPL is indicated with ∗ and inactive microglia with ∗′ in the
NFL. (D) Enlarged view of the ONH area. (E) Enlarged view of the central retina (∼672–1040 µm to the right of ONH). (F) Enlarged view of the peripheral retina
(∼1200–1552 µm to the right of ONH). (G) Magnified view of box in (B) (arrowhead: microglia cell in the peripheral retina). (H) Magnified view of box in (E) (arrow:
active cell in the central retina). (I) Quantification of microglial cell count in the IPL. (J) Quantification of active microglial cells in the IPL. Scale bar = 80 µm in (A), 40
µm in (B–H).

in dysregulation of glutamate levels at synaptic clefts, and
neurite degeneration. In addition, we have identified in young
degus microglial intermediate activation near the ONH, with
decreasing activity toward the peripheral retina, suggesting
that the reported accumulation of the AD-related proteins in
central retina (Du et al., 2015) elicits microglial activation for
maintenance of synaptic structures (Rashid et al., 2019). Analysis
of tissues at selected ages allowed us to determine that there
is a clear sequence of events in protein expression. This is
summarized in Figure 8.

Age-Related Decrease of Cholinergic
Amacrine Cells Occurs After Aβ

Accumulation and Coincides With the
Age When Dense Phosphorylated Tau
Accumulates in IPL-NFL
In the AD-like brain, altered neuritic growth and synapse
formation are associated with abnormal processing of amyloid
precursor protein (APP) and Aβ aggregation. This results in
degeneration of sprouting cholinergic neurites into dystrophic
forms similar to what is observed in mature AD plaques. Zheng
et al. (2002) also reported an increase in tau phosphorylation and
loss of cholinergic neurons that were time and Aβ-concentration
dependent in rat primary septal cultures (Zheng et al., 2002).
This is in accordance with the amyloid hypothesis that abnormal

Aβ accumulation is the upstream event that initiates cascading
events and neuroinflammation (Hardy and Selkoe, 2002). What
we observed in degus’ retina appears to resemble an intermediate
activation process seen in the brain, as retinal cholinergic AC
had an age-related decrease in number and synapses in the IPL.
Cholinergic AC are also known as starburst AC. They synapse in
both the ON and OFF sublaminae of the IPL with directionally-
selective RGC that are responsive to image motion. Deficits in
global motion and dynamic visual tasks have been described in
the literature, but were often attributed to degenerative process
in the visual processing areas of the AD brain (Rizzo and Nawrot,
1998; Vallejo et al., 2016). Further investigation is warranted to
address whether such functional deficit in AD patients may also
be due to reduced cholinergic synaptic input to directionally-
selective RGC.

Age-Related Change of Post-synaptic
Marker Expression Is a Later Event Than
Aβ Accumulation and Microglia
Activation
There was differential PSD-95 expression with age in the degu’s
retina. PSD95 was the least abundant in the juvenile degus,
and peaked in the young degus, followed by a decrease in
protein expression from adult age. PSD is a complex network
of neurotransmitter receptors, regulators of synaptic electrical
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FIGURE 8 | Observed chronology of protein and synaptic changes in degus. Timeline is marked as per the youngest age of degus investigated that had an
observed phenomenon, such as accumulation of specified protein, and structural changes in the retina.

activity, and links to cytoskeletal elements. PSD95 has been
previously described to strongly label the rod spherules and
cone pedicles in the OPL. It is also found at BC ribbon
synapses in the IPL, and co-localizes with the NR1 subunit
of the NMDA glutamate receptors (Koulen et al., 1998). The
low PSD95 expression in the juvenile degus may be due to a
mechanism similar to the repression during neural development
as described by Zheng et al. (2002) in the mice embryonic brain
(Zheng et al., 2002). PSD95 RNA was successfully transcribed
in these mice, but had unsuccessful translation into proteins,
which led to degradation. We speculate that as the degus matured
from juvenile to young age, PSD95 formation became more
normalized and reached the normal physiological level. In fact,
the scaffolding arrangement with Shank was not altered. On the
other hand, the reduction of PSD95 from adult age may be due
to aging and amyloidosis. This theory is supported by the study
by Yuki et al. (2014) in which AD donor brain regions had
marked Aβ deposition and reduced level of PSD95, post-synaptic
disruption and neuronal loss (Yuki et al., 2014). Similarly, Ardiles
et al. studied the degus brain by immunoblot, and found PSD95
levels to be significantly reduced in animals 36 months of age
(Ardiles et al., 2012), which corresponds to adult age in this
current study. However, a difference in PSD95 expression was not
seen from juvenile to young age in the degus brain. An interesting
observation was the prominent reduction in PSD95 expression in
the IPL, which coincidentally was the location of intense paired
helical filaments (PHF)-tau labeling in adult degus (Du et al.,
2015). This may imply that PHF-tau accumulation is particularly
detrimental for the post-synaptic function in retinal neurons, as
it is in the brain (Avila et al., 2004).

SYN is a membrane protein of the synaptic vesicles, and has
multiple functions in synaptic vesicle formation, exocytosis and
delivery of neurotransmitters. It is also thought to be closely
related to synaptogenesis and synaptic plasticity during neural
tissue development (Dan et al., 2008; Yuki et al., 2014). In the
human AD donor brain SYN protein level was decreased but
not in control normal tissues. This suggested that presynaptic
disruption, as well as post-synaptic disruption is consequent
to abnormal protein deposition in AD. It is unclear why an
increased SYN level, rather than reduced was found in the
adult/aged adult degus retina that were more likely to be
affected by Aβ aggregation. One possible explanation may be

that although the retina and the brain are both neuronal tissues
they may have different response mechanisms to pathology. In
a study by Dan et al. (2008) SYN expression was found to
be upregulated in the rat retina following an acutely induced
high intraocular pressure, both in its mRNA and protein form,
and that the distribution of SYN was broadened (Dan et al.,
2008). These results suggested that aside from degeneration
in events of cellular stress, retinal synapses may also undergo
regenerative events that involve regulation of neurotransmission.
We observed that the expression pattern of glutamate in degus
was comparable with the expression in retinal neurons across
species (Kalloniatis et al., 1996). However, the labeling observed
in Müller cells was abnormal, and as shown in other species,
redistribution of neurotransmitters to these cells indicates that
there is stress in the retina (Acosta et al., 2005). In this study,
glutamate and glutamine labeling pattern signaled neurochemical
remodeling starting at a juvenile age in degus. Other studies
have suggested that Aβ oligomers (present at a young age in the
retina of degus) reduce glutamatergic synaptic transmission by
decreasing of AMPA and NMDA receptors expression (Shankar
et al., 2007). In adults, the labeling pattern was not different but
as seen in other chronic models of retinal degeneration, a shift
toward increased excitability is observed. Our findings in the
degus, together with the interesting data presented by Antes et al.
(2013) on apolipoprotein E4 (apoE4) targeted replacement mice
(a transgenic model with apoE4 being the most prevalent genetic
risk factor for AD) arrive to similar conclusions that changes at
presynaptic terminals and glutamatergic nerve terminals may be
preferentially affected (Antes et al., 2013). This motivates further
study in the synaptic activities in the degus retina.

Intermediate Stages of Microglial
Activation in the Retina Indicates
Synaptic Remodeling Starts at a Young
Age
Microglial cells showed morphological intermediate forms of
activation through the retina at an adult age (≥36–48 months),
which coincided with the same age groups that have Aβ and Tau
protein changes, and showed the greatest increase in previous
investigations (Du et al., 2015; Grimaldi et al., 2018). One of
the key observations in the microgliosis of the degus’ retina
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was that activated microglia were significantly more numerous
in the central retina (closer to the ONH) than the peripheral
retina. This is explained by the degus’ retina anatomy, in which
the RGC density is the densest in the visual streak area that is
proximal to the ONH. The degus RGCs have also been studied
and there are ∼300,000 cells with varying density at different
retinal eccentricity (Vega-Zuniga et al., 2013). Although there is
no discernible macula in rodents, there is a circumscribed and
well-developed area centralis region∼2.8 mm dorso-temporal to
the ONH and measures about 1.0 mm2. In the area centralis the
peak RGC density is 6,384 cells/mm2 (Vega-Zuniga et al., 2013).
The area centralis is located within the visual streak, where the
visual acuity is the highest – it runs nasotemporally above the
ONH. As the Aβ and NFT were both found to accumulate in
the inner retina (NFL, GCL, and IPL) of the degus, and these
layers are the axonal, nuclear, and dendritic processes of the GCL
respectively, it is possible that active microglia were the most
numerous in the central retina due to relatively greater density
of RGCs, and greater amount of Aβ and NFT accumulation.
Very few completely amoeboid cells were observed, suggesting
that the increased number of microglia around the ONH may
be associated with local changes rather than an active state of
inflammation. It was also interesting to note that the microglia
in the IPL seemed intermediately activated over the microglia
in the OPL, which stayed inactive (flat cell morphology with
few cell processes). This may be because the inner retina was
exposed to relatively more cellular stress, possibly due to the Aβ

and NFT deposition.

Degus May Be an Accelerated Model of
Age-Related Retinal Change and
Neurodegeneration
Aβ accumulation in the retina is a sign of amyloidosis associated
neurodegeneration (Koronyo-Hamaoui et al., 2011), and is also
observed in diabetes (Bitel et al., 2012). In degus, diabetes
is strongly associated with the incidence of cataracts (Ardiles
et al., 2013). In this study, animals with no lens opacities were
employed, allowing us to conclude that Aβ deposition is not
due to diabetic comorbidity. Over the course of normal aging,
Aβ has been observed as deposits in the retina of mice and
humans (Hoh Kam et al., 2010). However, in neurodegenerative
diseases with Aβ accumulation in the retina, such as in AD
(Blanks et al., 1996a,b) peptide accumulation is seen in the
retina before the brain (Chang et al., 2014, 2015; Du et al.,
2015). Aβ accumulation also occurs during glaucoma and
age related macular degeneration (ARMD). In ARMD, soluble
Aβ, mature Aβ fibrils (Isas et al., 2010) and tau are all
found in drusen deposits and lead to local toxicity of the
retinal pigment epithelium (RPE) in ARMD in humans. In an
investigation by Shelley et al. (2009), retinal synaptic changes
were noted in human ARMD tissue, where aberrant distribution
of immunoreactivity for vGluT1 was noted in the cone axon
and pedicle in ARMD, while vGluT1 transporter was normally
confined to the presynaptic terminal. This aberrant distribution
may be the result of synaptic remodeling as described by Sullivan
et al. (2007), where immunolabeling of sections of human retinas

affected by ARMD showed a redistribution of SYN and vGLUT-1
from the OPL (seen in normal retina) to the ONL. Furthermore,
the OPL morphology was disordered and appeared reorganized,
suggesting the retraction of photoreceptor axonal processes and
their synapses back into the ONL. This is also accompanied
by subsequent outgrowth of dendrites from the post-synaptic
bipolar cells, and reformation of synaptic contacts between
photoreceptor and bipolar cells. Collectively, these findings
demonstrate that aged and degenerating retinal tissues have the
tendency and capacity to undergo synaptic remodeling. In light
of this, it may be plausible to infer that the synaptic changes
seen in the degus retina are also due to aging and underlying
degenerative processes.

Degus have been described as a novel AD-like animal model
(Inestrosa et al., 2005; van Groen et al., 2011; Ardiles et al., 2012,
2013; Castro-Fuentes and Socas-Pérez, 2013; Tarragon et al.,
2013; Vega-Zuniga et al., 2013; Acosta et al., 2014; Du et al.,
2015; Inestrosa et al., 2015; Szabadfi et al., 2015; Altimiras et al.,
2017; Cisternas et al., 2018). However, investigators have also
found that degus housed and bred under different conditions
may result in different levels of AD-protein accumulation.
Contributing factors may include enrichment effects, genetic
polymorphism, and inbreeding/outbreeding (Rivera et al., 2016).
Further research is warranted to investigate the extent each of
the aforementioned factors play in the varied observations of
AD-protein accumulation in the degus.

CONCLUSION

By employing degus at different ages we demonstrated that there
is an age related increase in Aβ accumulation in the retina
that is associated with synaptic changes and neurotransmitter
imbalance. The aged adult degus showed variability in expression
of AD markers, as expected in a non-transgenic natural animal
model. This reiterates that degus are a close representation of the
aging process and sporadic/late-onset AD, as these animals share
97.5% protein homology with human Aβ.
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FIGURE S1 | Aβ4G8 immuno-labeling of the degus brain. (A) No labeling in the
Juvenile 5 month old degus. (A’) Magnified view of inset in (A). (B) positive labeling
in the Aged Adult 96 month old degus (marked by ∗ in the hippocampus and ∗’ in
the cortex). (B’) Magnified view of inset in (B’). Scale bar = 500 µm for (A,B), 200
µm for (A’,B’).

FIGURE S2 | Expression of amyloid precursor protein (APP) (A,F,F’,K,K’P,P’);
accumulation of amyloid β peptides detected with Aβ4G8 in (B,G,G’L,L’,Q, Q’),
Aβ6E10 in (C,H,H’, M,M’,R,R’), Aβ11A5 in (D,I,I’, N,N’, S, S’) and Aβ12F4 in
(E,J,J’,O,O’) as a function of development. (A–E) Juvenile degus, (F–J) young
degus, (K–O) adult degus, (P–S) aged adult degus. APP A4 (clone 22C11) is a
mouse antibody, IgG1 raised against amino acids 66–81 in the N terminus of
human APP (1:100 Abacus-als, MAB348). Aβ4G8 is a mouse antibody, IgG2b
raised against amino acids 17–24 of human Aβ peptide (1:300 Huntingtree
SIG-39220). Aβ6E10 is a mouse antibody IgG1 against amino acids 1–16 of
human Aβ peptide (1:300 Huntingtree SIG-39320). Amyloid β, clone 11A5-B10 is
a mouse antibody IgG against amino acids 3–40 of human Aβ (1:100 Millipore
05-799). Amyloid β12F4 is a mouse antibody IgG1 against amino acids x-42 of
human Aβpeptide (1:500 Covance SIG-39142).

FIGURE S3 | PHF-Tau (AT8) immuno-labeling in the degus retina. (A) Juvenile
degus, (B) young degus, (C) adult degus, (D) aged adult degus. The ∗ indicates
punctate labeling in the IPL and arrowheads indicate cytoplasmic deposits.
(A’–D’) Magnified view for PHF-Tau corresponding to each age inset. (A”–D”)
Magnified view for PHF-Tau + DAPI. (E) Quantification of the % area occupied by
PHF-Tau in total retina (ILM-OLM). (F) Quantification of % area occupied by
PHF-Tau in the NFL-GCL in all groups. PHF-tau (clone AT8) is a mouse antibody,
IgG1 raised against phosphorylated Ser202/Thr205 in human PHF-tau (1:200
Thermo Fisher MN1020). Abbreviations: PR, photoreceptors; ONL, outer nuclear
layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform
layer; GCL, ganglion cell layer; NFL, nerve fiber layer; NS, not significant. Scale
bar = 40 µm. Inset scale bar = 10 µm. Statistical analysis was completed by using
one way ANOVA. Data are expressed as mean ± SEM (n = 6). Significant values
are indicated with asterisks: ∗∗∗p < 0.001.

TABLE S1 | Qualitative comparison of the neurochemical labeling.
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Stroke is the most common cause of complex disability in Taiwan. After stroke onset,
persistent physical practice or exercise in the rehabilitation procedure reorganizes
neural assembly for reducing motor deficits, known as neuroplasticity. Neuroimaging
literature showed rehabilitative effects specific to the brain networks of the sensorimotor
network (SMN) and default-mode network (DMN). However, whether between-network
interactions facilitate the neuroplasticity after stroke rehabilitation remains a mystery.
Therefore, we conducted the longitudinal assessment protocol of stroke rehabilitation,
including three types of clinical evaluations and two types of functional magnetic
resonance imaging (fMRI) techniques (resting state and grasp task). Twelve chronic
stroke patients completed the rehabilitation protocol for at least 24 h and finished the
three-time assessments: before, after rehabilitation, and 1 month after the cessation
of rehabilitation. For comparison, age-matched normal controls (NC) underwent the
same fMRI evaluation once without repeated measure. Increasing scores of the
Fugl–Meyer assessment (FMA) and upper extremity performance test reflected the
enhanced motor performances after the stroke rehabilitation process. Analysis of
covariance (ANCOVA) results showed that the connections between posterior cingulate
cortex (PCC) and iM1 were persistently enhanced in contrast to the pre-rehabilitation
condition. The interactions between PCC and SMN were positively associated with
motor performances. The enhanced cross-network connectivity facilitates the motor
recovery after stroke rehabilitation, but the cross-network interaction was low before
the rehabilitation process, similar to the level of NCs. Our findings suggested that cross-
network connectivity plays a facilitatory role following the stroke rehabilitation, which can
serve as a neurorehabilitative biomarker for future intervention evaluations.

Keywords: stroke, rehabilitation, neuroplasticity, motor, resting-state functional MRI, functional connectivity
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INTRODUCTION

Stroke is the most common cause of complex disability in
Taiwan (Hsieh and Chiou, 2014). Most stroke patients survive
the initial insult but are left with cognitive impairments,
such as movement, sensation, language, memory, and
emotion (Carey, 2012). Therefore, rehabilitation protocols
play essential roles in post-stroke intervention to lessen
the disabilities and regain their quality of life. However,
rehabilitative neuroplasticity is a time-dependent process,
and the efficacy is unique to each patient (Kolb et al.,
2010). Therefore, successful rehabilitative training and
an effective evaluation approach are of great importance
for post-stroke healthcare, assisting patients returning to
meaningful daily activities. Currently, clinical guidelines
for stroke rehabilitation are available (Carey, 2012), but
the typical evaluation of stroke rehabilitation relies on the
patients’ and physicians’ subjective opinions on patients’
motor improvements. Subjective evaluations on behavioral
performances may not reflect the ongoing neurophysiological
progress following neurorehabilitation. Henceforth, current
neuroimaging methodologies, such as functional magnetic
resonance imaging (fMRI), offer the possibility to frame post-
stroke neuroplasticity objectively (Carey and Seitz, 2007; Liu
et al., 2017). These approaches are especially useful when
the neural mechanisms of post-stroke recovery over time
reflect different pathophysiological phases after ischemic stroke
(Carey and Seitz, 2007).

Pathophysiological abnormalities in brain functions can be
evaluated by fMRI through two different strategies: brain activity
on task engagement and brain connectivity in a resting state.
Compared with the limb movement performance in healthy
participants, higher contra-lesional motor activity was observed
in stroke patients (Enzinger et al., 2008; Carey L. et al., 2011),
suggesting the reduced inhibition to the contra-lesional motor
cortex during task engagements (Nowak et al., 2009). The task-
evoked brain activity was proved to be associated with behavioral
performances (Carey L. M. et al., 2011). In contrast, the resting
state functional connectivity (RSFC) provides another viewpoint
of the brain integrity during a spontaneous state without task
engagements (Biswal et al., 1995). The inter-hemispheric RSFC
may act as the cognitive reserve in support of task events,
and the ipsilesional RSFC usually associates with unilateral
neuropathologies in recent studies (Fan et al., 2015). Literature
also showed that inter-hemispheric RSFC of sensorimotor
network (SMN) was disrupted after stroke onset (Carter et al.,
2010; van Meer et al., 2010; Zhang et al., 2016), associated with
the reduction of limb movements and gait (Enzinger et al., 2008;
van Meer et al., 2012).

Beyond the SMN, the post-stroke connectivity loss in the
default-mode network (DMN) and frontoparietal network (FPN)
were also found to be associated with cognitive impairments
in literature (Tuladhar et al., 2013; Li et al., 2014; Liu
et al., 2017). A previous study showed that decreased RSFC
of DMN was associated with cognitive decline in stroke
patients (Liu et al., 2014), and the attention deficits following
stroke onset were associated with FPN (Lincoln et al., 2000;

Bajaj et al., 2015). Furthermore, longitudinal RSFC studies
disclosed plausible neural reorganizations after stroke onset.
For example, Miao et al. observed the progressive inter-
hemispheric RSFC normalization in the SMN (van Meer et al.,
2012), and the DMN connectivity was restored 3 months
after stroke (Park et al., 2014). However, although the brain
functionality is accomplished by internetwork integrity as a
whole unit, a majority of literature focused on connectivity
disruptions of one specific network after stroke (Zhang
et al., 2016; Veldsman et al., 2018). Most recent studies
demonstrated that inter-network connections serve important
roles in cognitive functions. For example, Wang et al. (2014)
stated that subcortical stroke affects not only the intra-network
connectivity but also the internetwork RSFC. Lam et al. (2018)
described the coupling between contra-lesional motor and
FPNs correlated with the post-stroke motor outcome. To date,
these studies reported the internetwork interactions between
stroke patients and controls, yet evaluate the cross-network
interactions along the neurorehabilitation process. Therefore,
it remains elusive whether the cross-network interactions
interfere or facilitate brain reorganizations along the stroke
rehabilitation process.

Targeting this issue, we hypothesized that the internetwork
connectivity between SMN, DMN, and FPN contributes to
regaining of motor functions along the stroke rehabilitation
process. To attain this goal, we recruited 15 subcortical stroke
patients for longitudinal fMRI assessments. We performed
longitudinal assessments three times along the rehabilitative
intervention (pre-rehab, post-rehab, 1 month follow up). For each
assessment, the patients performed a grasp task and resting state
fMRI to evaluate both brain activity and functional connectivity.

MATERIALS AND METHODS

Clinical Assessments
A total of 15 chronic stroke patients were enrolled in this
study, and 12 normal controls (NCs) were also included as an
age-matched control group. All participants provided written
consent forms under the supervision of the Institutional Review
Board of Taipei Veterans General Hospital (IRB number: 2013-
05-018A). Patients were clinically assessed from the chronic
stroke and rehabilitation services at the Taipei Veterans General
Hospital, Physical Medicine and Rehabilitation Department.
Patients were recruited if they meet the inclusion criteria:
(1) clinical diagnosis of unilateral stroke infarct confirmed
by a physician based on neurological examinations and brain
imaging (MRI or CT scan); (2) aged between 25 and 85 years;
(3) Brunnstrom stage II–V over the proximal and distal
part of the upper extremity on the affected side; (4) no
cognitive dysfunction, measured by the Mini-Mental State Exam
(=24; suggested by Crum et al., 1993); (5) in chronic phase
after prior stroke onset (=6 months); and (6) willing/able
to participate and having signed an informed consent form.
Exclusion criteria were as follows: (1) unstable vital sign; (2)
irreversible contracture over any of the joints of the affected
upper extremity; (3) history of surgery, fracture, arthritis, pain,
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or any other complications that might influence the recovery
of upper extremity function, such as aphasia, apraxia, and
neglect; (4) having spasticity as measured using the modified
Ashworth scale (score > 2); (5) having post-stroke seizure; (6)
heart attack within 3 months post-stroke; (7) cortical lesions
in any of the five core motor areas of interest, including the
bilateral primary motor cortex (M1), the bilateral premotor
area, and the supplementary motor area (SMA); and (8) with
metal implants. Uniquely, six participants reported the use of
medications during the rehabilitation period: medication for
hypertension (n = 5, Valsartan and Olmesartan), medication
for antiplatelet (n = 1, Cloropidol), and medication for seizure
prevention (n = 4, Baclofen).

Stroke Rehabilitation and Behavioral
Assessments
After receiving the clinical assessment, all stroke patients received
rehabilitation treatments with a total duration of 24 h. Patients
received 1 h of rehabilitation training at an intensity of three
times per week over 8 weeks (total 24 sessions). The treatment
program contains the motor-skill exercises that can improve
patients’ muscle strength and coordination and the range-of-
motion therapy that can ease the patient’s spasticity and help
the patient regain range of motion. The rehabilitative plan was
individualized according to the situation of each participant
by Taipei Veterans General Hospital. For all patients, the time
interval between two consecutive training sessions was longer
than 24 h to avoid fatigue. The rehabilitative treatments were
adjusted according to the situation of the participants by Taipei
Veterans General Hospital.

For evaluating the degree of motor impairments, we
recorded three behavior scores before the treatment (Pre),
after the treatment (Post), and at 1-month follow-up (Follow)
after treatment. Fugl–Meyer assessment (FMA) of physical
performance is a tool for quantitative assessment design based
on the recovery process of the stroke patients (Fugl-Meyer
et al., 1975), assessing the motor function, motor coordination,
speed, balance function, sensation, etc. The therapist recorded
the corresponding score based on the performance of stroke
patients between 0 and 66, where high scores correspond to
good motor performance for all three assessments. FMA was
selected to evaluate the upper limb motor function because it
is highly recommended for measuring the outcomes of stroke
patients (Bushnell et al., 2015). The wolf motor function test
(WMFT) is an assessment of upper limb function for patients
based on the performing integrity and fluency of the specified
action (Wolf et al., 2001). WMFT contains 15 tasks related to
daily-life actions, such as turning keys, taking a basket, flipping
cards, etc. Each task scores between 0 and 5 (up to 75 points).
The upper extremity performance test for the elderly (TEMPA)
is an assessment for daily-life motor tasks with four divisions,
ranging from -138 to 0 points (Desrosiers et al., 1995). The closer
to 0, the better the performance. The therapist recorded the
corresponding score based on the motor performance of stroke
patients, and high scores correspond to good motor performance
for all three assessments.

Experimental Design and fMRI Protocol
The fMRI protocol consisted of both resting state and movement-
related tasks, which were conducted three times in a repeated-
measure design (Pre, Post, and Follow) for the stroke patients and
performed once on NCs. Due to the limited space inside the MRI
scanner, we chose grasp as the target motion task in preventing
unnecessary motion during MRI acquisition. All participants
practiced the grasp task once outside the MRI scanning room
to ensure their compliance. The visual instructions and stimuli
were given using the projector with mirror settings. In the session
of resting state, we instructed the participants to keep their eyes
open, keep head position still, not fall asleep, and not think of
anything in particular, resting for 6 min. At the end of the resting
session, the participants were asked to press the alarm ball in
prevention of drifting into sleep. In the session of the grasp task,
participants were instructed to perform a block-design task: eight
cycles of 20-s grasp–release actions followed by 20 s of resting
condition with an initial wait of 10 s rest, lasting for 6 min
(180 measurements) in total. The participants were instructed
to grasp with the left hand for the first two cycles and then
right-hand grasp, alternately switching hands every two cycles
(Supplementary Figure S1).

The fMRI data were acquired using a Siemens TIM Trio
3T MRI scanner with a 12-channel head coil. For fMRI scans,
we applied a gradient-echo echo planar imaging sequence
(TR = 2000 ms; TE = 35 ms; flip angle = 90◦, 31 slices, matrix
size = 64× 64; FOV = 220 mm; voxel size = 3.4× 3.4× 4 mm3).
The scanning slab was aligned along the anterior commissure
and posterior commissure line. A high-resolution T1-weighted
anatomical image was also acquired by an MP-RAGE sequence
for registration purposes (TR = 1900 ms; TE = 2.26 ms; flip
angle = 9◦; 176 slices; FOV = 224 × 256 mm). The field-map
images were also acquired for EPI geometric corrections. The T2-
FLAIR images were acquired for localization of the lesion site
and for special normalization on stroke-patient datasets using
the automated lesion identification (ALI) toolbox (Seghier et al.,
2008). The datasets for this study are available on request to the
corresponding author.

fMRI Analysis
Preprocessing of fMRI data was performed using statistical
parametric mapping (SPM12) and analysis of functional neuro-
images (AFNI) (Cox, 1996). We checked the lesion locations in
the beginning and flipped left to right for patients who had a
lesion site at the left hemisphere (regarding the right-hand side
as the affected side in the following analysis). Then the field-
map correction was applied to unwarp distorted datasets. The
motion correction and the co-registration between T1-weighted
images and functional datasets were performed. The two-step
segmentation normalization was used to segregate six tissue
types: gray matter, white matter, cerebrospinal fluid (CSF), skull,
soft tissue, outside head, and then transformed into the Montreal
Neurological Institute (MNI) space via DARTEL normalization
(Seghier et al., 2008; Ripollés et al., 2012). Last, we smoothed
all images with a full-width half-maximum of 8 mm. After
the preprocessing, the grasp-task data underwent the regression
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FIGURE 1 | Average behavioral assessments and brain activity/connectivity maps in stroke patients (n = 12 with longitudinal assessments) and normal control
(n = 12). (A) Fugl–Meyer assessment of physical performance (FMA), (B) Wolf motor function test (WMFT), and (C) upper extremity performance test for the elderly
(TEMPA). Single asterisk sign denotes statistical significance p < 0.05, and double asterisk sign denotes p < 0.01 with Bonferroni correction.

analysis using the general linear model incorporating nuisance
regressors (baseline, linear trend, head motion). The grasp-
task paradigm was convolved with a canonical hemodynamic
response function and used as the main effect for both affected
and unaffected hands/hemispheres. The group-level activation
maps were generated based on beta maps for both stroke
patients and NC.

An additional three steps for the RS-fMRI data included
(1) the CSF and white matter signals extracted from the fMRI
datasets were taken as the nuisance regressor, (2) linear detrend,
and (3) band-pass filtering between 0.01 and 0.08 Hz. To
evaluate the functional connectivity of the three networks (DMN,
FPN, and SMN), we adopted a seed-based correlation strategy.
Spherical seeds (4 mm in radius) were applied for each of four
networks: (1) posterior cingulate cortex (PCC) [0 -53 26] for
DMN (Van Dijk et al., 2010), (2) ipsilesional middle frontal gyrus
[45 29 32] for affected FPN (Lin et al., 2014), (3) contra-lesional
primary motor cortex (cM1) [36 −25 57] for unaffected SMN
(Van Dijk et al., 2010), and (4) ipsilesional primary motor cortex
(iM1) [−36 −25 57] for affected SMN. All the coordinates were
based on the MNI system, and the affected side for the NC
group was set as the right-hand side. Connectivity strengths were
evaluated through the temporal correlation between the seed
signal and the signal from every other voxel. Subsequently, we
transformed the correlation coefficients into a z value by Fisher-Z
transformation for group analysis.

Statistics
For stroke patients, we performed a one-way repeated-
measure analysis of covariance (ANCOVA) to control age,
gender, education, and time since the stroke onset. The
ANCOVA was applied to FMA/WMFT/TEMPA scores, task-
fMRI (affected-hand grasp and unaffected-hand grasp), and
RS-fMRI indices (DMN, FPN, and SMN) for evaluating the
rehabilitative effect, and corresponding post hoc tests were used
to reveal the significant difference between time points. In
the imaging statistics, we presented the one-sample T-maps
and ANCOVA F-maps with a 3dClustSim corrected p < 0.05

with autocorrelation function (ACF). Subsequently, we applied
regions of interest (ROIs) of the RSFC and grasp activations from
the NC group (uncorrected p< 10−5) to the longitudinal datasets
along stroke rehabilitation and examine the associations between
motor-function assessments and imaging indices.

RESULTS

Behavior Improvements After Stroke
Rehabilitation
Among the collected patients, three stroke patients were
excluded for their post-stroke subacute phase, and 12 patients
with chronic stroke completed the three longitudinal fMRI
assessments. The demographic information is listed in
Supplementary Table S1, where the time duration after
stroke onset ranged from 6 to 24.7 months among patients.
Considering their motor performances, the repeated-measure
ANCOVA showed statistical significance of FMA (Figure 1A)
and TEMPA (Figure 1C) scores along the rehabilitation
process (FMAPre:Post:Follow = 26.8:29.3:30.3, F2,22 = 6.3,
p < 0.007; TEMPAPre:Post:Follow = −59.8:−55.3:−50.2, Huynh-
Feldt-corrected F1.4,15.5 = 7.9, p < 0.008), but WMFT
(Figure 1B) did not show a significant difference
(WMFTPre:Post:Follow = 45.5:48.0:46.9, F2,22 = 6.3, p < 0.007;
TEMPAPre:Post:Follow = 45.5:48.0:46.9, F2,22 = 1.30, p = 0.294).
The post hoc comparison demonstrated significant FMA
enhancements after the rehabilitation process (Pre vs. Post
and Follow, Bonferroni-corrected p < 0.05), and TEMPA
was enhanced between Pre and Post states (Bonferroni-
corrected p = 0.03). The detailed information is listed in
Supplementary Table S2.

Brain Activity of Grasp Task vs.
Within-Network Integrity of Resting State
Figures 2A,B show the one-sample t maps of the grasp task in
the affected and unaffected sides for all participants, respectively,
and the statistical criteria were set as 3dClustSim-corrected
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FIGURE 2 | (A) Activity of grasp task using the affected hand. (B) Activity of grasp task using the unaffected hand. (C) RSFC of sensorimotor network (SMN).
(D) RSFC of default-mode network (DMN). (E) RSFC of frontoparietal network (FPN). The seeds were placed at the ipsilesional side of the brain. Error bar denotes
the standard error.

p < 0.05 (uncorrected p < 10−4 with ACF and cluster threshold
of 20 voxels). In the unaffected side, the grasp-induced brain
activities localized at contra-lesional M1 and SMA regions,
resembling that of NC. However, in the affected side, the grasp
induced brain activities over only the SMA region in the Pre
state and over the contra-lesional M1 and SMA in both Post
and Follow. Figures 2C–E show the group-level functional
connectivity of SMN, DMN, and FPN, respectively, all seeding
at the ipsilesional side (right-hand side in NC) under the same
statistical threshold. Compared with the connectivity patterns
in the NC, DMN and FPN seemed unchanged across three
repeated measures. DMN and FPN in stroke patients resembled
that in NC to a great degree across the three sections only
the SMN in stroke patients was mainly unilateral in the Pre-
state, but became bilateral in Post and Follow conditions.

Furthermore, both the magnitudes of brain activity (beta value)
and the brain connectivity (z score) moderately reflected the
motor performances of FMA scores along the rehabilitation
process. The recovered beta values of the grasp task (by affected
hand) in Figure 3A show a positive relationship with the
FMA scores (r2 = 0.18, p < 0.01), where the bilateral SMN
connectivity strength (seeding at ipsilesional M1) in Figure 3B
also demonstrates significant association with the FMA scores
(r2 = 0.23, p < 0.01).

Internetwork Connectivity Between SMN
and DMN in Stroke Rehabilitation
To estimate the internetwork interactions along the rehabilitation
process, Figure 4 displays the ANCOVA results of stroke

Frontiers in Neuroscience | www.frontiersin.org 5 June 2020 | Volume 14 | Article 54852

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-14-00548 June 12, 2020 Time: 19:58 # 6

Wu et al. PCC–SMN Interactions in Neurorehabilitation

FIGURE 3 | Positive relationship between FMA scores and the brain functional indices in the 12 stroke patients. (A) Association between FMA and the grasp-task
activity (by affected hand) (r = 0.423, p = 0.01). (B) Positive relationship between FMA and the functional connectivity of contralesional M1 (seeding at ipsilesional
M1) (r = 0.478, p = 0.003).

patients across the three time points (3dClustSim-corrected
p < 0.05, uncorrected p < 0.01 with ACF and cluster
threshold of 300 voxels). SMN connectivity patterns (seeding
at iM1) had rehabilitation effects on precuneus and medial
frontal gyrus along the rehabilitation process (Figure 4A),
and DMN (seeding at PCC) interacted with the bilateral M1,
SMA, and premotor cortex (Figure 4B). However, the FPN
did not show significant alterations along the rehabilitation
process in ANCOVA; henceforth, we simply focus on the SMN–
DMN interactions in the following analysis. Subsequently, we
performed the ROI analysis on the internetwork interactions
within DMN/SMN regions prescribed from the NC group
(post hoc tests adjusted with multiple comparison). Figure 5A
shows the insignificant changes of intra-network connectivity
strengths (z scores) between bilateral M1s across three time
points (F2,22 = 1.55, p > 0.2), and Figures 5B–D show the intra-
network connectivity strengths between PCC and SMN-related
regions, demonstrating that PCC had enhanced connections
to SMN-related regions (F2,22 > 5.1, p < 0.02) in the Post
and Follow states. In contrast, the NC group did not present
observable PCC-SMN connections, and the enhanced PCC-SMN
connectivity after stroke rehabilitation (Post and Follow) was
significantly higher than the connectivity level of the NC group
(two-sample t-test p < 0.05, data not shown).

Associations Between DMN–SMN
Connectivity and Behavioral
Performance
Finally, we correlated the observed DMN–SMN connectivity with
the motor-function improvements of FMA to establish their
possible functional roles. Figure 6 illustrates the relationship
between the FMA scores and the connectivity strengths (in Z
score) of iM1 to cM1 (Figure 6A), PCC to iM1 (Figure 6B), PCC
to SMA (Figure 6C), and PCC to cM1 (Figure 6D). Regarding
the intra-network connectivity, the iM1-cM1 connection did not
significantly correlate with FMA score at all times (r2 < 0.28,
p > 0.05). Before the rehabilitation program started, the
internetwork connectivity (PCC-iM1 and PCC-SMA) did not
reveal its association with FMA scores before rehabilitation

FIGURE 4 | Group-based ANCOVA results across three longitudinal
assessments in stroke patients (3dClustSim corrected p < 0.05). (A) RSFC of
SMN seeding at iM1, highlighting medial frontal gyrus and precuneus.
(B) RSFC of DMN seeding at PCC, highlighting primary motor cortices, and
supplementary motor area. Factors of age, gender, education, and time after
stroke onset were controlled as covariates.

program (Pre: r2 < 0.06, p > 0.47), but it demonstrated
significant associations right after the rehabilitation process
(Post: r2 > 0.46, p < 0.015) and in the 1-month follow up
(Follow: r2 > 0.51, p < 0.01). Besides, although the PCC-
cM1 connection strength seemed enhanced after rehabilitation
(Figure 5D), its association with FMA was only significant in the
follow-up (Figure 6D).

DISCUSSION

We demonstrated the enhanced upper-limb motor performances
(estimated by FMA and TEMPA) of stroke patients after
the rehabilitation programs and 1-month follow-up. The
working hypothesis was verified with significant internetwork
interactions along the longitudinal rehabilitative assessments.
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FIGURE 5 | Regions of interest (ROIs)-based RSFC across longitudinal assessments in stroke patients. (A) Connection between iM1 and cM1. (B) Connection
between PCC and iM1. (C) Connection between PCC and SMA. (D) Connection between PCC and cM1. Connectivity strength was quantified by z score. Error bar
denotes the standard error. Single asterisk sign denotes statistical significance p < 0.05, and double asterisk sign denotes p < 0.01 with FDR correction.

Results indicated that the specific interactions between SMN
and DMN emerged after stroke rehabilitation and could
benefit the upper-limb motor functions. However, the FPN
did not show significant internetwork interactions, nor did it
facilitate motor performances in our observations. Furthermore,
the brain activity in ipsilesional motor area recovered after
rehabilitative training in correspondence with the emerging
bilateral connectivity patterns in the Post and Follow states.
These dynamic changes of brain functionality supported the
concepts that the brain networks do not function independently
but work as a whole especially in neurorehabilitation, and the
inter-network synchronizations can reflect a compensatory effect
of brain plasticity.

The stroke neurorehabilitation was evaluated using Task-
fMRI, RS-fMRI, and clinical assessments in this study. In
Task-fMRI, the task results of the affected-hand grasp showed
no activation in SMN before rehabilitation (Figure 2A) and
gradually returned back to ipsilesional activation in the patient
group, resembling the brain activity in the NC. The recovered
beta values in iM1 showed a positive relationship with the
FMA scores (Figure 3A), indicating the effectiveness of the
rehabilitation procedure. Relatively, the task results of the
unaffected-hand grasp showed insignificant changes across the
three time points (Figure 2B), suggesting the cM1 activity
in the grasp task did not change along the rehabilitation
process. In RS-fMRI, the most prominent changes across the
longitudinal observations were on the SMN connectivity seeding

at the affected side: the bilateral connectivity in NC was
disrupted in stroke patients before rehabilitation and recovered
back to bilateral connectivity after rehabilitation (Figure 2C).
The recovered bilateral connectivity also showed significant
association with the FMA scores (Figure 3B), demonstrating that
both the asymmetricity in task activation and symmetricity in
resting connectivity of SMN associated with the motor-function
recovery in stroke patients. In contrast, the RSFC of DMN and
FPN (Figures 2D,E) did not show significant differences across
time, indicating that the stroke rehabilitation did not influence
the within-network connectivity of DMN and FPN. Previous
study showed that the impaired attention after stroke could
recover by the cognitive rehabilitation (Lincoln et al., 2000).
Nevertheless, the rehabilitation procedure in this study focused
on motor function rather than cognitive training, which might
lead to the unchanged RSFC within DMN and FPN.

The two functional indices, brain activity and connectivity,
could both serve as neurophysiological indices reflecting the
neurorehabilitation effects (Hu et al., 2017); however, they
were seldom associated with each other in stroke patients.
Wang et al. (2017) recently demonstrated the spatial similarity
(coupling) between movement-induced activation and RSFC
in stroke patients with motor impairment, and they concluded
the similarity between motion-related activation and RSFC in
the ipsilesional sensorimotor cortex was significantly increased
following motor function recovery from the acute stage to
the early chronic stage. Our results also demonstrated similar
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FIGURE 6 | Association of FMA scores and functional connections in stroke rehabilitation. (A) Connection between iM1 and cM1 (within SMN). (B) Connection
between PCC and iM1 (internetwork). (C) Connection between PCC and SMA (internetwork). (D) Connection between PCC and cM1 (internetwork). Connectivity
strength was quantified by z score. Single asterisk sign denotes statistical significance p < 0.05, and double asterisk sign denotes p < 0.01.

task/rest coupling phenomena in chronic stroke patients,
indicating the neuroplasticity effect along the rehabilitation
training beyond the effect of time after stroke onset. Furthermore,
both task- and resting-state fMRI share similar principles
of blood oxygenation level-dependent and neurovascular
coupling (Tak et al., 2015), enabling the dual assessments for
enhancing sensitivity of neuroplasticity in stroke rehabilitation.
However, previous reports indicated the potential neurovascular
uncoupling in stroke patients (Blicher et al., 2012), implying
that the task-activation and RSFC in stroke patients shall not
be inferred based on those indices in NCs. Beyond the recovery
of network integration, an alternative inference was that the
ipsilesional recovery of both grasp activity and SMN connectivity
resulted from the transient effect of neurovascular uncoupling
after stroke onset, and neurovascular coupling was sluggishly
recovered following rehabilitation. At the current stage, we
were unable to prove the neurorehabilitation effect was due to
the recovery of network integrity or neurovasucalar coupling
without collecting information on cerebrovascular reactivity.

The most prominent finding in this study was enhanced
connections between PCC and iM1 after rehabilitation training.
The interactions between DMN and SMN also showed a
positive relationship with the motor-function performances,
implying that DMN plays an important mediating role along
stroke rehabilitation. A previous study showed decreased DMN

RSFC associated with cognitive decline in stroke patients
(Liu et al., 2014). Park et al. (2014) also demonstrated the
decreased DMN connectivity at 1 month after stroke and
restored at 3 months after stroke, suggesting a compensatory
process for overcoming cognitive impairments. Similarly, our
results also demonstrated a compensatory function of SMN-
DMN interactions on motor performances along the stroke
rehabilitation process. Nevertheless, these mentioned studies did
not evaluate the rehabilitation process of included stroke patients,
nor did they assess the cross-network interactions between DMN
and SMN. Even though the current study could be the first report
on the SMN–DMN interactions in stroke rehabilitation, the
mechanism of SMN–DMN interactions remains elusive due to
the unknown function behind the spontaneous synchronizations.
Providing the presumption that the bilateral connectivity is
vital to maintain cognitive functionality, we speculated that the
transient breakdown of bilateral SMN connectivity following
stroke onset would bypass through DMN regions to complete
the inter-hemisphere synchronizations. This facilitatory effect of
internetwork connectivity can emerge due to a time effect as
suggested by Park et al. (2014) that the restoration of network
connectivity was prominent between 1 and 3 months after
stroke, but we regarded the beckoned internetwork facilitation
due to the rehabilitation process. According to the previous
observation of increased DMN connectivity after motor imagery
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learning (Ge et al., 2015), the specialized motor imagery training
could enhance the motor functions through both physical
action and motor imagination, reflecting on the SMN-DMN
interactions correspondingly.

Due to the relatively strict inclusion and exclusion criteria
for patient recruitment, we only completed the collection of 12
patients who voluntarily participated in the repeated measures
over 3 months in past 4-year clinical practice. Beyond the limited
sample size, the findings were confounded by the lesion site
among stroke patients. In the current study, the lesion sites
of the patients included in this study were confined to the
subcortical regions to prevent major cortical damage without the
chance of neuroplasticity. The lesion sites for each stroke patients
were shown as highlighted masks overlaid on the anatomical
image in Supplementary Figure S2. Third, we did not control
the transient effects of medication because the six patients
had been taking the medications prior to the first fMRI scan.
Considering the medication effect, the hypertension medication
could enhance the cerebral blood flow (CBF) globally without
regional specificity (Matsumoto et al., 2009). The baclofen
reduced the CBF of specific inferior brain regions (ventral
striatum and medial orbitofrontal cortex), which were distant
away from the findings in the current study (Franklin et al.,
2011). Although the cloropidol administration was reported
to increase the spatial extent of motor activation (Chang,
2012), the motor activation of the affected hand was opposite
from the increased spatial extent, and the network interaction
was less likely contributed from the single patient who took
cloropidol. Therefore, we regarded that the medication had
minimal impacts on our findings. Another limitation in this study
was the focus on the evaluation of motor functions in stroke
rehabilitation, and henceforth, the other cognitive assessments
were not included. A previous study demonstrated the attention
deficits following stroke (Lincoln et al., 2000; Bajaj et al., 2015),
but we did not observe the alterations of FPN connectivity along
the stroke rehabilitation. Without the cognitive evaluations, we
were unable to provide a corresponding inference based on the
existing materials. Targeting on chronic stroke patients with
subcortical lesions, we performed longitudinal investigations on
patients’ motor functions (evaluated by FMA) and the underlying
neural mechanisms (using Task-/RS-fMRI techniques) along the
rehabilitation process. Results disclosed that the DMN, especially
in PCC, did not show significant synchronizations with SMN
before the rehabilitation process, nor did it appear in the NC
group. After the 24-h rehabilitation process, the dynamically
enhanced internetwork interactions associated with patients’
motor performances (assessed by FMA) in stroke rehabilitation,
implying a facilitative effect of PCC synchronization on the
upper-limb motor functions.

CONCLUSION

The longitudinal measures of brain activity and connectivity
revealed the neuroplasticity in stroke rehabilitation. Not only
did the motor activity and connectivity gradually recover
back to a relatively normal condition within the SMN,

but between-network interactions were also involved in the
rehabilitation process. Before rehabilitation, the cross-network
interaction was low before the rehabilitation process, similar
to the level of NCs. After rehabilitation, the enhanced
PCC-SMN connectivity facilitates the motor recovery after
stroke rehabilitation. Our findings suggested that PCC-SMN
connectivity plays a facilitatory role following the stroke
rehabilitation, which can be served as a neurorehabilitative
biomarker for future intervention evaluations.
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Recent progress in tissue engineering has led to increasingly complex approaches to
investigate human neurodegenerative diseases in vitro, such as Alzheimer’s disease,
aiming to provide more functional and physiological models for the study of their
pathogenesis, and possibly the identification of novel diagnostic biomarkers and
therapeutic targets. Induced pluripotent stem cell-derived cortical and retinal organoids
represent a novel class of in vitro three-dimensional models capable to recapitulate
with a high similarity the structure and the complexity of the native brain and retinal
tissues, thus providing a framework for better mimicking in a dish the patient’s disease
features. This review aims to discuss progress made over the years in the field of in vitro
three-dimensional cell culture systems, and the benefits and disadvantages related
to a possible application of organoids for the study of neurodegeneration associated
with Alzheimer’s disease, providing a promising breakthrough toward a personalized
medicine approach and the reduction in the use of humanized animal models.
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INTRODUCTION

Alzheimer’s disease (AD) is a progressive age-related neurodegenerative disorder characterized
by cognitive and psychiatric symptoms, such as memory and cognitive impairments, behavioral
abnormalities, disorientation, and circadian rhythms and sensorial disturbances (Lane et al., 2018).
Although environmental factors have been implicated in AD (Killin et al., 2016), genetics plays
a key role in disease’s pathogenesis. Two main forms of AD can be distinguished: the familial
autosomal dominant form (fAD) and the sporadic counterpart (sAD); sAD is further divided
into early onset (average onset age <65 yo) and late-onset (average onset age >65 yo). Mutations
in three key genes associated with the amyloid metabolism, namely amyloid precursor protein,
presenilin 1, and presenilin 2 are linked to fAD (Dorszewska et al., 2016). However, fAD accounts
only for less than 1% of the cases (Ryman et al., 2014), and the majority of AD cases are sporadic,
though a genetic susceptibility has been identified in those individuals carrying the apolipoprotein
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E gene (Verghese et al., 2011; Giles et al., 2017). While the
main scientific hypothesis underlying Alzheimer’s pathogenesis
is amyloid-driven (Hardy and Higgins, 1992; Hardy, 2002; Wang
et al., 2017), it is still debated whether alterations in tau protein’s
function are a consequence of an impaired amyloid metabolism
or it may act by itself, or synergistically to amyloid protein, to
trigger the pathology (Nisbet et al., 2015; Takeda et al., 2015).

Albeit the genetic factors and individual susceptibilities,
the AD brain displays a spread tissue degeneration with
dense extracellular deposits of toxic amyloid-β (Aβ) oligomers
and hyperphosphorylated tau-enriched intracellular tangles.
Mitochondrial dysfunction, diffuse reactive oxygen species, and
neuroinflammatory response are, among other, tissue, and
cellular manifestations (Deture and Dickson, 2019). Diagnostic
methods to assess the presence of AD biomarkers relies on
brain imaging techniques, such as computed tomography,
magnetic resonance index, and positron emission tomography in
combination with the analysis of cerebrospinal fluid with high
cost and invasiveness (Khoury and Ghossoub, 2019). Additional
non-invasive and less expensive approaches are also under
validation to support an early diagnosis of AD. Recently, novel
diagnostic approaches are focusing on the imaging of patients’
retina and eye microvasculature (Patton et al., 2005; Hadoux
et al., 2019). The rationale for exploiting such tissue relies on the
common embryological origin of the retina and the brain (Bambo
et al., 2014; Chang et al., 2014; Javaid et al., 2016). Remarkably,
anatomical and functional alterations, such as the thinning of
the ganglion cell and retinal nerve fiber layers (Paquet et al.,
2007; Thomson et al., 2015), the presence of protein aggregates,
and the glial activation (Koronyo et al., 2017; den Haan et al.,
2018; Grimaldi et al., 2018, 2019) can be detected in the post-
mortem evaluation of retinae of AD patients and humanized AD
animal models, thus strengthening the idea that the retina could
be exploited in early AD diagnosis.

Moreover, visual deficits, including difficulty reading (Rinaldi
et al., 2008), depth perception (Mendez et al., 1996), and color
recognition (Della Sala et al., 2000), are also reported in the early
stages of AD. All these efforts aim to find specific biomarkers
and tools for AD diagnosis at earlier stages, possibly when
synapses and neuronal functions are not yet compromised,
allowing pharmacological and clinical interventions (Frisoni
et al., 2017). In this context, understanding the biological
basis of AD progression remains a major scientific challenge,
largely because of the complexity of the human brain cell
interactions. Indeed, the lack of appropriate preclinical models
of the human neurodegenerative pathologies, and in particular
AD, hinders the understanding of pathological mechanisms and
consequently the development of effective and safe diagnostic
procedures and therapies.

From Humanized Mouse Models Toward
Stem Cell-Based 3D in vitro Approaches
While more than 200 functional transgenic rodent models have
been generated (Hall and Roberson, 2012), they only partially
recapitulate pathogenic traits of AD, and to date, none of the
potential drug candidates screened up to now has shown effective

therapeutic outcomes in humans, making the translation into
clinics of these drugs controversial (Laurijssens et al., 2013).
Thus, the continuous development of novel in vitro disease
models, which more comprehensively recapitulate hallmarks of
AD, represents an important research strategy that may enable
to accelerate the molecule screening process before testing a lead
candidate in vivo on transgenic rodent AD models.

The identification of the key molecular factors (Sox2, Klf4,
c-Myc, and Oct3/4) necessary for bringing back to stemness an
adult somatic cell (the so-called “Yamanaka factors”) has posed
the basis for a revolution in the field of in vitro human disease
models (Liu et al., 2008). iPSCs represent a pluripotent stem
cell class capable of differentiating, in response to specific small
molecule stimuli, into each of the three embryonic germ layers
and therefore, in principle, to any terminally differentiated cell
type (Takahashi and Yamanaka, 2006). These cells exhibit features
similar to those found in embryonic stem cells (ESCs) and can
be potentially derived from different somatic cell types. Before
iPSCs, the development of stem cell-based in vitro models relied
mostly on mouse ESCs and in some limited cases on human
ESCs, although, in the latter, the poor availability due to legal and
ethical constraints has negatively affected their usage (Robertson,
2001). Thus, the use of these new stem cells has fostered the
efficient generation of versatile human-based cellular models to
study disease-relevant genome-specific alterations preventing the
ethical concerns associated with the use of human ESCs.

The advancements in three dimensional (3D) culturing
approaches (Baker and Chen, 2012; Duval et al., 2017)
together with the regenerative potential of iPSCs have driven
the generation of a plethora of new protocols for creating
3D micro-physiological systems in vitro to exploit as an
alternative and complementary approach to humanized animal
models for the study of species- and patient-specific features
(Centeno et al., 2018).

Several newly designed 3D cell culture methods have been
proposed, spanning from cell-laden 3D scaffolds (Park et al.,
2018) to induced pluripotent stem cell (iPSC)-based cerebral
organoids (Grenier et al., 2020) and 3D bioprinting (Salaris et al.,
2019). Cell-laden structures can be realized by encapsulating
neuronal cells within a variety of materials (Kratochvil et al., 2019;
Madhusudanan et al., 2020), either natural and synthetic, that
might replicate some pivotal features of the native extracellular
matrix (ECM), including stiffness and ECM-dependent pathways
(Dutta and Dutta, 2009). While the stiffness of plastic can hardly
replicate the mechanical environment provided by the brain
ECM, the use of biocompatible ECM-like gels (hydrogels) may
provide several benefits (Badylak et al., 2009). Hydrogels, such as
collagen, gelatin, hyaluronic acid and similar, provide a tissue-
like water content, and tunable biochemical and mechanical
properties, thus supporting the generation of tailored 3D
microenvironments in which cells can self-organize in distinct
tissue architectures (Burdick and Vunjak-Novakovic, 2009).
Additionally, the biological stimuli coming from the surrounding
3D microenvironment contribute to the long-lasting survival,
and functional maturation of cells typically challenging to
be cultured in vitro, such as neurons. For instance, in 3D
neural constructs, the increased dimensionality allows a more
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compliant physiological cell-cell interactions between neurons,
thus limiting spatial overlap during neurite elongation and
branching (Palazzolo et al., 2017). Moreover, several studies
reported a less synchronous bursting activity and a relatively
higher level of random spiking when comparing 3D neuronal
cultures to conventional 2D cultures (Eytan and Marom, 2006;
Severino et al., 2016). Frega and collaborators speculate that
a wider cellular interaction within 3D cultures leads to a
broad desynchronization of network activity, thus producing
bursting activities only in specific neuronal subpopulations
(Frega et al., 2014). In support of this hypothesis, locally
synchronized electrophysiological patterns are also observed in
other experimental models, such as acute rodent brain slices
(Beggs and Plenz, 2003; Beggs, 2004), where are assumed to
play an essential role in the maturation of developing functional
circuitry. However, experimental observations in the field are
still controversial and there is not a unified theory behind
the nature and function of synchronous and asynchronous
network activities.

Among this variety of 3D culture systems, a promising
in vitro tissue-like 3D platform is represented by the brain
and retinal organoids. Organoids are stem cell-derived cellular
aggregates (Clevers, 2016), which, starting from a selected cluster
of iPSCs, can acquire morphological and functional features as
well as gene-expression patterns, similar to those found in the
corresponding native structures (Lancaster and Huch, 2019).
Indeed, since the first organoid protocol in 2009, a lot of effort
has been made for generating organoids that mimic a wide range
of human organ types, and nowadays an extensive scientific
literature demonstrates their potentiality in modeling some
human diseases (Rossi et al., 2018). Due to the greater diversity
of cell composition and functions, organoids have the potential
to create physiological cellular environments for modeling the
biology of the human central nervous system (CNS) and might
bridge the need for an efficient, reproducible and reliable in vitro
3D model for the conduction of preclinical high throughput
drug screening directly on patient-derived tissue-like samples
(Kadoshima et al., 2013; Lancaster and Knoblich, 2014).

Alzheimer’s Disease in a Dish:
Patient-Specific Brain and Retinal
Organoids
Cerebral organoids derived from human iPSCs can
autonomously recapitulate the 3D architectural arrangement
of the brain and spontaneously generate discrete brain regions
including the dorsal forebrain, the hippocampus, and the
retina (Figure 1).

Different methods to generate organoids have been already
reported in the literature with different structural complexity and
cellular diversity (Mariani et al., 2012; Paşca et al., 2015; Lancaster
et al., 2017; Giandomenico et al., 2019). Among the established
3D organoids, two main categories can be identified: (i) self-
patterned organoids, based only on the intrinsic capacity of stem
cells to self-differentiate and assemble (Lancaster et al., 2013)
in native-like structures, and (ii) patterned organoids, which
exploits the use of small molecules to drive and lead the formation

of specific brain regions (Mariani et al., 2012; Kadoshima et al.,
2013; Paşca et al., 2015).

Lancaster and Knoblick first described the development of
cerebral organoids from human iPSCs (Lancaster and Knoblich,
2014). Growing spherical iPSC aggregates in suspension,
known as the embryonic bodies (EBs), enable the generation
of radially organized neuroepithelial buds that mimics the
cell-cell interactions observed during early embryogenesis
and, supporting their growth through their embedding into
ECM droplets, it is possible sustaining their apicobasal
expansion. Over time, heterogeneously terminally differentiated
cell types are generated and organized in well spatially defined
structures that resemble human brain regions including dorsal
forebrain layering.

Nevertheless, the generation of these cytoarchitectural
structures relies mainly on the self-patterning and intrinsic
mechanisms of stem cells, and the high variability, in terms
of structure distribution, complexity, and maturation, remains
one of the major limitations affecting this technology. This
randomness influences the reproducibility of cellular responses
to specific stimuli, thus generating a significant variance
of collected data even on organoids belonging to the same
iPSC line and compromising the wide exploitation of such
models in clinical research (Lancaster et al., 2013). A recent
work of Lancaster’s group demonstrated that combining self-
patterned organoids with bioengineered microfilaments, such as
poly(lactide-co-glycolide) copolymer (PLGA) fibers, the overall
reproducibility of internal cytoarchitectures of the model can be
improved, lowering the number of non-neural identities within
the organoids (Lancaster et al., 2017). However, despite those
improvements, the inter-organoids variability is not challenged,
and it remains an important drawback.

On the other hand, the application of synthetic morphogens
or exogenous small molecules, as in the case of patterned
approaches, influences and tunes the iPSC fate to a specific range
of neurogenic cell types, introducing specific morphogenetic
constraints that result in a steady proportion of cell types
generated within organoids and batches of differentiation
(Quadrato et al., 2017; Sloan et al., 2017; Yoon et al., 2019).
However, if from one side patterned organoids display a
similar gene-expression diversity (Velasco et al., 2019), they
fail to efficiently generate highly expanded cortical structures
and thus may not represent the ideal platform for modeling
morphological and structural changes that occur in neurological
disorders typical of the adult brain as neurodegenerative diseases
(Kelava and Lancaster, 2016).

Thanks to these remarkable features, brain organoids are
finding a wide range of applications for the study of diseases
affecting the human brain development, such as congenital
brain malformation and neurological disorders, including age-
related neurodegenerative diseases (Amin and Paşca, 2018;
Papaspyropoulos et al., 2020). Recently, the use of iPSC-derived
cerebral organoids led to replicate in vitro some molecular
determinants of Alzheimer’s disease, such as the Aβ and tau
pathology and the subsequent synapses dysfunction (Gonzalez
et al., 2018). Independent studies reported that treatment with
γ-secretase or β-secretase inhibitor compounds was able to
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FIGURE 1 | Three-dimensional biological complexity of a human iPSC-derived whole-brain organoid (left) and enlarged image of a representative cortical layer
organization (right). Immunostaining at day 50 of iPSC-derived brain organoid reveals the presence of a primitive cortical stratification containing early born
deep-layer neurons (TBR1, red; CTIP2, green). Pan-neuronal dendrites structures are stained with MAP2 (white) and nuclei are stained with DAPI (blue). Scale
bars = 500 microns (image on the left) and 50 microns (image on the right). Multiarea acquisition was performed with a laser scanning confocal microscope using a
60× magnification objective.

partially inhibit the production of toxic Aβ and to reduce the
hyperphosphorylation of tau proteins, suggesting the Aβ-driven
tauopathy theory (Lee et al., 2016; Raja et al., 2016). Mook-
Jung and collaborators reported the discovery of CDK-504 (Choi
et al., 2020), a selective histone-deacetylase 6 inhibitor, which
dramatically enhances the proteasome degradation pathway
of pathological tau in AD patient-derived brain organoids
and rescues synaptic deficits. The use of brain organoids can
also accelerate Aβ accumulation in culture, thus facilitating
the characterization of the associated cellular and molecular
events (Raja et al., 2016). Indeed, the presence of a 3D matrix
surrounding the cells may constrain the diffusion of pathologic
proteins in the culture media, allowing their distribution in
confined areas, and resulting in local protein aggregation and
accumulation (Choi et al., 2014; Park et al., 2018). For instance,
a consistent increase of Aβ42 fragment secretion and Aβ42/Aβ40
ratio, similar to pathological phenotypes observed in transgenic
animal models, has been found in AD cerebral organoids (Pavoni
et al., 2018). Moreover, co-cultures of regionalized organoids
(Bagley et al., 2017; Birey et al., 2017; Xiang et al., 2017), which
resemble distinct areas of the brain (i.e., dorsal forebrain, ventral
forebrain, hippocampus), would allow the modeling of important
aspects of human brain regions interaction, which might be
exploited to investigate the spreading of toxic protein aggregates
in the whole CNS.

Interestingly, as part of the CNS, the retina has demonstrated
some pathological processes that occur in the brain during
neurodegeneration. In AD patients, relevant visual deficits
(Ngolab et al., 2019) sometimes appear before the first
neurological symptoms, making the retina a potential in vivo

tool to use for monitoring the onset and progression of
the AD neurodegeneration (Liao et al., 2018). Therefore, the
development of in vitro engineered tissue-like constructs, such
as retinal organoids, that better approach the retinal tissue
and physiology undergoing AD pathogenesis is reasonably also
under evaluation (Artero Castro et al., 2019). As for brain
organoids, independent pioneering works reported the in vitro
generation of eye structures, such as retina (Capowski et al.,
2019), retinal pigmented epithelium (Reichman et al., 2017), lens
(Murphy et al., 2018), and cornea (Foster et al., 2017). Sasai’s
work demonstrated that the formation of the optic cup-like
structure could be achieved from mouse and human ESCs in vitro
(Eiraku et al., 2011; Nakano et al., 2012). Similarly to whole-
brain organoids, culturing iPSC-derived EBs in predetermined
conditions generates 3D optic cup-like structures together with
stratified neural retinal cell subtypes and progenitors. After this
seminal work, several protocols have been proposed to drive
the differentiation of human iPSC toward retinal organoids
(Mellough et al., 2019). Current retinal differentiation protocols
can produce most relevant retinal cell types in laminated fashion
with a variable efficiency in generating functional photoreceptors
(Zhong et al., 2014) to retinal ganglion cells (Ohlemacher
et al., 2016), and overall mature retinal tissues. Indeed, retinal
organoids do not routinely exhibit a complete maturation of
the tissue with morphological or electrophysiological features
characteristic of the adult retina in vivo. Several studies have
successfully proven the utility of such in vitro models in some
retinal degenerative diseases, such as glaucoma (Ohlemacher
et al., 2016) and retinitis pigmentosa (RP; Gao et al., 2020).
Retinal organoids have been also exploited as a tool to investigate
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retinal ganglion cell’s (RGCs) physiology, as a means to assess
RGC’s regeneration potential and neuroprotective effect of new
therapeutics (Fligor et al., 2018). However, while patient-specific
retinal organoids represent a functional model for evaluating
biological processes underlying the eye development and disease
in vivo, such models are still not exploited in studies of
neurodegenerative diseases of the CNS, such as in AD.

Future Directions of the Organoid
Technology
Recently, organoids opened an avenue to generate a versatile
scaled-down version of brain and retina tissues, which may
significantly help the study of the pathogenic mechanisms
hiding behind neurodegenerative disorders, such as in AD, and

foster the design and high-throughput screening of candidate
molecules toward the development of a personalized diagnostic
and therapeutic approach (Figure 2).

The use of patient-derived iPSC-based retinal and brain
organoids together with advanced gene-editing techniques might
provide a simplified sight into the mechanisms underlying
AD-related alterations, predicting more comprehensive clinical
outcomes and possibly overcoming some limitations imposed by
humanized animal models. Importantly, preserving the genetic
and epigenetic patient-specific background may provide a
striking strategy for understanding such neurodegenerative
mechanisms and constitutes an opportunity to identify
pathology-related hallmarks not otherwise recognizable during
medical imaging evaluation or post-mortem tissue observations
(Gerakis and Hetz, 2019).

FIGURE 2 | Schematic representation of human stem cell-based in vitro systems for neurodegenerative diseases. The iPSC building blocks (1) are obtained from cell
reprogramming of somatic cells from patients or healthy donors. iPSC-derived neuronal cultures, either in the form of 2D and 3D cell cultures (2), are generated to
reproduce the biological complexity of human tissues in vitro. Cerebral and retinal organoids (3) can reproduce in vitro cortical and retinal features, with all their
structural and functional components, thus becoming promising patient-specific platforms for the study of neurodegenerative pathologies, such as Alzheimer’s
disease (4). Figure 2 was assembled using images downloaded from Servier Medical Art, licensed under a Creative Common Attribution 3.0 Generic License.
http://smart.servier.com/.
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Nonetheless, the iPSC-based 3D organoid system is yet in
its infancy, and, up to now, it appears to be not devoid
of disadvantages. Although iPSC technology could serve as
a promising platform for disease modeling, their application
in translational medicine remains poorly diffused, due to a
not negligible donor-to-donor variability and concerns on
the impact of virus-mediated reprogramming protocols when
these cells are proposed for in vivo transplantation. Besides,
iPSCs may display an increased genomic instability, carrying
tumorigenic loci (Hussein et al., 2011; Liang and Zhang, 2013)
and retaining epigenetic memory belonging to previous somatic
fate (Puri and Nagy, 2012).

A major issue for the use of such in vitro models in
age-related neurodegenerative diseases is the optimization and
validation of organoid’s generation methods enabling a precise,
reproducible, and relatively fast maturation of the organoid.
Indeed, while aging drives numerous genetic alterations resulting
in a continuously different cellular transcriptional profile (López-
Otín et al., 2013), up to now organoids display an immature
phenotype peculiar to the late fetal stage of the tissue (Camp
et al., 2015). Unexpectedly, even though culturing retinal
organoids for an extended period, they still present an incomplete
maturation, thereby making it challenging to replicate aging-
related phenotype in a dish. Different methods are under
development to accelerate the maturation process in iPSC-
derived neuronal cells (Miller et al., 2013). For instance,
the application of chemical stressors into the culture media
as hydrogen peroxide (Campos et al., 2014) and telomerase
inhibitors (Vera et al., 2016) facilitates an aging-like phenotype
in iPSC-derived neurons in 2D cell cultures. However, while it is
reasonable to hypothesize to apply a similar strategy to accelerate
the aging process in 3D retinal and brain organoids, it is not
being exploited.

Furthermore, different cell types are involved in the
AD pathogenesis, and neuron and synaptic loss are only
the final events of a more complex picture. Unveiling
the role of different brain and retinal cells (i.e., neurons,
astrocytes, microglia, endothelial cells) may play a pivotal
role in designing novel therapeutic approaches (Marton and
Paşca, 2020). To this end, 3D retinal and brain organoids
provide an outstanding opportunity to explore cellular and
subcellular functions within in vitro models that closely
recapitulate the native 3D configuration of the human neural
tissue. Another major challenge is represented by the role
played by neuroinflammation in the neurodegenerative process
(Hemonnot et al., 2019) and how this could be carefully
taken into account within in vitro AD models. Indeed, while
microglia, the resident immune cells of the CNS, are recognized
to strongly contribute to the AD onset and progression, they
do not innately develop into brain and retinal organoids.
Microglia deriving from the hematopoietic lineage, colonize
brain tissue during embryonic development (Cunningham et al.,
2013; Swinnen et al., 2013). Hence, their incorporation in
brain and retinal organoids will be critical to dissect their
contribution in the early stage of the disease and identify
new and patient-specific therapeutic pathways (Song et al.,
2019). Recently, the innate generation of microglia cells within

whole-brain organoids has also been reported (Ormel et al.,
2018), however, there is still little evidence regarding the
reproducibility of the method and further characterization of this
approach is required.

Similarly, vasculature and blood-retinal barrier (BRB)
alterations are widely reported in AD retina and their
investigation as possible diagnostic tools is under evaluation
(Zlokovic, 2011; Cheung et al., 2014; Zhao et al., 2015).
Retinal tau protein plays a key role in regulating axonal
transport and signaling in the retina (Ho et al., 2012). Reduced
clearance of retinal Aβ and other neurotoxic substances
contribute to BRB dysfunction and breakdown (Dinet et al.,
2012), inducing a persistent inflammatory state (Wang
et al., 2009). Further, the BRB, similarly to the blood-brain
barrier, can act as a checkpoint to the transit of many drugs,
and for these reasons, in vitro vascularization of retinal
organoids using endothelial cells might contribute to foster
the identification and development of new molecular targets
(Achberger et al., 2019).

In conclusion, although there are yet several gaps to
be filled before allowing the use of iPSC-based organoid
technology in neurodegenerative and in translational
studies, these in vitro platforms offer promising outlooks
that might pave and foster the rapid growth of novel
in vitro approaches to tackle AD (Park et al., 2019).
Moreover, alterations in retinal structure and function
have been reported in other neurodegenerative disorders,
such as Parkinson’s Disease (Archibald et al., 2009). Thus,
elucidating the neurodegenerative mechanisms that underlie
retinal impairments may provide not only useful insights
regarding the brain disorders’ onset and progression but also
promising non-invasive tools for large-scale screening and
monitoring brain diseases.
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Amin, N. D., and Paşca, S. P. (2018). Building models of brain disorders with three-
dimensional organoids. Neuron 100, 389–405. doi: 10.1016/j.neuron.2018.10.
007

Archibald, N. K., Clarke, M. P., Mosimann, U. P., and Burn, D. J. (2009). The retina
in Parkinson’s disease. Brain 132, 1128–1145. doi: 10.1093/brain/awp068

Artero Castro, A., Rodríguez Jimenez, F. J., Jendelova, P., and Erceg, S. (2019).
Deciphering retinal diseases through the generation of three dimensional stem
cell-derived organoids: concise review. Stem Cells 37, 1496–1504. doi: 10.1002/
stem.3089

Badylak, S. F., Freytes, D. O., and Gilbert, T. W. (2009). Extracellular matrix as
a biological scaffold material: structure and function. Acta Biomater. 5, 1–13.
doi: 10.1016/j.actbio.2008.09.013

Bagley, J. A., Reumann, D., Bian, S., Lévi-Strauss, J., and Knoblich, J. A. (2017).
Fused cerebral organoids model interactions between brain regions. Nat.
Methods 14, 743–751. doi: 10.1038/nmeth.4304

Baker, B. M., and Chen, C. S. (2012). Deconstructing the third dimension-how
3D culture microenvironments alter cellular cues. J. Cell Sci. 125, 3015–3024.
doi: 10.1242/jcs.079509

Bambo, M. P., Garcia-Martin, E., Pinilla, J., Herrero, R., Satue, M., Otin, S.,
et al. (2014). Detection of retinal nerve fiber layer degeneration in patients
with Alzheimer’s disease using optical coherence tomography: searching new
biomarkers. Acta Ophthalmol. 92, e581–e582. doi: 10.1111/aos.12374

Beggs, J. M. (2004). Neuronal avalanches are diverse and precise activity patterns
that are stable for many hours in cortical slice cultures. J. Neurosci. 24, 5216–
5229. doi: 10.1523/JNEUROSCI.0540-04.2004

Beggs, J. M., and Plenz, D. (2003). Neuronal avalanches in neocortical circuits.
J. Neurosci. 23, 11167–11177. doi: 10.1523/JNEUROSCI.23-35-11167.2003

Birey, F., Andersen, J., Makinson, C. D., Islam, S., Wei, W., Huber, N., et al. (2017).
Assembly of functionally integrated human forebrain spheroids. Nature 545,
54–59. doi: 10.1038/nature22330

Burdick, J. A., and Vunjak-Novakovic, G. (2009). Engineered microenvironments
for controlled stem cell differentiation. Tissue Eng. Part A 15, 205–219. doi:
10.1089/ten.tea.2008.0131

Camp, J. G., Badsha, F., Florio, M., Kanton, S., Gerber, T., Wilsch-Bräuninger, M.,
et al. (2015). Human cerebral organoids recapitulate gene expression programs
of fetal neocortex development. Proc. Natl. Acad. Sci. U.S.A. 112, 15672–15677.
doi: 10.1073/pnas.1520760112

Campos, P. B., Paulsen, B. S., and Rehen, S. K. (2014). Accelerating neuronal aging
in in vitro model brain disorders: a focus on reactive oxygen species. Front.
Aging Neurosci. 6:292. doi: 10.3389/fnagi.2014.00292

Capowski, E. E., Samimi, K., Mayerl, S. J., Phillips, M. J., Pinilla, I., Howden,
S. E., et al. (2019). Reproducibility and staging of 3D human retinal organoids
across multiple pluripotent stem cell lines. Development 146:dev171686. doi:
10.1242/dev.171686

Centeno, E. G. Z., Cimarosti, H., and Bithell, A. (2018). 2D versus 3D human
induced pluripotent stem cell-derived cultures for neurodegenerative disease
modelling. Mol. Neurodegener. 13:27. doi: 10.1186/s13024-018-0258-4

Chang, L. Y. L., Lowe, J., Ardiles, A., Lim, J., Grey, A. C., Robertson, K., et al.
(2014). Alzheimer’s disease in the human eye. Clinical tests that identify ocular
and visual information processing deficit as biomarkers. Alzheimers Dement.
10, 251–261. doi: 10.1016/j.jalz.2013.06.004

Cheung, C. Y., Ong, Y. T., Ikram, M. K., Ong, S. Y., Li, X., Hilal, S., et al. (2014).
Microvascular network alterations in the retina of patients with Alzheimer’s
disease. Alzheimers Dement. 10, 135–142. doi: 10.1016/j.jalz.2013.06.009

Choi, H., Kim, H. J., Yang, J., Chae, S., Lee, W., Chung, S., et al. (2020). Acetylation
changes tau interactome to degrade tau in Alzheimer’s disease animal and
organoid models. Aging Cell 19:e13081. doi: 10.1111/acel.13081

Choi, S. H., Kim, Y. H., Hebisch, M., Sliwinski, C., Lee, S., Avanzo, C. D., et al.
(2014). A three-dimensional human neural cell culture model of Alzheimer’s
disease. Nature 515, 274–278. doi: 10.1038/nature13800.A

Clevers, H. (2016). Modeling development and disease with organoids. Cell 165,
1586–1597. doi: 10.1016/j.cell.2016.05.082

Cunningham, C. L., Martínez-Cerdeño, V., and Noctor, S. C. (2013). Microglia
regulate the number of neural precursor cells in the developing cerebral cortex.
J. Neurosci. 33, 4216–4233. doi: 10.1523/JNEUROSCI.3441-12.2013

Della Sala, S., Kinnear, P., Spinnler, H., and Stangalino, C. (2000). Color-to-Figure
matching in Alzheimer’s disease. Arch. Clin. Neuropsychol. 15, 571–585. doi:
10.1016/S0887-6177(99)00047-5

den Haan, J., Morrema, T. H. J., Verbraak, F. D., de Boer, J. F., Scheltens, P.,
Rozemuller, A. J., et al. (2018). Amyloid-beta and phosphorylated tau in post-
mortem Alzheimer’s disease retinas. Acta Neuropathol. Commun. 6:147. doi:
10.1186/s40478-018-0650-x

Deture, M. A., and Dickson, D. W. (2019). The neuropathological diagnosis of
Alzheimer’s disease. Mol. Neurodegener. 14:32. doi: 10.1186/s13024-019-0333-
5

Dinet, V., Bruban, J., Chalour, N., Maoui, A., An, N., Jonet, L., et al. (2012). Distinct
effects of inflammation on gliosis, osmohomeostasis, and vascular integrity
during amyloid beta-induced retinal degeneration. Aging Cell 11, 683–693.
doi: 10.1111/j.1474-9726.2012.00834.x

Dorszewska, J., Prendecki, M., Oczkowska, A., Dezor, M., and Kozubski, W. (2016).
Molecular basis of familial and sporadic Alzheimer’s disease. Curr. Alzheimer
Res. 13, 952–963. doi: 10.2174/1567205013666160314150501

Dutta, R. C., and Dutta, A. K. (2009). Cell-interactive 3D-scaffold; advances and
applications. Biotechnol. Adv. 27, 334–339. doi: 10.1016/j.biotechadv.2009.02.
002

Duval, K., Grover, H., Han, L. H., Mou, Y., Pegoraro, A. F., Fredberg, J., et al. (2017).
Modeling physiological events in 2D vs. 3D cell culture. Physiology 32, 266–277.
doi: 10.1152/physiol.00036.2016

Eiraku, M., Takata, N., Ishibashi, H., Kawada, M., Sakakura, E., Okuda, S., et al.
(2011). Self-organizing optic-cup morphogenesis in three-dimensional culture.
Nature 472, 51–58. doi: 10.1038/nature09941

Eytan, D., and Marom, S. (2006). Dynamics and effective topology underlying
synchronization in networks of cortical neurons. J. Neurosci. 26, 8465–8476.
doi: 10.1523/JNEUROSCI.1627-06.2006

Fligor, C. M., Langer, K. B., Sridhar, A., Ren, Y., Shields, P. K., Edler, M. C.,
et al. (2018). Three-dimensional retinal organoids facilitate the investigation
of retinal ganglion cell development. organization and neurite outgrowth from
human pluripotent stem cells. Sci. Rep. 8:14520. doi: 10.1038/s41598-018-
32871-8

Foster, J. W., Wahlin, K., Adams, S. M., Birk, D. E., Zack, D. J., and Chakravarti, S.
(2017). Cornea organoids from human induced pluripotent stem cells. Sci. Rep.
7:41286. doi: 10.1038/srep41286

Frega, M., Tedesco, M., Massobrio, P., Pesce, M., and Martinoia, S. (2014). Network
dynamics of 3D engineered neuronal cultures: a new experimental model for
in-vitro electrophysiology. Sci. Rep. 4:5489. doi: 10.1038/srep05489

Frisoni, G. B., Boccardi, M., Barkhof, F., Blennow, K., Cappa, S., Chiotis, K., et al.
(2017). Strategic roadmap for an early diagnosis of Alzheimer’s disease based on
biomarkers. Lancet Neurol. 16, 661–676. doi: 10.1016/S1474-4422(17)30159-X

Gao, M.-L., Lei, X.-L., Han, F., He, K.-W., Jin, S.-Q., Zhang, Y.-Y., et al. (2020).
Patient-specific retinal organoids recapitulate disease features of late-onset
retinitis pigmentosa. Front. Cell Dev. Biol. 8:128. doi: 10.3389/fcell.2020.00128

Gerakis, Y., and Hetz, C. (2019). Brain organoids: a next step for humanized
Alzheimer’s disease models? Mol. Psychiatry 24, 474–478. doi: 10.1038/s41380-
018-0343-7

Giandomenico, S. L., Mierau, S. B., Gibbons, G. M., Wenger, L. M. D., Masullo,
L., Sit, T., et al. (2019). Cerebral organoids at the air–liquid interface generate
diverse nerve tracts with functional output. Nat. Neurosci. 22, 669–679. doi:
10.1038/s41593-019-0350-2

Giles, D. A., Moreno-fernandez, M. E., Stankiewicz, T. E., Graspeuntner, S.,
Cappelletti, M., Wu, D., et al. (2017). APOE4 markedly exacerbates tau-
mediated neurodegeneration in a mouse model of tauopathy. Nature 549,
523–527. doi: 10.1038/nm.4346.Thermoneutral

Gonzalez, C., Armijo, E., Bravo-Alegria, J., Becerra-Calixto, A., Mays, C. E., and
Soto, C. (2018). Modeling amyloid beta and tau pathology in human cerebral
organoids. Mol. Psychiatry 23, 2363–2374. doi: 10.1038/s41380-018-0229-8

Grenier, K., Kao, J., and Diamandis, P. (2020). Three-dimensional modeling of
human neurodegeneration: brain organoids coming of age. Mol. Psychiatry 25,
254–274. doi: 10.1038/s41380-019-0500-7

Grimaldi, A., Brighi, C., Peruzzi, G., Ragozzino, D., Bonanni, V., Limatola, C., et al.
(2018). Inflammation, neurodegeneration and protein aggregation in the retina

Frontiers in Neuroscience | www.frontiersin.org 7 June 2020 | Volume 14 | Article 65565

https://doi.org/10.7554/eLife.46188
https://doi.org/10.1016/j.neuron.2018.10.007
https://doi.org/10.1016/j.neuron.2018.10.007
https://doi.org/10.1093/brain/awp068
https://doi.org/10.1002/stem.3089
https://doi.org/10.1002/stem.3089
https://doi.org/10.1016/j.actbio.2008.09.013
https://doi.org/10.1038/nmeth.4304
https://doi.org/10.1242/jcs.079509
https://doi.org/10.1111/aos.12374
https://doi.org/10.1523/JNEUROSCI.0540-04.2004
https://doi.org/10.1523/JNEUROSCI.23-35-11167.2003
https://doi.org/10.1038/nature22330
https://doi.org/10.1089/ten.tea.2008.0131
https://doi.org/10.1089/ten.tea.2008.0131
https://doi.org/10.1073/pnas.1520760112
https://doi.org/10.3389/fnagi.2014.00292
https://doi.org/10.1242/dev.171686
https://doi.org/10.1242/dev.171686
https://doi.org/10.1186/s13024-018-0258-4
https://doi.org/10.1016/j.jalz.2013.06.004
https://doi.org/10.1016/j.jalz.2013.06.009
https://doi.org/10.1111/acel.13081
https://doi.org/10.1038/nature13800.A
https://doi.org/10.1016/j.cell.2016.05.082
https://doi.org/10.1523/JNEUROSCI.3441-12.2013
https://doi.org/10.1016/S0887-6177(99)00047-5
https://doi.org/10.1016/S0887-6177(99)00047-5
https://doi.org/10.1186/s40478-018-0650-x
https://doi.org/10.1186/s40478-018-0650-x
https://doi.org/10.1186/s13024-019-0333-5
https://doi.org/10.1186/s13024-019-0333-5
https://doi.org/10.1111/j.1474-9726.2012.00834.x
https://doi.org/10.2174/1567205013666160314150501
https://doi.org/10.1016/j.biotechadv.2009.02.002
https://doi.org/10.1016/j.biotechadv.2009.02.002
https://doi.org/10.1152/physiol.00036.2016
https://doi.org/10.1038/nature09941
https://doi.org/10.1523/JNEUROSCI.1627-06.2006
https://doi.org/10.1038/s41598-018-32871-8
https://doi.org/10.1038/s41598-018-32871-8
https://doi.org/10.1038/srep41286
https://doi.org/10.1038/srep05489
https://doi.org/10.1016/S1474-4422(17)30159-X
https://doi.org/10.3389/fcell.2020.00128
https://doi.org/10.1038/s41380-018-0343-7
https://doi.org/10.1038/s41380-018-0343-7
https://doi.org/10.1038/s41593-019-0350-2
https://doi.org/10.1038/s41593-019-0350-2
https://doi.org/10.1038/nm.4346.Thermoneutral
https://doi.org/10.1038/s41380-018-0229-8
https://doi.org/10.1038/s41380-019-0500-7
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-14-00655 June 15, 2020 Time: 22:42 # 8

Brighi et al. Brain and Retinal Organoids for Neurodegeneration

as ocular biomarkers for Alzheimer’s disease in the 3xTg-AD mouse model. Cell
Death Dis. 9:685. doi: 10.1038/s41419-018-0740-5

Grimaldi, A., Pediconi, N., Oieni, F., Pizzarelli, R., Rosito, M., Giubettini, M.,
et al. (2019). Neuroinflammatory processes, A1 astrocyte activation and protein
aggregation in the retina of Alzheimer’s disease patients, possible biomarkers
for early diagnosis. Front. Neurosci. 13:925. doi: 10.3389/fnins.2019.00925

Hadoux, X., Hui, F., Lim, J. K. H., Masters, C. L., Pébay, A., Chevalier, S., et al.
(2019). Non-invasive in vivo hyperspectral imaging of the retina for potential
biomarker use in Alzheimer’s disease. Nat. Commun. 10:4227. doi: 10.1038/
s41467-019-12242-1

Hall, A. M., and Roberson, E. D. (2012). Mouse models of Alzheimer’s disease.
Brain Res. Bull. 88, 3–12. doi: 10.1016/j.brainresbull.2011.11.017

Hardy, J. (2002). The amyloid hypothesis of Alzheimer’s Disease: progress and
problems on the road to therapeutics. Science 297, 353–356. doi: 10.1126/
science.1072994

Hardy, J., and Higgins, G. (1992). Alzheimer’s disease: the amyloid cascade
hypothesis. Science 256, 184–185. doi: 10.1126/science.1566067

Hemonnot, A. L., Hua, J., Ulmann, L., and Hirbec, H. (2019). Microglia in
Alzheimer disease: well-known targets and new opportunities. Front. Cell.
Infect. Microbiol. 9:233. doi: 10.3389/fnagi.2019.00233

Ho, Y.-S., Yang, X., Lau, J. C.-F., Hung, C. H.-L., Wuwongse, S., Zhang, Q., et al.
(2012). Endoplasmic reticulum stress induces tau pathology and forms a vicious
cycle: implication in Alzheimer’s disease pathogenesis. J. Alzheimers Dis. 28,
839–854. doi: 10.3233/JAD-2011-111037

Hussein, S. M., Batada, N. N., Vuoristo, S., Ching, R. W., Autio, R., Närvä, E.,
et al. (2011). Copy number variation and selection during reprogramming to
pluripotency. Nature 471, 58–62. doi: 10.1038/nature09871

Javaid, F. Z., Brenton, J., Guo, L., and Cordeiro, M. F. (2016). Visual and ocular
manifestations of Alzheimer’s disease and their use as biomarkers for diagnosis
and progression. Front. Neurol. 7:55. doi: 10.3389/fneur.2016.00055

Kadoshima, T., Sakaguchi, H., Nakano, T., Soen, M., Ando, S., Eiraku, M., et al.
(2013). Self-organization of axial polarity, inside-out layer pattern, and species-
specific progenitor dynamics in human ES cell-derived neocortex. Proc. Natl.
Acad. Sci. U.S.A. 110, 20284–20289. doi: 10.1073/pnas.1315710110

Kelava, I., and Lancaster, M. A. (2016). Stem cell models of human brain
development. Cell Stem Cell 18, 736–748. doi: 10.1016/j.stem.2016.05.022

Khoury, R., and Ghossoub, E. (2019). Diagnostic biomarkers of Alzheimer’s disease:
a state-of-the-art review. Biomark. Neuropsychiatry 1:100005. doi: 10.1016/j.
bionps.2019.100005

Killin, L. O. J., Starr, J. M., Shiue, I. J., and Russ, T. C. (2016). Environmental risk
factors for dementia: a systematic review. BMC Geriatr. 16:175. doi: 10.1186/
s12877-016-0342-y

Koronyo, Y., Black, K. L., Koronyo-hamaoui, M., Koronyo, Y., Biggs, D., Barron,
E., et al. (2017). Retinal amyloid pathology and proof-of-concept imaging trial
in Alzheimer ’ s disease. JCI Insight 2:e93621.

Kratochvil, M. J., Seymour, A. J., Li, T. L., Paşca, S. P., Kuo, C. J., and Heilshorn,
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Purpose: This study aimed to characterize the microvascular and structural changes in

the macular that occur in white matter hyperintensities (WMH) using optical coherence

tomographic angiography. We also aimed to explore the association between macular

microvascular and structural changes with focal markers of brain tissue on MRI in WMH

using the Fazekas scale.

Methods: This study enrolled healthy participants who were stroke- and dementia-free.

MRI was used to image the cerebral white matter lesions, and Fazekas scale was used

to evaluate the severity of the white matter lesions. Optical coherence tomography

angiography (OCT-A) was used to image the radial peripapillary capillaries (RPCs),

macular capillary plexuses [superficial capillary plexus (SCP) and deep capillary plexus

(DCP)] and thickness around the optic nerve head, peripapillary retinal nerve fiber

layer (pRNFL).

Results: Seventy-four participants were enrolled and divided into two groups according

to their Fazekas score (Fazekas scores ≤1 and ≥2). Participants with Fazekas score ≥2

showed significantly reduced RPC density (P = 0.02) and DCP density (P= 0.012) when

compared with participants with Fazekas score ≤1. Participants with Fazekas score

≥2 showed reduced pRNFL (P = 0.004) when compared to participants with Fazekas

score ≤1. Fazekas scores were significantly associated with the pRNFL thickness (Rho

= −0.389, P = 0.001), RPC density (Rho = −0.248, P = 0.035), and DCP density (Rho

= −0.283, P = 0.015), respectively.

Conclusions: Microvascular impairment and neuro-axonal damage are associated

with the disease cascade in WMH. We have shown that RPC and DCP densities are

significantly affected, and these impairments are associated with the severity of the

disease and cognitive function. OCT-A could be a useful tool in quantifying the retinal

capillary densities in WMH.

Keywords: white matter hyperintensity, macula, Fazekas scale, optical coherence tomographic angiography,

magnetic resonance imaging
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INTRODUCTION

With the rise in the aging population, cerebral neurodegenerative
diseases such as dementia and Alzheimer’s disease have been
reported to be more common the elderly (1, 2). As such,
researchers and clinicians are working to preserve a high
quality of life in the aging population and also prevent the
occurrence of these diseases (3). Due to the irreversibility
of dementia and the insufficient therapy other than therapy
to counteract the symptoms, current research studies are
more focused on the earliest or preclinical stages to deter
the disease progression and to improve treatment outcomes.
Detection of dementia and other neurodegenerative diseases
associated with aging before its clinical manifestation will be
key for its prevention; however, there are insufficient simple
and reliable imaging modalities to screen for asymptomatic
subjects at risk of developing dementia or other cerebral
neurodegenerative diseases.

White matter hyperintensities (WMHs) are lesions that show
up as areas of increased brightness when visualized by T2-
weighted magnetic resonance imaging (MRI); WMH has been
reported to be the unavoidable substrate for the development in
most cerebral small vessel diseases (cSVDs) such as Alzheimer’s
disease and dementia (4). Individuals with a higher burden of
WMH are at high risk of developing dementia (5) and stroke (6).
WMH has been reported to be as a result of a chronic ischemic
injury caused by small vessel disease in the brain (7). Screening
tools such as magnetic resonance imaging (MRI) and positron
emission tomography (PET) have shown potential in detecting
these white matter changes in the brain but are often limited
by the expense, long time involved in imaging, and its limited
use on participants (such as cannot be used on participants
with stents in the heart); additionally, these imaging modalities
detect these changes at the later phase of the disease. As such,
researchers and clinicians are interested in structural biomarkers
for the early detection of WMH so as to help curb or deter
its progression.

Accumulating evidence has shown that the retina vasculature
could be a potential medium for analyzing the changes that
occur in the cerebral vasculature because the retina shares many
histological, physiological, and embryological features with the
brain (8, 9). Subtle neuronal and vascular alterations in the retina
reflect the pathological vascular changes of the brain during a
disease cascade such as Alzheimer’s disease (10). Reports using
optical coherence tomographic angiography (OCT-A) have been
applied to neurodegenerative diseases such as dementia (11)
and stroke (12), which are normally associated with distinct
microvascular changes and also are associated with the later
phase of WMH. These reports are important because they
suggest that the OCT-A can be a potential biomarker in these
neurodegenerative diseases and may help elucidate the possible
mechanism(s) involved in WMH. The aim of our current study
is to characterize the structural and microvascular changes in the
macular that occur in WMH using the OCT-A; we also aimed
to explore the macular structural and microvascular changes
with focal markers of brain tissue on MRI in WMH using the
Fazekas scale.

METHODS

Eighty participants who were stroke- and dementia-free were
recruited from the Second Affiliated Hospital and Yuying
Children’s Hospital of Wenzhou Medical University, China. This
was done from January 2019 to October 2019 on individuals
who had their annual medical checkups at the hospital. The
inclusion criteria for our study were as follows: (1) aged
≥60 years, (2) Chinese mandarin speaking, (3) sufficient
sensorimotor and language competency for cognitive testing,
and (4) provided written informed consent. The exclusion
criteria were as follows: (1) history of clinical stroke or transient
ischemic attack ascertained by medical records; (2) history
of neurological or psychiatric conditions affecting cognition;
(3) dementia determined by medical history; (4) evidence of
brain tumors, cerebral infarcts larger than 20mm in diameter
or hydrocephalus on MRI; and (5) subjects with medial
temporal lobe atrophy (MTA) as defined by a rating of >2
rated on coronal images on T1-weighted brain MRI using the
Schelten’s 5-point (0–4) scale to exclude prodromal Alzheimer’s
disease. Added exclusion criteria for retinal-image acquisition
include (6) patients with known retinal disease or disease
influencing vessel structure in color retina images, such as mild
diabetic retinopathy, age-related maculopathy, central serous
chorioretinopathy, postcataract extraction, and retinal pigment
epithelial detachment (n= 2).

Other exclusion criteria included (1) white matter
hyperintensity caused by multiple sclerosis or infectious,
metabolic, toxic, or metastatic disease; (2) history of
hemorrhagic stroke, brain tumors, or cerebral hemorrhage;
(3) associated systemic disorders that potentially affect
the optic fundus, such as severe liver disease, kidney or
heart failure, severe infection, malignant disease, systemic
lupus erythematosus, or hereditary disease; (4) local eye
disorders that could cause optic fundus disease, such as
various eye inflammatory responses or eye surgeries such as
cataract extraction or laser surgery within 6 months prior
to admission, hypertensive retinopathy, retinal vascular
disease; (5) disturbance of consciousness; or (6) high
refractive error (± 6.00 D spherical equivalent). The healthy
controls, who were without diabetes and well-controlled
hypertension, underwent neurological examinations to rule out
neurological diseases.

Collection of information on vascular risk factors such as
hypertension, diabetes mellitus, hyperlipidemia, and heart
disease was done. Hypertension was defined as systolic blood
pressure of ≥140 mmHg or diastolic blood pressure of ≥ 90
mmHg or current treatment with antihypertensive medications.
Diabetes mellitus was defined as fasting plasma glucose ≥

6.1 mmol/L or HbA1c ≥ 5.8% or current treatment with
blood glucose-lowering medication. Hyperlipidemia was
diagnosed according to established guidelines or current
treatment with statin medications. Heart disease was defined
as history or current cardiac arrhythmia, atrial fibrillation,
left ventricular hypertrophy, congestive heart failure, ischemic
heart disease, myocardial infarction, electrocardiographic
abnormalities, or possible cardiac embolic source. Trained
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neurologists performed cognitive assessment [Mini-Mental
State Examination (MMSE)] on all participants. Clinical data
and examination, ocular examination, and MRI assessments
were done within a month. Informed written consent was
obtained from each subject who participated in the study, and
the study was in accordance with the Declaration of Helsinki
and was approved by the Ethics Committee of the Second
Affiliated Hospital and Yuying Children’s Hospital of Wenzhou
Medical University.

Cerebral Structural MRI
All eligible participants underwent MRI scans equipped with
3.0 T superconducting magnets (Signa HDxt GE healthcare)
[T1-weighted, T2-weighted, diffusion-weighted imaging, fluid-
attenuated inversion recovery (FLAIR)], susceptibility-weighted
imaging (SWI) axial sequences, and T1-weighted sagittal
sequences. Axial images were angled to be parallel to the
anterior commissure-posterior commissure line. Trained and
certified radiologists, who were incognito to the participants’
clinical condition and retinal imaging findings, assessed the
digitized scan data on a personal display workstation at
the MRI reading center. When evaluating for WMHs, focal
abnormalities were ignored; therefore, if a side or both sides of
the brain were focally abnormal, estimates were based on the
uninvolved areas. The spin density images (repetition time of
3,000ms; echo time of 30 s) were used to estimate the overall
volume of periventricular and subcortical white matter signal
abnormality. Slice thickness was 6mm, with an interslice gap
of 20%.

Visual Scoring of WMH Burden
Visual rating scales of Fazekas were applied on FLAIR images
(range, 0–3) as previously reported (13). Participants were then
divided into two groups according to their Fazekas score (Fazekas
scores ≤1 and ≥2). Ratings were done by a specialist who was
masked to each participant’s clinical information.

Retinal Photography
Stereo photographs of the retina and optic disks were taken of
each participant in this study using the fundus camera (Zeiss
VISUCAM Fundus Camera 224). Trained ophthalmologists
at the Eye Hospital of Wenzhou Medical University, who
were masked to the participants’ characteristics, evaluated the
fundus images for the presence of abnormalities in the macula
and optic disk. Abnormalities of the macular and optic disk
were defined as present if any of the following lesions were
detected: retinal hemorrhages (n = 2), soft and hard exudates,
macular edema, optic disk swelling, and microaneurysms
and excluded.

Basic Ophthalmic Examination
All participants underwent a slit lamp and ophthalmoscopy
examination to exclude potential eye diseases. Intraocular
pressure (IOP) was measured using a full Auto Tonometer
(TX-F; Topcon, Tokyo, Japan), and axial length was measured
using Lenstar (Haag-Streit AG, Koeniz, Switzerland) in all
participants. The best-corrected visual acuity (BCVA) was

examined using a Snellen chart; both eyes of each participant
were measured.

Spectral-Domain Oct
pRNFL Thickness
The Avanti RTVue-XR (Optovue, Fremont, California, USA;
software V.2017.100.0.1) with a tuning range of 100 nm was
used in spectral-domain OCT. The image resolution of each
OCT image was 5.3mm axially and 18mm laterally. The RNFL
thickness was obtained using the optic nerve map protocol, with
a scanning range covering a circle with a diameter of 3.45mm
on the optic disk. For the inclusion criteria in our present study,
high-quality images with signal strength index ≥6 were accepted
according to the OSCAR-IB criteria (14).

Spectral-Domain OCT Angiography
OCT angiography images were obtained using Avanti RTVue-
XR, which is based on split-spectrum amplitude decorrelation
algorithm. Radial peripapillary capillary (RPC) network was
obtained in scans within a 0.7-mm wide elliptical annular
region extending outward from the optic disk boundary, and
the vasculature within the internal limiting membrane and
the nerve fiber layer were analyzed automatically using the
OCT-A software. The images consisted of two sets of B
scans repeated horizontally and vertically, each consisting of
400 A scans.

The superficial and deep retinal capillary plexuses were
detected and separated automatically using the OCT tool. The
superficial retinal capillary plexus (SCP) extended from 3µm
below the internal limiting membrane to 15µm below the
inner plexiform layer; the deep retinal capillary plexus (DCP)
extended from 15 to 70µm below the inner plexiform layer
(IPL) (Figure 1). A parafoveal capillary network was acquired
through 3 × 3 mm2 scans within the annular zone of 0.6–
2.5mm diameter around the foveal center. Vessel densities,
defined as the percentage area occupied by the large vessels
and microvasculature in the analyzed region, were automatically
generated in the whole scan area and in all sections of
the applied grid according to the Early Treatment Diabetic
Retinopathy Study (ETDRS). The quality of OCT angiography
images was evaluated by three independent ophthalmologists
blinded to the participant’s clinical information. Poor quality
images with a signal strength index <6 or with residual
motion artifacts were excluded. High-quality images with signal
strength index ≥6 were accepted according to the OSCAR-
IB criteria (14). Two images from two participants were
excluded because of poor quality images [signal strength index
(SSI) < 6].

The OCT data procurement and description in this study
were in alliance with the Advised Protocol for OCT Study
Terminology and Elements (APOSTEL) recommendations (15).

Data and Statistical Analyses
An eye of each patient was included in the data analyses. In
occurrences where both eyes met the criteria, the eye was selected
according to the higher signal strength index of the macular
in the OCT-A imaging; when the SSI of OCT-A images was
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FIGURE 1 | Representative optical coherence tomography angiography (OCT-A) images of the 3 × 3 mm2 en face images of the superficial (SCP) and deep capillary

plexus (DCP) among the two groups.

the same in both eyes, the quality of optic nerve head (ONH)
images was decisive. OCT-A and spectral-domain OCT (SD-
OCT) results were compared by using multilinear regression,
allowing the analysis of the influence of several factors interfering
with OCT-A results on a dependent variable. To reduce error
variance during the analysis, the total variability of the examined
feature was divided into variability caused by the influence of
sex, age, eye used (whether left or right eye), hypertension,
and SSI.

RESULTS

Seventy-four participants were enrolled for data analyses.
Participants were then divided into two groups according
to their Fazekas score (Fazekas scores ≤1 and ≥2). Thirty-
seven participants, grouped as participants with Fazekas score
≥2 [mean age = 66.19 (7.52) years)], and 37 participants,
grouped as participants with Fazekas score ≤1 [mean age
= 64.91 (4.03) years], were included for data analyses.
Significant differences (P > 0.05) were not seen in age, body
mass index (BMI), and gender. Significant differences were
seen in MMSE scores (P < 0.001) and Fazekas score (P
< 0.001) when the two groups were compared as shown
in Table 1.

Comparison of the Macular Microvascular
Density Between the Two Groups
Participants with Fazekas score ≥2 showed significantly reduced
RPC density (P = 0.02, Table 2) and DCP density (P = 0.012,
Table 2) when compared with participants with Fazekas score
≤1. No significant difference (P = 0.584, Table 2) was seen

TABLE 1 | Demographics and clinical information of participants.

Parameter Fazekas score ≥2 Fazekas score ≤1 P-value

Number 37 37

Number of eyes 37 37

Age (years) 66.19 (7.52) 64.91 (4.03) 0.358

Gender (M/F) 22:15 24:13

BMI 23.94 (3.50) 22.58 (2.70) 0.812

SBP (mmHg) 135.51 (12.29) 133.41 (14.36) 0.849

DBP (mmHg) 78.75 (9.15) 76.54 (9.02) 0.784

MAP (mmHg) 95.12 (8.72) 94.32 (9.77) 0.910

IOP (mmHg) 12.51 (2.91) 11.64 (3.26) 0.782

BCVA 0.97 (0.20) 1.04 (0.14) 0.071

Fazekas score 3.70 (1.41) 1.0 (0.52) <0.001

MMSE score 21.09 (3.91) 26.30 (3.13) <0.001

SSI 7.78 (1.25) 8.08 (1.12) 0.284

Values are mean (standard deviation). BMI, body mass index; SBP, systolic blood

pressure; DBP, diastolic blood pressure; MAP, mean arterial pressure; SE, spherical

equivalent; BCVA, best corrected visual acuity; IOP, intraocular pressure; AL, axial length;

SSI, signal strength index.

in the SCP when both groups were compared. Additionally, a
significant reduction in the peripapillary retinal nerve fiber layer
(pRNFL) thickness (P = 0.004, Table 2) was seen in participants
with Fazekas score ≥2 when compared to participants with
Fazekas score ≤1.

Fazekas scores were significantly associated with the pRNFL
thickness (Rho = −0.389, P = 0.001), RPC density (Rho =

−0.248, P= 0.035), and DCP density (Rho=−0.283, P= 0.015),
respectively, in all participants.
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TABLE 2 | Comparison of the macular microvascular densities and structure

among the three groups.

Fazekas score ≥2 Fazekas score ≤1 P-value

pRNFL (µm) 110.0 (11.09) 116.92 (8.48) 0.004

RPC density, whole (%) 48.45 (3.07) 49.91 (2.11) 0.020

SRCP, whole (%) 45.04 (2.92) 45.41 (2.87) 0.584

DRCP, whole (%) 48.08 (3.46) 50.12 (3.35) 0.012

SSI 7.78 (1.25) 8.08 (1.12) 0.284

Values were adjusted for age, gender, hypertension, and signal strength index.

A significant association (Rho = 0.318, P = 0.007) was
shown between the pRNFL thickness and MMSE scores in all
participants. No significant associations (P > 0.05) were seen
between the microvasculature densities and MMSE scores.

Additionally, RPC density (Rho= 0.439, P < 0.0001) and SCP
density (Rho = 0.429, P < 0.0001) were significantly correlated
with pRNFL thickness while adjusting for risk factors.

DISCUSSION

Our study used the OCT-A technology to assess the retinal
capillary densities of the macular and changes around the
optic nerve head in healthy participants with white matter
hyperintensities. We grouped the participants according to their
severity of white matter hyperintensity using the Fazekas scale
and analyzed them in order to find distinctive differences
between these two groups. We found that participants with
Fazekas score≥2 had significantly reduced DCP when compared
to participants with a Fazekas score ≤1. Our current study
used the OCT-A software to analyze and evaluate the density
of the DCP, which is located at the boundary of the deep
inner plexiform layer (INL) and outer plexiform layer (OPL).
A previous animal study showed that the dominant oxygen
consumers of the inner retinal are located in the plexiform
layers (16); it has also been reported that these layers are rich in
mitochondrial synapses (17). Additionally, pathological reports
on brains with WMH have shown mitochondrial dysfunction
and high oxygen consumption (18, 19), which reflects that seen
in the DCP of the retina. Thus, we suggest that these changes
are a reflection of the pathological changes that occur in the
brain during the disease cascade of WMH. Second, the deep
capillary plexus is aligned along the course of the macular
venules and drain into the superficial venules (20) and has
been suggested to be involved in the venous side of circulation
(21). Previous literature using the fundus camera reported on
venular widening in patients with WMH (22–24); Ikram et al.
(25) showed that larger venular diameters were associated with
the progression of WMH, while De Jong et al. (26) reported
that venular widening reflects lower arteriolar oxygen saturation
and suggested that venular diameter reflects a lower oxygen
supply to the brain. Since changes in the DCP were significantly
different among the two groups, our results suggest that the
DCP reflects the lower oxygen saturation and also indicates the
progression of the disease as previously reported. Additionally,
changes in the deep capillary plexus may be as a result of

neuroglial loss, which results in impaired interaction between
neurons, glial cells, and vascular cells (impaired neurovascular
coupling) (27). Neuroimaging reports have shown the gray
matter changes, while retinal morphological reports have shown
changes in the sublayers of the retina, which constitute the
DCP (28) in WMH, indicating the impairment of neurons
and glial cells. Since neural activity is associated with the local
blood flow (29), alterations in the neuroglial tissue in the inner
retina could lead to secondary decrease in the flow density
in the capillaries. Thus, in our present study, we suggest that
reduced capillary density in the deep capillary plexus may
be involved in the pathogenesis of WMH and needs to get
more attention.

The layered body of the retinal capillaries is supposed to
function as the metabolic support of the different retinal layers.
The capillaries of the SCP are engrossed in the ganglion cell
layer and the superficial portion of the inner nuclear layer,
which contains nuclei of Muller cells, and is devoid of capillaries
(30). Moreover, the SCP has been reported to consist of a
network of large and small vessels that are connected to the
retinal arteries and veins (31). From our OCT-A image, the SCP
contains less capillaries when compared to the DCP. Our study
did not find any significant difference between the two groups
in the SCP; this may be due to the presence of more large
vessels in the SCP as compared to the DCP. The transformation
of the microvasculature from predominantly capillaries to
predominantly small arterioles/venules has a profound effect on
oxygen diffusion, thus density. Since majority of oxygen diffusion
occur from the capillary vasculature, the presence of fewer
capillaries in the SCP may be the reason behind the insignificant
difference. Thus, our current report highlights the significance
and the role that capillaries play in the pathogenesis and disease
cascade of WMH.

Around the optic nerve head is a more superficial capillary
network known as the RPCs. The RPCs make up a distinctive
vascular network within the RNFL around the optic disk
(pRNFL). The RPCs are associated with the highly metabolically
active retinal ganglion cell axons, which consists of the RNFL
and ganglion cell layer (GCL) (32–34). Due to their parallel
structure and rarity of anastomoses, RPCs are suggested to be
vulnerable to pathologies, which may affect the retina (35, 36).
A previous report (37) evaluated the microvascular density in
the macular and around the optic nerve head in migraine
patients with white matter hyperintensities; the authors found
that the microvascular density around the optic nerve head and
densities in the superficial and deep plexus of the macular were
significantly reduced when compared to healthy controls. Our
current report is quite different from the report aforementioned
because our WMH participants were without migraine nor aura
but were hypertensive. Nonetheless, we suggest that the OCT-
A could be useful to evaluate the macular microvasculature in
white matter lesions and could be useful to understand the
pathophysiology of this disease.

The decrease in retinal microvascular density in the
macular could be secondary to a neurological damage in
impaired interaction between the neurons, glial cells, and
microvascular cells as reported in the cerebral vasculature
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(38). Previous reports have shown that retinal alterations
in patients with cerebrovascular disorders occur before the
detection of retinal vascular alterations suggesting that some
neurodegenerative events could precede microvascular changes
(39). Due to the association between the neural activity and
the local blood flow (40, 41), alterations of thickness of
the pRNFL could lead to secondary decrease in capillary
flow density.

Our study showed a significant correlation between the
pRNFL thickness, RPC network, and DRCP and the severity
of white matter lesions using the Fazekas scale, respectively.
Fazekas scale is used to quantify the amount of white matter
T2 hyperintense lesions. With the retina being a surrogate of
the brain, our findings heighten the association of the pRNFL
thickness (neuroaxons) andmicrovasculature in the pathogenesis
ofWMH. The pRNFL, which has been reported to contain axons,
reflect the white matter integrity of the brain (42). Thus, the
association between pRNFL thickness and Fazekas score reflect
the association between the axonal damage and its severity in
the brain. Cerebral microstructural changes in the white matter
has been noted for its liability to microvascular damage (43, 44);
nonetheless, a weak significant correlation was seen between
the microvascular changes of the retina and the Fazekas scores
in our current study. Given the association between the retinal
microvasculature and cerebral vasculature (45), our study also
shows the association between microvasculature damage and its
association with the severity of white matter lesions. Although
both pRNFL thickness and microvascular (RPC and DRCP
densities) damage play significant roles in the pathogenesis of
WMH as seen in our data, our data however showed that
neurodegeneration is more prevalent thanmicrovascular damage
in the white matter damage on MRI using Fazekas scale.
Furthermore, the association between the pRNFL thickness and
RPC density could suggest that damage of the pRNFL could lead
to RPC network damage; this could be translated as neuroaxonal
damage leads to microvascular damage in WMH. Studies with
larger sample sizes are needed to validate our speculation.

Crucial approaches for diagnosis of cognitive functioning
are based on neuropsychological assessment such as MMSE
scores (46) and Montreal Cognitive Assessment (MoCA) (47),
which are used to evaluate the cognitive status, especially in the
aging population. The association between OCT parameters and
MMSE can be useful in the clinical valuation and monitoring
of patients with cerebral small vessel disease, as the severity
of cognitive functioning can be measured with the MMSE
score. Our study did not find a correlation between MMSE
and the microvascular densities; this is probably because of the
lack of psychometrical structure of MMSE, in particular the
absence of items reflecting executive functions and psychomotor
speed. Additionally, it has been reported (48) that damage
related to cerebral small vessel disease is more expressed by
MoCA than MMSE and that MoCA is a suited screening tool
for patients with cerebral small vessel disease. However, we
found a significant association between the MMSE score and
the pRNFL, which is congruent with previous reports (49,
50). An association between the pRNFL and MMSE scores
suggests that the neurodegeneration associated with the disease

cascade causes neuroaxonal damage resulting in a decrease in
cognitive functioning.

One limitation of this study is that it was cross-sectional.
A longitudinal assessment would be required to validate our
hypothesis. Another limitation in this study is that although
the current technology of the OCT-A provides the superficial
and deep capillary networks of the macular, it is limited by a
smaller field of view and that could limit the understanding of
the vascular changes in the peripheral retina in WMH patients.
Not ending there, despite the presence of the algorithm to
reduce motion artifacts, some of the OCT-A images still had
motion artifacts at the deep capillary plexus due to the patient’s
eye movement. The images with artifacts were excluded from
the analysis to avoid erroneous results. Further enhancement
and refinement of the software are essential to improve its
reproducibility and usability for more neurovascular diseases in
the future. Additionally, the limitation in our current study was
the use of MMSE as the only measure of cognitive impairment. It
was used in our current study because it is a standard procedure
applied in all hospitals in our Neurology Department to check
for cognitive status; second, it is the only cognitive screening
tool that is standardized in the Chinese population; and finally,
it has been generally used in other studies so we assume that it
would provide a much clearer picture of the relation between
the microvascular and structural changes in the macular and
cognitive impairment in WMH. Another important limitation
that should be mentioned concerns projection artifacts caused by
superficial vessels projecting shadows onto deeper layers of the
retina, which may affect the obtained results. Despite the fact that
the latest version of the OCT-A software was used, projection
artifacts in the deeper retinal layers were noticeable, which
may have the same effect on the results obtained. Furthermore,
our sample size was relatively small and may have affected
our statistical analyses. Studies with larger sample sizes are
needed to validate our hypotheses and delve deeper into the
pathophysiological mechanism of WMH.

Despite our limitations, our report showed that microvascular
impairment and damage to the neuroaxons are associated with
the disease cascade of WMH. We have shown that the RPC and
DCP densities are significantly affected, and these impairments
are associated with the severity of the disease and cognitive
function in MWH. We have shown that OCT-A may be used
to study the retinal capillary densities in WMH. Longitudinal
studies with larger sample sizes should be performed to evaluate
the capillaries in WMH and its risk factors.
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Alzheimer’s disease (AD) is characterized by amyloid beta (Aβ) plaques in the brain
detectable by highly invasive in vivo brain imaging or in post-mortem tissues.
A non-invasive and inexpensive screening method is needed for early diagnosis of
asymptomatic AD patients. The shared developmental origin and similarities with the
brain make the retina a suitable surrogate tissue to assess Aβ load in AD. Using
curcumin, a FluoroProbe that binds to Aβ, we labeled and measured the retinal
fluorescence in vivo and compared with the immunohistochemical measurements of
the brain and retinal Aβ load in the APP/PS1 mouse model. In vivo retinal images were
acquired every 2 months using custom fluorescence scanning laser ophthalmoscopy
(fSLO) after tail vein injections of curcumin in individual mice followed longitudinally from
ages 5 to 19 months. At the same time points, 1–2 mice from the same cohort were
sacrificed and immunohistochemistry was performed on their brain and retinal tissues.
Results demonstrated cortical and retinal Aβ immunoreactivity were significantly greater
in Tg than WT groups. Age-related increase in retinal Aβ immunoreactivity was greater in
Tg than WT groups. Retinal Aβ immunoreactivity was present in the inner retinal layers
and consisted of small speck-like extracellular deposits and intracellular labeling in the
cytoplasm of a subset of retinal ganglion cells. In vivo retinal fluorescence with curcumin
injection was significantly greater in older mice (11–19 months) than younger mice (5–
9 months) in both Tg and WT groups. In vivo retinal fluorescence with curcumin injection
was significantly greater in Tg than WT in older mice (ages 11–19 months). Finally, and
most importantly, the correlation between in vivo retinal fluorescence with curcumin
injection and Aβ immunoreactivity in the cortex was stronger in Tg compared to WT
groups. Our data reveal that retina and brain of APP/PS1 Tg mice increasingly express
Aβ with age. In vivo retinal fluorescence with curcumin correlated strongly with cortical
Aβ immunohistochemistry in Tg mice. These findings suggest that using in vivo fSLO
imaging of AD-susceptible retina may be a useful, non-invasive method of detecting Aβ

in the retina as a surrogate indicator of Aβ load in the brain.

Keywords: amyloid beta, plaques, Alzheimer’s Disease, APP/PS1, fluorescence, scanning laser ophthalmoscopy,
retinal ganglion cell
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INTRODUCTION

Alzheimer’s disease (AD) is a chronic irreversible
neurodegenerative disease that leads to progressive memory
loss and cognitive impairment. With the aging population,
the burden of AD is increasing. A recent study estimates that
1 in 5 adults past the age of 85 will be affected, and AD will
afflict over 100 million people worldwide by the year 2050
(Brookmeyer et al., 2007). The only method for confirmed
AD diagnosis is post-mortem histological evidence of cerebral
amyloid beta (Aβ) aggregates in the form of senile neuritic
plaques and intraneuronal neurofibrillary tangles composed
of hyperphosphorylated tau (Rowan et al., 2007; Sorrentino
and Bonavita, 2007). In patients, extensive neurocognitive
assessment, along with laboratory tests and brain imaging are
used to diagnose dementia of Alzheimer’s type. While no cure
presently exists, early diagnosis of AD can lead to treatment that
helps to manage the symptoms, maximize functionality, and
maintain quality of life (Sevigny et al., 2016). The major challenge
for early AD diagnosis is the identification of biomarkers by
non-invasive methods that could be readily deployable to the
at-risk population. This goal is further challenged because the
exact pathophysiology and corresponding onset of the disease
remain poorly understood.

The amyloid cascade hypothesis remains the most widely
accepted mechanism of the AD pathogenesis. It posits that Aβ

1-42 accumulation, via post-translational proteolytic cleavage
of amyloid beta peptides (APP), precedes aggregation into
senile plaques and subsequent neuronal damage (Beyreuther and
Masters, 1991; Hardy and Allsop, 1991; Selkoe, 1991; Hardy
and Higgins, 1992). Whether this Aβ accumulation is due to
overproduction or decreased clearance, or a product of both,
remains unknown. Positron emission tomography (PET) and
cerebral spinal fluid (CSF) analysis are validated methods of
measuring Aβ as a means of predicting and diagnosing AD in
patients (Rabinovici et al., 2011; Ferreira et al., 2014). However,
both techniques have drawbacks that limit their clinical use for
patients with AD or at risk of AD. PET imaging exposes patients
to ionizing radiation, requires expensive equipment, and has
low spatial resolution. CSF analysis has limited sensitivity and
specificity and requires invasive procedures for sample collection
(Bateman et al., 2012; Fagan et al., 2014). Both techniques
detect late manifestations of AD, such as brain atrophy, Aβ

and phosphorylated tau accumulation – signs of advanced and
potentially irreversible neuronal injury. Identifying a biomarker
that is upstream to this damage using inexpensive and less
invasive techniques is desired, as it may provide both a wider
therapeutic potential and a novel method of detecting and
monitoring disease progression.

AD patients have higher rates of neurovisual impairments
compared to their age-matched controls (Schlotterer et al., 1984;
Sadun et al., 1987; Cronin-Golomb et al., 1993; Risacher et al.,
2013; Chang et al., 2014; Tzekov and Mullan, 2014). This, along
with the evidence that Aβ plaques accumulate in the visual
cortex prior to depositing in the hippocampal area (McKee et al.,
2006) prompted research into ocular biomarkers. The retina is an
extension of the central nervous system that is uniquely visible

through the eye’s path of light, making it an ideal structure for
optical imaging. Given that it shares its embryological origin
with the brain, the retina has been extensively investigated as a
region that may mirror AD changes in the brain, and is impacted
in AD patients (Bayhan et al., 2015; Hart et al., 2016). Optical
coherence tomography (OCT) is a common retinal imaging
modality that has been explored for non-invasive diagnosis of AD
(Kesler et al., 2011; Coppola et al., 2015). However, macular and
peripapillary retinal fiber layer thickness abnormalities observed
in AD by OCT are limited in their utility for AD-specific
screening due to their similarities with abnormalities observed in
other systemic diseases and retinal disorders (Kergoat et al., 2001;
Doustar et al., 2017).

Post-mortem analysis of the eyes from human donors and the
APP/PS1 and other mouse models of AD, which mimics human
AD pathology through overexpression of APP and deposition of
Aβ brain plaques, have shown APP and/or Aβ accumulation in
the retina (Ning et al., 2008; Shimazawa et al., 2008; Dutescu
et al., 2009; Liu et al., 2009; Perez et al., 2009; Kam et al., 2010;
Park et al., 2014; Gupta et al., 2016; Hadoux et al., 2019). More
recently, Koronyo-Hamaoui et al. (2011) used tail-vein injections
of curcumin, a natural FluoroProbe that specifically binds to the
beta sheet formation of Aβ, in APP/PS1 mouse and found that
retinal Aβ deposits precede brain plaque formations (Koronyo
et al., 2012). However, one question that remains unanswered
in the current literature is whether it is possible to estimate the
degree of Aβ deposition in the brain by measuring Aβ in the
retina. If this hypothesis stands, the retina could be a surrogate
tissue to assess Aβ deposition in the brain.

In this study, we quantified the retinal expression of Aβ

by comparing in vivo curcumin fluorescence obtained from
fluorescence scanning laser ophthalmoscopy (fSLO) with retinal
and brain immunohistological labeling of Aβ in the APP/PS1
mouse model of AD in order to compare the brain and eye
deposition of Aβ in young and old APP/PS1 transgenic (Tg)
and wild-type (WT) mice and investigate the potential of in vivo
retinal imaging with curcumin labeling as a surrogate method for
quantifying Aβ load in the brain.

MATERIALS AND METHODS

Animals
The mouse imaging was performed under the protocols approved
by the University Animal Care Committees at the University
of British Columbia and Simon Fraser University, conformed
to the guidelines of the Canadian Council on Animal Care,
and in accordance with the Resolution on the Use of Animals
in Research of the Association of Research in Vision and
Ophthalmology. APP/PS1 Tg mice (N = 12, JAX stock #004462)
and their non-Tg sibling WT (N = 11) controls were purchased
at eight-weeks of age. The mice were raised using standard
care and chow. Two of each Tg and WT mice died before the
first imaging session, reducing the number of animals to 10
Tg and 9 WT mice. From 5-months of age, mice were imaged
every 2–3 months until 19-month old at 7 time points. Starting
from 5-month old, 1–2 mice from the Tg and WT cohort were
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euthanized after imaging and their ocular and brain tissue were
preserved for immunohistological processing. In addition to
these animals, several Tg mice (N = 3) and WT (N = 3), aged
6–18 months, were sacrificed to assess amyloid beta deposits
in the retina and brain without the curcumin injections or
in vivo imaging.

Ex vivo Cortical and Retinal
Cross-Section Aβ Immunohistochemistry
Frozen 8 µm coronal brain tissue sections from Tg and WT
mice were cut on a cryostat and mounted on glass slides. Paraffin
embedded eye tissues from Tg and WT mice (sacrificed at 6,
9, or 18 months) were cut at 6 µm thickness. All sections
underwent antigen retrieval in 88% formic acid for 5 min at room
temperature and were washed three times for 5 min with PBS (pH
7.4). A subset of brain and eye sections underwent chromogenic
visualization of Aβ immunohistochemistry and were then treated
with 1% hydrogen peroxide in distilled water for 15 min at
room temperature to eliminate endogenous peroxidase activity
and washed three times for 5 min each with PBS. The sections
were blocked with 3% normal horse serum in 0.3% TX-100
PBS for 20 min in room temperature, followed by incubation
with 1:100 mouse monoclonal antibody to ß–amyloid, 1–16
(6E10) (Covance, NJ, United States) in 3% normal horse serum
and 0.3% TX-100 PBS for 1 h at room temperature, and then
overnight at 4◦C. Non-specific isotype IgG1 (Sigma Aldrich)
matching the species of primary antibody were used on negative
control tissue sections. Next, the sections were washed in PBS,
then incubated with a secondary antibody of biotinylated anti-
mouse made in horse (MJS Biolynx, ON, Canada) at 1:100 for
45 min at RT followed by washing in PBS. The sections were
then incubated in Vectastain Elite ABC HRP solution (MJS
Biolynx, ON, Canada) for 30 min at RT then washed with PBS
again. For visualization, the sections were developed using the
Vector R© AEC substrate kit (MJS Biolynx, ON, Canada) and were
counterstained with Mayer’s Hematoxylin (Sigma Aldrich) for
nuclei. The sections were coverslipped with aqueous mounting
medium for brightfield microscopy. The slides were stored at 4◦C
in a light tight box away from light. The brain tissue from an
APP/PS1 transgenic mouse sacrificed at 19 months was used as
a positive control tissue and processed along with experimental
tissues (Ning et al., 2008). The Aβ immunohistochemistry on
retinal cross-sections was used to confirm laminar distribution
of immunolabeling observed in retinal wholemount preparations
and to process controls such as omission of the primary
antibody (to control against non-specific immunolabeling due to
secondary antibody) and to assess for potential autofluorescence
that may confound fluorescent imaging of the wholemount
preparations (Supplementary Figure S3).

A blind analysis was carried out on a series of immunoreacted
Tg and WT brain sections from mice between the ages of
5 to 19 months. Images were taken on a brightfield Nikon
Eclipse 80i (Nikon Corporation, Japan) to quantify the amount
of Aβ immunostaining in the cortex of the brain. Figures 1C,D
illustrates representative images of Tg and WT brain sections.
A blinded quality control was conducted in order to discard

images that were deemed of low quality, as a result of image
acquisition or poor quality tissue processing due to tears in brain
or retinal cross-sections.

The boundaries of the cortex assessed for plaques after Aβ

immunohistochemistry included tissue from the corpus callosum
(at the anteromedial visual area) to the end of the perirhinal
area. Blood vessels and immunostaining artifacts were manually
excluded from the analysis. For each image, the cortex was
cropped using the magnetic lasso tool in Adobe Photoshop
(Adobe Inc., San Jose, CA, United States) according to the outline
specified by the Allen Mouse Brain Atlas (Allen Institute of Brain
Science, 2004). Densiometric analysis was used to calculate the
percentage of pixels of Aβ immunoreactivity compared to the
total number of pixels in the cropped region of interest (ROI).
Briefly, the ’Color Range’ command in Adobe Photoshop was
used to select a maximum range of wavelengths for all the positive
labeled pixels within an ROI by an experienced rater. Next, the
selected range was saved in an.axt file as the standard color
range for positive immunolabeling. The.axt file was applied to all
brain sample images, and a histogram depicting the number of
pixels that fall within the standard color range within the ROI
was generated, and recorded for analysis to compare between
Tg and WT groups.

Ex vivo Retinal Whole-Mount Aβ

Immunofluorescence
Mouse eyecups were dissected and briefly soaked in solution
of hyaluronidase type I-S solution (Sigma Aldrich, St. Louis,
MO, United States) to liquefy and remove remaining vitreous.
Under a dissecting microscope, fine forceps were used to
carefully remove thin strands of vitreous before proceeding to
the next step. The free floating wholemount retinal tissue then
underwent antigen retrieval in 88% formic acid for 5 min at room
temperature. The wholemount was washed 3 times in phosphate
buffered saline (PBS, pH 7.4) and then underwent blocking
with 3% normal goat serum diluted in 0.3% Triton-X (TX)-
100-PBS solution to minimize nonspecific immunostaining. The
wholemount was then incubated in 6E10 mouse monoclonal
antibody, diluted in serum and PBS with 0.3% TX-100 at a
working concentration of 1:100 for 1 h at room temperature
and then overnight at 4◦C. Negative controls were obtained by
treating the wholemount with an irrelevant IgG1 isotype at the
same concentration in place of the primary antibody incubation.
After incubation in the primary antibody, the wholemount
was thoroughly washed and incubated in fluorescent goat-
anti-mousse Cy3 secondary antibodies (1:400) for 45 min at
room temperature and rinsed 3 times in PBS, then followed by
incubation in DAPI (1:500) for 10 min at room temperature for
nuclear staining. Next, the wholemount was thoroughly washed
4 times at 15 min each on the shaker table to remove exogenous
debris, and carefully placed on a glass slide with mounting
medium and coverslipped. Confocal images were taken using
a Zeiss 510 confocal microscope with Zen 2009 software (Carl
Zeiss, Germany). Aβ clone 6E10 labeling by Cy3 was imaged with
543 nm excitation (false color red). Nuclear labeling by DAPI
was imaged with 405 nm (false color blue). In order to assess
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FIGURE 1 | Aβ immunohistochemical cortical 6E10 immunostaining. (A) Tg mice (blue) had significantly higher percentage of cortical area immunostained relative to
their WT controls (red) (Tg: 4.44% ± 1.50, N = 7; WT: 0.15% ± 0.08, N = 4; p < 0.05; Two-tailed Mann Whitney U test). (B) There was a trend towards higher
cortical immunostaining in Tg mice (blue) that begins at nine months of age. There was a moderately strong correlation and increase of immunostaining over time for
Tg mice (r2 = 0.639, slope = 0.53 ± 0.18, but not WT mice r2 = 0.85, slope = 0.006 ± 0.002; p = 0.77). (C) Representative cross-section of an 18 month Tg mouse
brain immunoreacted for Aβ. Note the numerous Aβ plaques shown by the red (AEC) chromogenic reaction product in cortex and hippocampal areas (arrows),
compared to (D), the age-matched WT brain immunoreacted for Aβ. Scale bar for (C,D) is shown in D = 400 microns. (E) Retinal cross-section of an 18 month Tg
mouse eye demonstrating Aβ immunoreactivity (arrows) in the inner retina in the ganglion cell layer (GCL) and the inner plexiform layer (IPL) compared to (F) the
age-matched WT retina, which demonstrates a pale pink baseline level of immunoreactivity. Scale bar in D = 400 microns. Scale bar for (E,F) is shown in
F = 25 microns. *Denotes significance.

autofluorescence of retinal wholemounts, and cross-sections,
some tissues were processed without antibody incubations, but
counterstained with DAPI and coverslipped before confocal
microscopy. A blinded quality control was conducted where
images that were deemed of low quality, as a result of image
acquisition or artifactual labeling due to tears in retinal tissue
during processing, were discarded prior to analysis.

Aβ load in the ex vivo retina was identified as bright
immunofluorescence specks or intracellular labeling of retinal
ganglion cells (RGC) in the confocal images manually identified
by blinded raters (see examples of labeling in Figure 2). The

number of bright immunofluorescent specks and intracellular
labeled RGCs in each image were counted and normalized by the
area of the retinal tissue in the image excluding any artifactual
labeling caused by tears in tissues and labeling associated with
blood cells within blood vessels, to yield a speck count per tissue
area in mm2.

In vivo Retinal Fluorescence Imaging
With Curcumin
Mice underwent a lateral tail vein injection of the curcumin-
based FluoroProbe that binds to Aβ. Approximately 2 h before
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FIGURE 2 | Ex vivo WT and Tg mouse wholemount and 6E10 immunofluorescence. Aβ deposits in the ex vivo retinal wholemount were identified by 6E10
immunofluorescence (red) and confocal imaging taken at the level of the GCL. The confocal imaging was initiated at the NFL, and as the optical steps proceeded
deeper into the wholemount, DAPI (blue) nuclear staining was used to identify the beginning, middle and end of the GCL. All images in Figure 2 are shown at the
level of the mid GCL. (A) Representative confocal image after Aβ immunofluorescence of a younger (6 month) WT retina. Note the small specks of Aβ deposits in red
immunofluorescence, some shown by white arrowheads. A larger opaque red profile is an artifact (white asterisk). (B) Representative image of a negative control
section, in which the primary antibody was replaced with a non-specific IgG. Image demonstrates very low background levels of red immunofluorescence. (C)
Representative image of Aβ immunoreactivity in the 6 month Tg retina with representative red specks of immunofluorescence shown by white arrowheads. (D) In an
older (18 month) Tg retina, the retinal immunofluorescence increased with more red immunoreactive specks (white arrowheads) and an occasional immunoreactive
retinal ganglion cell (yellow arrowhead). (A–D) Scale bar: 20 µm. (E) An orthogonal view of the confocal z-stack reconstruction from a 15 month Tg retina
demonstrates that the majority of the Aβ immunoreactivity is present in the inner retina, specifically in the NFL and GCL. Some Aβ immunoreactive specks can be
seen extending deeper into the IPL. Cell nuclear labeling with DAPI (blue) reveals lamination in the retina. Lamination and scale bars are shown on the right axes.
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eye imaging, animals were anesthetized by isoflurane gas and
placed on a heating pad. Next, the animal’s tail was warmed in a
container of lukewarm water to cause vasodilatation of the vein.
The tail was then swabbed with alcohol, and one of the lateral
veins was visualized. With the bevel of a 27-gauge needle facing
upwards, the needle was inserted almost parallel to the vein,
approximately 2 mm. After visualization of blood in the hub of
the needle, 0.08 mL of a filter-sterilized curcumin solution in PBS
(Sigma-Aldrich, St. Louis, MO, United States) was administered,
for a final concentration of 0.75 mg/kg body weight.

To determine if curcumin injection in Tg mice would allow for
better visualization of retinal fluorescence, we compared retinal
fluorescence of Tg mice to their WT controls at multiple time
points. Prior to each imaging session, the mouse was anesthetized
with subcutaneous injection of the anesthetic cocktail containing
ketamine at 100 mg/kg of body weight and dexmedetomidine at
0.1 mg/kg of body weight. Then, a drop of 1% Tropicamide was
used on each eye to dilate the pupil. A zero-diopter contact lens
was placed on the cornea to prevent dehydration and the mouse
eyes were aligned to the system without any further contact. Each
eye was aligned such that the optic nerve head was in the center
of the field of view.

In vivo imaging was performed at each time point one day
prior to curcumin injections, and then 2 h after curcumin
injection. A custom SLO was designed for fluorescence imaging
of the mouse retina. The SLO used 488 nm excitation light
and broadband emission filters for the detection of fluorescence
emissions longer than 500 nm. The imaging field of view was 50-
degress or ∼1.7 mm across the retina. A tunable lens provided
the ability to adjust the axial focal plane of the imaging system
and the optimal focus on the retinal nerve fiber layer - ganglion
cell layer was determined by the sharpness of the retinal blood
vessels. Imaging frames were acquired at 5 frames per second and
50 frames were averaged to produce each image.

The amount of retinal fluorescence was measured
quantitatively by automatically segmenting and counting
the number of pixels in the fluorescent specks in each fSLO
image. Intensity-based median filtering and thresholding
was used to detect the specks. Blind quality assessment was
performed and images with poor image quality (blurriness,
noise) or segmentation errors (over or under-segmentation)
were discarded from the final analysis.

Statistics
Where indicated and appropriate, a two-tailed Mann-Whitney U
test, a two-way ANOVA multiple comparison test with post hoc
Bonferroni correction were conducted, and a linear regression
model used. A finding of p < 0.05 was considered significant.

RESULTS

Cortical Aβ Immunoreactivity Is Greater
in Tg Than WT
Figure 1A shows cortical Aβ immunoreactivity in Tg and WT
groups, and confirmed earlier studies of the APP/PS1 mouse
model that demonstrates Aβ plaques in the Tg compared to

the age-matched WT controls (Tg: 4.44% ± 1.50, N = 7; WT:
0.15% ± 0.08, N = 4, p < 0.05, two-tailed Mann Whitney U test).
Immunohistochemistry demonstrated significant Aβ plaques in
cortical layers and in hippocampus of the Tg compared to the WT
brain (Figures 1C,D and Supplementary Figure S1). We then
determined the age-related change in cortical Aβ load by using a
linear regression model to compare immunoreactivity at different
ages for both Tg and WT groups. Figure 1B demonstrates that Tg
mice had an age-related increase in cortical labeling (r2 = 0.639,
slope = 0.532 ± 0.179, p < 0.05), while WT mice did not
(r2 = 0.851, slope = 0.00614 ± 0.0.00181, p = 0.77). Together, these
data indicated that the Aβ immunoreactivity reliably detects the
age-related increase in cortical Aβ load in the APP/PS1 mouse
brain (Hsiao et al., 1996; Radde et al., 2006).

Retinal Aβ Immunoreactivity Is Greater in
Tg Than WT
Next, we used the same immunohistochemical methods for retina
tissues. Retinal cross-sections and wholemounts processed for
Aβ immunoreactivity demonstrated immunoreactivity with a
different pattern from that observed in cortical brain areas. In the
retinal cross-sections, the Aβ immunoreactivity resulted in a red
(AEC) reaction product in the nerve fiber layer (NFL), ganglion
cell layer (GCL) and inner plexiform layer (IPL) of the Tg eye with
densely labeled areas surrounding retinal ganglion cells (arrows,
Figure 1E). The age-matched WT eye revealed a light pink-red
(AEC) background level of immunoreactivity in the NFL, GCL
and IPL (Figure 1F). Deeper layers of the retina including the
inner nuclear layer (INL), outer plexiform layer (OPL) and outer
nuclear layer (ONL) were also assessed, but generally had less
immunoreactivity than the inner retina.

Figures 2, 3 show representative examples of
immunofluorescence in the wholemount preparation.
Wholemounts were imaged by confocal microscopy using
z-stacks to collect data throughout the inner retina, including the
NFL, GCL, IPL, and INL. Identification of retinal layers within
the z-stacks was possible by observing the nuclear labeling with
DAPI, present in the GCL and INL, but absent in NFL, IPL, OPL
(Figure 2E and Supplementary Figure S2).

The wholemount retina revealed a pattern of Aβ speck-like
deposits present in both Tg and WT mice. These speck-like
deposits were sparsely distributed in the WT group of all ages.
The wholemounts from younger Tg mice displayed low levels of
Aβ speck-like deposits, but these became more numerous in the
older Tg mice as shown by the white arrowheads in Figure 2.
The wholemounts from older Tg mice also displayed Aβ labeled
RGCs (Figures 2D, 3A,B yellow arrowheads). Confocal z-stack
reconstructions of the retina wholemount images demonstrated
that the majority of Aβ immunoreactivity was present in the inner
retina, specifically in the NFL, GCL and IPL (Figures 2E, 3D and
Supplementary Figure S2), consistent with the cross-sections
shown in Figures 1E,F and in earlier findings in the APP/PS1
retina (Ning et al., 2008).

The densiometric measurements of retinal Aβ

immunoreactivity revealed that the Tg group had significantly
greater retinal Aβ immunoreactivity than the WT controls
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FIGURE 3 | Ex vivo Tg mouse wholemount and 6E10 immunofluorescence. Aβ load in the ex vivo retina wholemount was identified by 6E10 immunofluorescence
and z-stack confocal imaging taken through the NFL, GCL and IPL. (A) Representative high power confocal image of the NFL demonstrating red
immunofluorescence. Note that Aβ specks can be seen in the NFL (white arrowheads), while the fluorescence associated with the RGC cell bodies in the GCL is also
seen (yellow arrowheads). (B) As the confocal imaging descends into the wholemount, the GCL is identified in an optical slice by the presence of nuclei, here shown
as black circular profiles as the DAPI channel is not shown. Note the fluorescence of the RGCs (yellow arrowheads) is evident in the cytoplasm (shown in boxed
inset), and align with the RGCs seen in A. The extracellular Aβ specks can be seen (white arrowheads). (C) An optical slice through the IPL reveals fewer nuclei, as
evidence by the lack of black circular nuclear profiles as seen in B. A few Aβ specks (white arrowheads) are seen, but generally less Aβ immunoreactivity is observed
in IPL. Scale bar for (A–C) is shown in C = 40 microns. (D) The orthogonal view of the confocal z-stack reconstruction from the Tg retina shown in (A–C). Note red
immunoreactivity in the NFL, GCL and IPL (white arrowheads). The immunoreactivity present in the IPL (white arrows) indicates that the antibody penetrated deep
into the wholemount tissue. Additional optical slices from this wholemount are shown in Supplementary Figure S2.

(Tg: 7.63% ± 0.52, N = 6; WT: 3.87% ± 0.26, N = 4; p < 0.05,
two-tailed Mann Whitney U test) (Figure 4A). Aβ increased
with age in the Tg group, but less so in the WT group (r2 = 0.74,
p < 0.05, vs. r2 = 0.06, p = 0.76) (Figure 4B).

Next, we assessed the relationship between the retinal and
cortical Aβ immunoreactivity at different ages using a linear
regression model for individual Tg and WT mice. There was
a strong correlation for cortical and retinal labeling within
each mouse for the Tg group, but not within the WT group
(Tg: r2 = 0.88, N = 3, p = 0.26; WT: r2 = 0.43, N = 3,
p = 0.55) (Figure 4C).

Retinal in vivo Fluorescence After
Curcumin Injection Is Higher in Tg Than
WT Mice and Increases With Age
Younger mice displayed retinal fluorescence after curcumin
injections in both the Tg and WT groups (Figure 5A). First,
there was no significance between the in vivo retinal fluorescence
levels of the Tg compared to the WT mice in the younger group
(5–9 months) (Tg: 68.1 ± 56.7, N = 18; WT: 104.7 ± 62.8, N = 8;

p > 0.05). However, with increasing age, the amount of retinal
fluorescence increased significantly for the Tg group (younger Tg:
68.1 ± 56.7, N = 18; older Tg: 276.5 ± 108.6, N = 29; p < 0.05) as
well as in the WT group (younger WT: 104.7 ± 62.8, N = 8; older
WT: 194.8 ± 52.5, N = 22; p < 0.05). Furthermore, within the
older group (11–18 months), the Tg mice had significantly greater
retinal fluorescence than the WT mice (older Tg: 276.5 ± 108.6,
N = 29; older WT: 194.8 ± 52.5, N = 22; p < 0.05; two-way
ANOVA multiple comparison test with post hoc Bonferroni).

Retinal in vivo Fluorescence Correlates
With ex vivo Cortical Aβ Loads
Next, we assessed the relationship between in vivo retinal
fluorescence associated with curcumin injections and ex vivo
cortical Aβ loads assessed with Aβ immunoreactivity. In vivo
fSLO images are shown for a representative Tg mouse at 3, 9,
and 16 months old (Figures 6A–C) compared to in vivo images
from a WT mouse at 3, 5, and 16 months old (Figures 6D–F).
Note the increased levels of in vivo fluorescent “specks” (white
arrowheads) in the Tg compared to WT retinal images. A linear
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FIGURE 4 | Measurements of ex vivo retinal Aβ immunofluorescence in Tg and WT retina. (A) Ex vivo retinal Aβ immunoreactivity was significantly higher in Tg (blue)
than WT (red) (Tg: 7.63% ± 0.52, N = 6; WT: 3.87% ± 0.26, N = 4; p < 0.05; Two-tailed Mann Whitney U test). (B) Retinal Aβ increased with age in the Tg (blue),
but less so in the WT (red) (r2 = 0.74, vs. r2 = 0.06, p = 0.76. (C) Cortical and retinal ex vivo labeling correlated better in Tg (blue) than WT (red) mice (Tg: r2 = 0.88,
N = 3, p = 0.26; WT: r2 = 0.43, N = 3, p = 0.55). *Denotes significance.

FIGURE 5 | In vivo retinal fluorescence in Tg and WT retina in younger and older mice. (A) In vivo retinal fluorescence was similar between younger Tg (blue) and WT
(red) mice (Tg: 68.1 ± 56.7, N = 18; WT: 104.7 ± 62.8, N = 8; p > 0.05). With increasing age, the amount of retinal fluorescence increased significantly for both Tg
(younger Tg: 68.1 ± 56.7, N = 18; older Tg: 276.5 ± 108.6, N = 29; p < 0.05) and WT groups (younger WT: 104.7 ± 62.8, N = 8; older WT: 194.8 ± 52.5, N = 22;
p < 0.05). However, within the older group (11–18 months), the Tg mice had significantly greater retinal fluorescence than the WT mice (Tg: 276.5 ± 108.6, N = 29;
WT: 194.8 ± 52.5, N = 22; p < 0.05) Statistics in A was undertaken with a two-way ANOVA multiple comparisons with post hoc Bonferroni correction. (B) The
correlation between in vivo retinal fluorescence and ex vivo cortical immunoreactivity was stronger in Tg (blue) compared to WT (red) mice (Tg: r2 = 0.859,
slope = 24.6 ± 5.75, N = 5, p < 0.05; WT: r2 = 0.522, slope = 370 ± 250, N = 4, p = 0.28). (C) When comparing in vivo fluorescence and ex vivo retinal
immunolabeling, Tg (blue) had a weak positive correlation (r2 = 0.0251, slope = 10.0 ± 31.1, N = 6, p = 0.76) while WT (red) had a weak negative correlation
(r2 = 0.107, slope = -27.1 ± 55.3, N = 3, p = 0.67). *Denotes significance.

regression model was used to identify the correlation between the
in vivo retinal fluorescence and ex vivo cortical immunoreactivity.
Retinal in vivo fluorescence correlated stronger with ex vivo
cortical Aβ immunoreactivity in Tg compared to WT mice (Tg:
r2 = 0.859, slope = 24.6 ± 5.75, N = 5, p < 0.05; WT: r2 = 0.522,
slope = 370 ± 250, N = 4, p = 0.28) (Figure 5B). There was
weak positive, and weak negative correlation between in vivo
and ex vivo retinal Aβ immunoreactivity, for Tg and WT mice,
respectively (Tg: r2 = 0.0251, slope = 10.0 ± 31.1, N = 6, p = 0.76;
WT: r2 = 0.107, slope = -27.1 ± 55.3, N = 3, p = 0.67) (Figure 5C).

DISCUSSION

Amyloid-β and Age-Related Cortical
Changes
The amyloid cascade hypothesis states that Aβ accumulation, via
post-translational proteolytic cleavage of amyloid beta peptides

(APP), precedes aggregation into senile plaques and subsequent
neuronal damage (Beyreuther and Masters, 1991; Hardy and
Allsop, 1991; Selkoe, 1991; Hardy and Higgins, 1992). Whether
Aβ, APP, or senile plaque accumulation promotes AD, or
is a consequence of the disease, remains controversial, but
histological evidence of Aβ and senile plaques is a hallmark of
AD diagnosis and an increased burden of Aβ plaques promotes
neurocognitive limitations in AD mouse models (Chen et al.,
2000; Janus et al., 2000).

In this study, we used the APP/PS1 transgenic mouse model
as it has been used previously to evaluate the process of
amyloidogenesis at the pre-dementia phase of AD through the
accumulation of Aβ deposits and plaques in the Tg mouse brain
tissues and the retina (Ning et al., 2008; Zahs and Ashe, 2010;
Shah et al., 2017). Using an Aβ antibody (clone 6E10), which
recognizes the amino acid residues 1-16 of Aβ, we found greater
cortical immunostaining in Tg relative to the WT controls –
a difference that progressively increased over time, which has
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FIGURE 6 | In vivo fluorescence of the mouse retina after curcumin tail vein injections. (A–C) In vivo longitudinal fluorescence images of an individual Tg mouse at 3,
9, and 16 months of age. (D–F) In vivo longitudinal fluorescence images of an individual WT mouse at 3, 5, and 16 months of age. The pattern of Aβ in vivo
fluorescence is seen as bright green specks (white arrowheads). Note that the Aβ in vivo fluorescent deposits increased as the animal aged. Representative
landmark blood vessels are labeled with orange numbers and can be identified in each of the images in the Tg (A–C) and in the WT (D–F). Dashed white circle
indicates area of the optic nerve head. Representative examples of the in vivo longitudinal fluorescence images of an individual WT mouse at 3, 5, and 16 months of
age reveals that Aβ fluorescent deposits only marginally increased as the animal aged (D–F). Note a significantly higher load of Aβ fluorescent deposits in the
16 month Tg (C) compared to the 16 month WT (F) mice.

been shown by others (Radde et al., 2006; Maia et al., 2013;
Georgevsky et al., 2019). This consistency with the literature both
confirmed the expected phenotypical differences in our Tg and
WT brains, and reassured us that the Aβ immunohistochemistry
would detect Aβ deposits in the retina. This longitudinal study
identified an age-related correlation of cortical Aβ, detected by
immunohistochemistry, in the APP/PS1 transgenic mouse. More
importantly, our study demonstrated a correlation between Aβ

immunohistochemistry in the cortex and in vivo fSLO retinal
imaging after curcumin injections (Figure 5B).

Retinal Fluorescence After Tail-Vein
Injections of Curcumin
Koronyo-Hamaoui et al. (2011) showed high-resolution and
specific visualization of retinal Aβ plaques using fluorescent
dye (curcumin) injections and fSLO retinal imaging of live
APP/PS1 mice. Curcumin is a natural product and a non-toxic
fluorochrome that binds to Aβ plaques with no significant side
effects found in mice or humans (Yang et al., 2005; Garcia-
Alloza et al., 2007; Baum et al., 2008). Using a modified
protocol of Koronyo-Hamaoui et al., we imaged mice every
2 months over an 18-month period. Interestingly, we found
no difference in in vivo retinal fluorescence between Tg and
WT mice in the younger mice (5–9 months), yet significant

differences between the two cohorts in the older mice (11–
18 months). We found in vivo retinal fluorescence in both
the WT and Tg mice, and this suggests that even in the WT
retina it is possible that Aβ deposits (bound to curcumin)
and/or autofluorescent components are present in the WT
retina. We also found an age-related increase in in vivo
retinal fluorescence in the WT group (Figure 5A) which
suggests that even in WT mice, Aβ increases with age,
consistent with a previous study which demonstrated an age-
related increases in the retinal Aβ in control C57BL/6J mice
and normal (non-AD) postmortem human eyes assessed by
immunohistochemistry (Kam et al., 2010). Furthermore, our ex-
vivo immunohistochemistry suggests that the retinal fluorescence
is associated with Aβ immunoreactivity, as low levels of Aβ

immunoreactivity were present in WT cross-sections (Figure 1F)
and in the WT retinal wholemounts (Figures 2A, 4A).

Another possibility is that the retinal fluorescence observed
here is associated with autofluorescent changes due to aging. Such
changes have been reported as subretinal microglia containing
autofluorescent lipofuscin granules that migrate from the inner
retina to the subretinal space (Xu et al., 2008). While this is a
possibility, it is less likely because microglial profiles were not
observed in any of our in vivo fluorescent images or in the
ex vivo Aβ immunohistochemistry. Also, the in vivo fluorescent
images were taken at the level of the NFL and GCL, far from the
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RPE layer where the majority of microglia (with autofluorescent
lipofuscin granules) reside. However, in a recent study by Harper
et al., microglia cells in the inner retina were observed after
Aβ immunohistochemistry in an ex vivo wholemount retina
suggesting that a component of the in vivo retinal fluorescence
may be from microglia in the inner retina in the APP/PS1 retina
(Harper et al., 2020).

Despite the age-related increases in both WT and Tg in vivo
retinal fluorescence, the Tg mice have significantly higher
retinal fluorescence in the older age group, suggesting that this
difference cannot be attributed to autofluorescence alone, and
likely involves additional Aβ deposition in the Tg (but not the
WT) retina. Since the APP/PS1 mutation is what differentiates
the Tg and WT mice, the increased retinal fluorescence in
older Tg mice is likely due to impaired Aβ metabolism and
deposition associated with the transgenes, which may lead to
retinal structural and functional changes associated with this
transgenic model.

Does the APP/PS1 Mouse Model Display
Retinal Functional or Structural Changes
With Age?
It is possible in this mouse model that the impaired Aβ

metabolism leads to retinal structural and functional changes,
which may also delineate useful differences associated with the
AD eye. Several non-invasive in vivo imaging techniques have
shown retinal changes in the AD patient (for review see Hampel
et al., 2018). These include, spectral domain optical coherence
tomography, and electroretinograms (ERG) (Javaid et al., 2016;
Snyder et al., 2016; van Wijngaarden et al., 2017) and scanning
laser ophthalmoscopy (Janus et al., 2000). Being able to observe
structural or functional changes in the AD eye would eliminate
the necessity to label retinal Aβ with Fluoroprobes such as
curcumin, a step that requires systemic administration of the
Fluoroprobe. The APP/PS1 mouse has been used to identify
structural changes that may precede cortical changes. Georgevsky
et al. measured ERGs and found a functional change in the
b-wave of the ERG beginning at 3 months of age, which was
significantly earlier than retinal structural changes and thinning
of the inner retina (between the ganglion cell layer and the inner
nuclear layer). Interestingly, the structural changes they observed
at 9 months of age in the APP/PS1 model were in the inner
retina, which is the location of the enhanced in vivo fluorescence
and Aβ immunolabeling we found in our studies (Georgevsky
et al., 2019). In another study, Harper et al. used multi-contrast
OCT on the APP/PS1 model to obtain a combination of imaging
data on standard reflectivity, polarization-sensitive OCT and
OCT angiography, but concluded that there were few retinal
structural differences between the APP/PS1 and WT controls
(Harper et al., 2020). Nevertheless, these studies on in vivo
multimodal imaging of the eye are encouraging as it is likely
that future work will require a combination of methods to assess
retinal functional and structural changes, as well as labeling
AD biomarker peptides Aβ (and/or tau) to track the onset
and progression of AD in animal models and later in the AD
patient population.

Limitations of the Study
Interestingly, we found limited correlation between the
measurements of retinal in vivo retinal fluorescence and
ex vivo Aβ immunoreactivity in wholemount tissues in both
mouse cohorts. This was unexpected, and likely associated
with challenges in undertaking immunohistochemistry in
retinal wholemount tissues. The fragility of the mouse retinal
tissue and the need to process free-floating wholemount
preparations can lead to artifactual tears and folds in tissue
during processing. Aberrations and artifactual tears limited our
ability to obtain data on all ex vivo retinas. Harper et al. also
found limitations in quantifying Aβ immunohistochemistry in
retinal wholemounts and suggested that in their study a strong
immunofluorescent signal appeared to be derived from a range
of sources, many of which were non-specific for Aβ (Harper
et al., 2020). We confirmed by z-stack image projections that the
immunofluorescence in the ex vivo wholemounts came from the
inner retina (GCL) and not the vitreous interface (Figures 2E,
3D). While we also confirmed a lack of autofluorescence
due to microglia in retinal cross sections (Supplementary
Figures S3A–D), it is still possible that these limitations may
have contributed to the relatively weak correlation we found
in comparing our fluorescent in vivo and ex vivo retinal
results (Figure 4C).

Another limitation of the study is the use of mouse models.
While the APP/PS1 is a well-established AD model, it is a
genetically engineered mouse model with inherent differences
from human AD. Transgenic mouse models incorporate a variety
of promoters to overexpress familial AD-associated mutations in
APP and PS1, potentially leading to variability in Aβ expression,
which may partially account for the inter-mouse variability in our
results (Chang and Suh, 2005; Mitani et al., 2012; Nicolas and
Hassan, 2014; Kerridge et al., 2015; Nhan et al., 2015; Willem
et al., 2015). Moreover, overexpression of non-Aβ-producing
APP fragments could lead to non-physiological interactions
with endogenous proteins, potentially adding further to the
variability within and amongst the many transgenic models used
for AD studies (Jucker and Walker, 2013). Finally, there are
intrinsic differences (and similarities) in the interconnections
between the brain and eye of the mouse and human, which
make mouse models comparable, but not identical, to human.
Together, these limitations make it difficult to directly translate
our findings to humans. Further studies are required to
build on this proof-of-concept, with the intention of eventual
clinical application.

Correlation of in vivo Retinal
Fluorescence to Cortical Aβ
In vivo optical imaging of retinal Aβ plaques after curcumin
injection has been done with high resolution and specificity
for review, see Koronyo-Hamaoui et al. (2011), Goozee et al.
(2016) yet ours is the first to correlate these findings with
cortical Aβ load. We observed a correlation between in vivo
retinal fluorescence and ex vivo cortical Aβ immunoreactivity
in Tg mice. Since cortical Aβ load predicts AD progression, the
correlation we found between our in vivo retinal fluorescence and
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the ex vivo cortical data suggests that in vivo retinal fluorescence
imaging may be useful for determining cortical Aβ load.

Determining if we could detect retinal changes that reflect
or precede cortical abnormalities in the APP/PS1 mouse
model was one of the primary motivations underlying this
longitudinal study. Our data from ex vivo immunohistochemistry
and in vivo curcumin fluorescence measurements consistently
demonstrated that 9 months of age is approximately the age
when APP/PS1 Tg mice show significantly higher cortical and
retinal immunoreactivity and in vivo retinal fluorescence after
curcumin injections compared to WT (Figure 5A). Others have
found Aβ-like accumulation in transgenic AD models to develop
in pre-symptomatic stages, as early as 2.5 months, preceding their
detection in the brain, and this may be related differences in
the AD mouse models studied (Koronyo-Hamaoui et al., 2011;
Hart et al., 2016). Retinal fluorescence at such a young age may
be secondary from background autofluorescence or due to non-
specific labeling of the Aβ antibody as suggested by others (Xu
et al., 2008; Harper et al., 2020).

Using the same strain as employed here, Georgevsky et al.
showed retinal structural changes in both WT and Tg mice,
but with enhanced changes in Tg mice after 9 months
of age (Georgevsky et al., 2019), which is consistent with
our results of a significant difference in (1) cortical and
retinal Aβ immunoreactivity (Figure 4C), and (2) cortical Aβ

immunoreactivity and in vivo retinal fluorescence after 9 months
of age (Figure 5B). Our findings suggest that in vivo fSLO
imaging of curcumin-injected mice may show enhanced retinal
fluorescence that is in parallel to cortical Aβ deposition. Future
work with improved curcumin derivatives that demonstrate
higher fluorescence when bound to Aβ will have the potential to
advance these studies towards the development of a non-invasive,
in vivo method to image retinal Aβ as a surrogate method to
assess Aβ load in the CNS.
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FIGURE S1 | Aβ immunoreactivity in Tg and WT brain tissues using chromogenic
method and AEC (red) reaction product. (A) Brain of a 17 month Tg mouse
demonstrated Aβ plaques throughout cortex and representative plaques identified
by arrows in enlargement in (B). (C) Brain of a 19 month WT had no plaques, but
some small Aβ immunoreactive deposits shown at higher power in (D) (arrows).
Tissues were counterstained with Hematoxylin (purple) for nuclei. Scale bar for B
and D are shown in D = 50 microns.

FIGURE S2 | Primary antibody penetration into the deeper layers of the retinal
wholemount is confirmed by confocal z-stack reconstructions. (A–F) Sequential
optical images are shown from a z-stack taken from a 9 month Tg wholemount
after immunofluorescence using an antibody against Aβ. Both speck-like Aβ

immunofluorescence (white arrowheads) and cytoplasmic labeling of RGCs (yellow
arrowheads) are seen. As the DAPI (blue) channel is not shown here, the
lamination of the retina can be confirmed by the presence of round black areas,
which represent nuclei within the GCL, INL and ONL layers. Note some speck-like
labeling is evident as deep as the OPL. Scale bar = 40 microns.

FIGURE S3 | Control sections processed to identify autofluorescence in Tg and
WT retina in cross-sections and wholemount retina. To assess for
autofluorescence several cross sections were treated by standard
deparaffinization, antigen retrieval and DAPI staining before coverslipping and
confocal microscopy. Specifically, all steps for immunofluorescence were omitted.
Cross-sections from a 9 month Tg retina (A) and 15 month Tg retina (B) were
imaged under 563 nm (Cy3) and 405 nm (DAPI). Note lack of red fluorescent
signal indicating no autofluorescence under 563 nm. A cross section of a 12
month WT retina (C) and a wholemount from a 12 month Tg retina (D) were
imaged under 488 nm (FITC) and 405 nm (DAPI) again demonstrating lack of
green fluorescent signal indicating no autofluorescence under 488 nm. (E,F) To
assess the possibility of non-specific signals associated with
immunohistochemistry, additional cross sections from a 12 month Tg retina (E)
and a 15 month Tg retina (F), were processed for immunohistochemistry, but with
the omission of the primary antibody. Note lack of the AEC (red) immunoreactive
product on both cross-sections counterstained with Hematoxylin (purple) for
nuclei. Also note the presence of pigmented cells (arrows) on the NFL (E) and
under the ONL (F) which may represent migration of melanin associated with a
microglia or RPE cell (arrows).
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Alzheimer’s disease (AD) is the most prevalent form of dementia, accounting for 60–
70% of all dementias. AD is often under-diagnosed and recognized only at a later, more
advanced stage, and this delay in diagnosis has been suggested as a contributing factor
in the numerous unsuccessful AD treatment trials. Although there is no known cure for
AD, early diagnosis is important for disease management and care. A hallmark of AD is
the deposition of amyloid-β (Aβ)-containing senile neuritic plaques and neurofibrillary
tangles composed of hyperphosporylated tau in the brain. However, current in vivo
methods to quantify Aβ in the brain are invasive, requiring radioactive tracers and
positron emission tomography. Toward development of alternative methods to assess
AD progression, we focus on the retinal manifestation of AD pathology. The retina is
an extension of the central nervous system uniquely accessible to light-based, non-
invasive ophthalmic imaging. However, earlier studies in human retina indicate that
the literature is divided on the presence of Aβ in the AD retina. To help resolve this
disparity, this study assessed retinal tissues from neuropathologically confirmed AD
cases to determine the regional distribution of Aβ in retinal wholemounts and to inform
on future retinal image studies targeting Aβ. Concurrent post-mortem brain tissues were
also collected. Neuropathological cortical assessments including neuritic plaque (NP)
scores and cerebral amyloid angiopathy (CAA) were correlated with retinal Aβ using
immunohistochemistry, confocal microscopy, and quantitative image analysis. Aβ load
was compared between AD and control (non-AD) eyes. Our results indicate that levels
of intracellular and extracellular Aβ retinal deposits were significantly higher in AD than
controls. Mid-peripheral Aβ levels were greater than central retina in both AD and control
eyes. In AD retina, higher intracellular Aβ was associated with lower NP score, while
higher extracellular Aβ was associated with higher CAA score. Our data support the

Frontiers in Neuroscience | www.frontiersin.org 1 July 2020 | Volume 14 | Article 75889

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://doi.org/10.3389/fnins.2020.00758
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fnins.2020.00758
http://crossmark.crossref.org/dialog/?doi=10.3389/fnins.2020.00758&domain=pdf&date_stamp=2020-07-31
https://www.frontiersin.org/articles/10.3389/fnins.2020.00758/full
http://loop.frontiersin.org/people/1002636/overview
http://loop.frontiersin.org/people/1003773/overview
http://loop.frontiersin.org/people/339817/overview
http://loop.frontiersin.org/people/964408/overview
http://loop.frontiersin.org/people/7807/overview
http://loop.frontiersin.org/people/867207/overview
http://loop.frontiersin.org/people/522120/overview
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-14-00758 July 29, 2020 Time: 17:45 # 2

Lee et al. Aβ in the AD Retina

feasibility of using the retinal tissue to assess ocular Aβ as a surrogate measure of Aβ in
the brain of individuals with AD. Specifically, mid-peripheral retina possesses more Aβ

deposition than central retina, and thus may be the optimal location for future in vivo
ocular imaging.

Keywords: Alzheimer’s disease, retina, amyloid-beta, Temporal retina, Neuritic plaques, ophthalmic imaging, mid-
peripheral retina, retinal ganglion cell

INTRODUCTION

Dementia is a multifactorial cognitive disorder, impacting
memory, performance of daily activities, and communication
abilities. It is a major cause of disability and dependency in the
world; 47 million people, or 5% of the global geriatric population,
are affected, with an estimated annual cost of $818 billion dollars
(World Health Organization, 2015). The prevalence and impact
establish dementia as a public health and research priority.

Alzheimer’s disease (AD) is the most common form of
dementia, characterized by the deposition of amyloid-β (Aβ)-
containing senile neuritic plaques and neurofibrillary tangles
composed of hyperphosporylated tau in the brain. It accounts for
60–70% of all dementia cases. Although there is no known cure
for AD, early diagnosis is important for disease management.
AD is known to be underdiagnosed and often recognized only
at a later, more advanced stage, and this has been suggested as
a contributing factor in the many unsuccessful AD treatments
trials (Solomon and Murphy, 2005; Schneider, 2010; Amjad
et al., 2018). A definitive diagnosis of AD is possible only by
autopsy. Accurate ante-mortem diagnosis is time-consuming and
costly, involving cerebrospinal fluid and blood tests along with
neuroimaging and neuropsychologic data.

The deposition of Aβ and tau are thought to precede structural
imaging abnormalities and cognitive decline by several years
(Pike et al., 2007). Aβ in the brain can be detected in vivo
using positron emission tomography (PET) with Aβ-specific
radiotracers such as Pittsburgh compound B (PiB). However, use
of PiB-PET is limited by its cost, availability, and exposure to
radioactivity. There is a need for preclinical AD biomarkers that
are more readily available, less expensive, and less invasive.

In this study, we focus on the retinal manifestation of AD
pathology, because the retina is an extension of the central
nervous system (CNS) and is uniquely accessible to non-
invasive imaging. The retina shares embryonic origin with the
brain, as well as similarities in anatomy, function, response to
insult, and immunology (London et al., 2013). Aβ has been
shown to deposit in the neuroretina, and it is hypothesized
that the retina and brain may share basic neuropathological
features in AD (Koronyo-Hamaoui et al., 2011; Frost et al.,
2014; Hart et al., 2016). Importantly the retina can be
readily examined in vivo using noninvasive, light-based imaging
techniques such as fundus photography and optical coherence
tomography (OCT) that are more accessible and cost-effective
than neuroimaging. With the potential of a complementary
diagnostic tool, multiple groups have begun to investigate the
pathophysiology of AD in the retina for visual and ocular
biomarkers (Hart et al., 2016; Javaid et al., 2016). Several in vivo

studies using OCT found reduced retinal layer thickness (Lu
et al., 2010; Marziani et al., 2013; Cheung et al., 2015; Coppola
et al., 2015) and retinal microvasculature density (Bulut et al.,
2018; O’Bryhim et al., 2018) while ex vivo studies reported
decrease in retinal ganglion cell density and dendritic pruning
(Williams et al., 2013).

AD-related Aβ in the retina has been reported in AD-
transgenic murine models (Ning et al., 2008; Shimazawa et al.,
2008; Alexandrov et al., 2011; Koronyo-Hamaoui et al., 2011;
Tsai et al., 2014). However, results from human post-mortem
studies have been mixed (Jiang et al., 2016; Shah et al., 2017).
Koronyo-Hamaoui et al. (2011); Koronyo et al. (2017), and La
Morgia et al. (2016) used immunohistochemistry in wholemount
retinas and found increased Aβ plaques in the inner retinal layers
of AD donors and suspected early stage AD donors but not
in those from normal controls. In contrast, Ho et al. (2014)
did not detect amyloid beta deposition after immunostaining
on retinal cross sections, a plane of section that minimizes
detectability of labeling. den Haan et al. (2018) found no Aβ-
related differences between AD and control retina, but did note
increased phosphorylated tau in retina without cerebral amyloid
angiopathy. Hinton et al. (1986) and Blanks et al. (1989) did not
observe amyloid angiopathy using Thioflavin S staining.

Given this variability from multiple groups, this study aims to
provide a clearer consensus of the retinal distribution of Aβ in
AD donors with a thorough quantitative regional analysis of the
retina and correlation with neuropathological assessment. The
purpose of our study is to investigate the presence of Aβ in retinal
wholemounts from neuropathologically confirmed AD cases, in
order to guide future retinal imaging studies targeting Aβ .

MATERIALS AND METHODS

Materials
This study was approved by the Clinical Ethics Research
Board of the University of British Columbia and strictly
adhered to the Declaration of Helsinki. Human post-mortem
brain and retinal tissue from donors with neuropathologically
confirmed AD (n = 15, mean age = 80.5 ± 8.3 years) were
obtained from the Pathology Department at Vancouver General
Hospital. All brain samples were evaluated for neuritic and
diffuse senile plaques, Aβ protein distribution (Thal phase),
neurofibrillary tangle distribution (Braak stage) and cerebral
amyloid angiopathy (CAA). Cases with moderate or severe AD
with or without other neurological comorbidities were included
in the study. Table 1 shows the demographic information and
neuropathological assessments.
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TABLE 1 | Demographics, diagnosis, and Alzheimer’s disease pathology measures of the cases.

Case no. Age Sex Primary Path Dx Additional Path Dx A-beta (Thal,
Biel) (1–5)

Braak stage
(1–6)

Neuritic Plaque
(CERAD, Biel)

Diffuse Plaque
(CERAD, Biel)

1 75 M N/A – – – – –

2 70 M N/A – – – – –

3 75 M N/A – – – – –

4 73 M N/A – – – – –

5 75 M N/A – – – – –

6 66 M N/A – – – – –

7 69 M N/A – – – – –

8 69 M N/A – – – – –

9 55 F N/A – – – – –

10 63 F N/A – – – – –

11 78 F AD – 5 6 Frequent Frequent

12 88 F AD FTLD-TDP, CAA 5 6 Frequent Frequent

13 59 F AD DLB 5 6 Frequent Frequent

14 70 M AD CAA 5 6 Moderate Frequent

15 80 M DLB mod. AD 3 4 Moderate Frequent

16 94 F AD CAA 5 6 Frequent Frequent

17 75 M AD DLB, CAA 5 6 Frequent Sparse

18 82 F AD DLB 5 6 Frequent Frequent

19 82 M DLB mod. AD 5 5 Moderate Frequent

20 79 M AD 5 6 Frequent Frequent

21 87 F CVD mod. AD 5 4 Moderate Frequent

22 82 F AD CAA 5 6 Frequent Frequent

23 81 F AD mild DLB 5 6 Frequent Frequent

24 89 F CVD mod. AD, FTLD-TDP 5 5 Moderate Frequent

25 82 F AD HS, CAA 5 6 Frequent Frequent

AD, Alzheimer’s disease; DLB, dementia with Lewy bodies; CVD, cerebrovascular dementia; FTLD-TDP, frontotemporal lobar degeneration with TDP-43 inclusions; CAA,
cerebral amyloid angiopathy; HS, Huntington’s disease; N/A, not applicable (Control eyes).

Control postmortem eyes (n = 10, mean age = 69 ± 6.4 years)
were obtained from the Eye Bank of British Columbia. There
was a significant age difference between the control and AD
(two-sample t-test, p < 0.001). The control eyes were screened
by extensive criteria; those eyes with CNS disorders such as
Alzheimer’s disease, Multiple Sclerosis, Parkinson’s disease, and
Amyotrophic Lateral Sclerosis were excluded. All tissues were
fixed in 10% formalin.

Retinal Tissue Preparation
The posterior eyecup was prepared by first removing cornea,
lens, and iris by careful dissection. Next, the vitreous fluid
was removed. The neuroretinal tissue was separated from the
retinal pigment epithelium (RPE)/choroid. Free-floating 3.5 mm
punches of the neuroretinal layers were taken from the fovea,
peri-fovea, and three cardinal directions (temporal, superior and
inferior) (Figure 1A). The nasal quadrant was not present in all
eye samples due to autopsy procedures and omitted from the
study. Multiple punches were obtained from most quadrants for
immunohistochemical detection by different Aβ antibodies. The
neuroretinal samples were processed by the following procedures.
After each step, tissues were washed in phosphate buffered
solution (PBS, pH 7.4). First, vitreous remnants were liquefied
in 0.07 mg/ml hyaluronidase solution (Sigma, St. Louis, MO,
United States). Any remaining vitreous was carefully removed
with forceps under a dissecting microscope.

Given AD brain tissue demonstrates lipofuscin
autofluorescence, we first assessed the neuroretinal punches
for endogenous fluorescent signals which would, if present,
require histological steps for its suppression (Dowson and
Harris, 1981; Delori et al., 1995). Human retina is known to have
lipofuscin accumulation with age, but this is only known to occur
in the retinal pigment epithelial cells, and not in the neuroretinal
layers. To confirm that lipofuscin did not exist in the neuroretinal
tissues, control punches were stained with DAPI 1:500 in PBS for
10 min at room temperature (RT), coverslipped and imaged at
488 nm (green), 563 nm (red) and 406 nm (blue) (Figures 1B–F).
Control punches prepared for DAPI staining and imaged at
488 and 563 nm were devoid of autofluorescence under both
channels, thus confirming the literature that lipofuscin was not
present in the neuroretinal tissues.

A subpopulation of melanopsin-containing retinal ganglion
cells (mRGCs) also display autofluorescences under 490 nm
excitation (Solomon et al., 1996). To further control against
the potential autofluorescence from mRGCs, we used secondary
antibodies tagged with Cy3, a fluoroprobe that is excited
at a longer wavelength (563 nm), and outside the range of
autofluorescence known for melanopsin. As stated above, no
autofluorescence was observed in control punches at 563 or
488 nm excitation. Wholemount punches from AD eyes were
subjected to Aβ immunohistochemistry and routinely imaged
under multiple laser channels including 488, 405, and 563 nm
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FIGURE 1 | Retinal wholemount tissue processing and controls for autofluorescence. (A) Representative drawing of a left wholemount human retina. Punches
(3.5 mm diameter) were taken from foveal (F) and the peri-foveal (PF) regions. The PF punch was taken midway between the foveal punch and the optic nerve head.
Additional punches were also taken from superior (S), temporal (T), and inferior (I) quadrants in the mid-peripheral retina. Each mid-peripheral punch was taken
approximately 4 disc-diameters from the optic nerve head. (B–F) Negative control section of neuroretinal wholemount with DAPI-only staining. Confocal microscope
imaging at wavelength 405 nm (B), 543 nm (C), 488 nm (D), 405 and 543 nm (E), 543 and 488 nm (F). There was very low background fluorescence. No
autofluorescence was visible. (G–I) Neuroretinal wholemount from an AD eye processed for immunofluorescence with anti-Aβ antibody (clone 6F/3D) and imaged at
wavelengths 488 nm (G), 405 nm (H) and 563 nm (I). The immunofluorescence seen in panel (I) is specific for Aβ, as the secondary antibody was labeled with Cy3.
Under excitation wavelengths of 405 nm (H) and 488 nm (G) the immunofluorescent cell seen in panel (I) does not display an autofluorescent signal from lipofuscin
or melanopsin. Asterisk (*) in (G–I) indicates a landmark blood vessel.

(Figures 1G–I). Fluorescence labeling for Aβ was evident under
563 nm excitation (as expected using the Cy3 tagged secondary
antibodies) but fluorescence was not observed under 488 nm,
indicating lack of an autofluorescent signal associated with
lipofuscin or melanopsin.

For immunofluorescence, free-floating punches underwent
antigen retrieval with 88% formic acid for 5 min at RT.
Punches were also blocked with 3% normal goat serum
diluted in 0.3% Triton X (TX)-100-PBS solution for 20 min

at RT to minimize non-specific staining. Brain and retinal
immunohistochemistry were undertaken with two monoclonal
antibodies against Aβ. Clone 6F/3D (Dako, Denmark) is specific
for Aβ fragments spanning amino acid residues 8–17 of the
Aβ peptide chain (Solomon et al., 1996). 12F4 (Biolegend, San
Diego, CA, United States) is specific to the C’-terminus of
the Aβ and is specific for the isoform ending at the 42nd
amino acid (Mastrangelo and Bowers, 2008). For retinal punches,
both 6F/3D and 12F4 antibodies were diluted at 1:100 in
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FIGURE 2 | Immunofluorescence with anti-Aβ antibodies 12F4 and 6F/3D in retinal cross sections demonstrated similar labeling patterns. (A,B) The
immunofluorescence resulting from monoclonal antibodies 12F4 (A) and 6F/3D (B) was similar and comprised both intracellular (yellow arrows) and extracellular
(white arrowheads) labeling. 12F4 recognizes the C’-terminus of the Aβ and is specific for the isoform ending at the 42nd amino acid, while 6F/3D) is specific for Aβ

fragments spanning amino acid residues 8–17 of the Aβ peptide chain. (C) Replacement of the primary antibody with non-specific mouse IgG2 kappa (for 6F/3D) or
IgG1 (for 12F4) isotype antibody yielded no immunoreactivity under Cy3 wavelength, 563 nm.

normal goat serum and PBS with 3% TX-100 for 1 h at RT,
followed by incubation overnight at 4◦C. The punches then
underwent secondary antibody incubation in goat anti-mouse
Cy3 (Jackson Immunoresearch Laboratories Inc., West Grove,
PA, United States) diluted at 1:400 in PBS for 45 min at
RT. Following antibody incubation, nuclei were stained with
DAPI 1:500 in PBS for 10 min at RT. Samples were then slide
mounted in glycerol:PBS with No 1.5 coverslip glass. The pattern
of immunofluorescence resulting from 12F4 and 6F/3D was
very similar and comprised both intracellular and extracellular
labeling (Figures 2A,B).

Negative control sections were obtained by incubation with
non-specific mouse IgG2 kappa (for BA4) or IgG1 (for 12F4)
isotype antibody. This isotype antibody was prepared by diluting
10 µl in 1 ml of PBS to a final concentration of 2.5 µg/ml.
All other steps of the protocol were identical. The negative
control sections were assessed for non-specific immunoreactivity
associated with incubation in the fluorescent secondary antibody.
An example of the negative control fluorescent signal is shown in
Figure 2C.

Imaging
For each eye, free-floating punches from five regions (fovea, peri-
fovea, superior, temporal, inferior) were imaged using a Zeiss
510 confocal microscope with LSM510 or Zen 2009 software
focusing at the level of the retinal ganglion cells (RGC). The
retinal ganglion cell layer was identified by sequentially imaging
through the thickness of the punch, starting from the nerve
fiber layer (NFL, a cell free layer), then proceeding to the
ganglion cell layer (GCL, in which DAPI labeled nuclei are
abundant), then further into the inner plexiform layer (IPL, a
cell free layer) and finally into the inner nuclear layer (INL, in
which DAPI labeled nuclei are abundant) (Figures 3A–E). The
series of z-stack images confirmed that the antibody incubations
penetrated into the punches, as labeling was observed as deep
as the INL in orthogonal reconstructions of z-stack images
(Figure 3F). As this study addresses Aβ labeling principally in the
GCL, the methods described above were deemed appropriately
optimized for immunofluorescence in human wholemount,
retinal punch tissues.

Cy3 immunofluorescence from both the 12F4 and 6F/3D
antibodies was imaged at 543 nm and nuclear labeling at 405 nm
at 20×, 40× and 63× magnifications. Each punch was imaged in
four non-overlapping regions. When choosing the four regions
to image, care was taken to avoid regions with artifactual tears
in tissues and areas obscured by large retinal vessels. Each
imaging field view of 450 µm2

× 450 µm2 was collected. The
total imaging field view spanned approximately 50% of the
accessible punch tissues.

Aβ Measurement
Trained evaluators loaded each confocal image into NIH ImageJ
(Schneider et al., 2012) and delineated artifacts and blood
vessels to exclude. The evaluators were masked to the group
status (control or AD). In the remaining area, Cy3 labeling was
categorized into two groups: intracellular labeling inside the cell
bodies, identified as distinct clusters of immunoreactive dust-
like deposits within the cytoplasmic compartment surrounding
a DAPI labeled nuclei, and extracellular labeling, identified as
denser dot-like staining within the neuropil (Figures 2, 3).
All visible Cy3-labeled cell bodies were manually delineated.
This divided the image into three non-overlapping regions: (i)
artifact/vessel, (ii) intracellular region, and (iii) the rest of the
image, denoted as the extracellular region.

Aβ load in each image was assessed using the following
quantitative measures: (i) number of Cy3-labeled cells (per
image area of 450 µm2

× 450 µm2), and (ii) percentages of
Cy3-labeled pixels in the intracellular and extracellular regions.
Intracellular Aβ load was defined as the percentage of Cy3-
positive pixels in the intracellular region, and the extracellular Aβ

load was defined as the percentage of Cy3-positive pixels in the
extracellular region.

For each punch, the parameter values were averaged over the
four quadrant images. All image processing was performed using
MATLAB R2016a (The Mathworks, Inc).

Statistics
The number of labeled cells and pixel-wise intracellular and
extracellular Aβ loads were compared between the diagnosis
groups (Control, AD) using a non-parametric, robust ANCOVA
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FIGURE 3 | Immunofluorescence in wholemount retina demonstrates antibody penetration into the NFL, GCL, IPL and INL. (A) Confocal imaging allows optical
sectioning through retina layers and demonstrates that the immunofluorescence was evident in the most superficial retinal layer, the NFL, which is a cell sparse layer
as seen by the low number of DAPI labeled nuclei. (B) Optical sectioning further into the wholemount reveals the upper part of the GCL, with more DAPI labeled
nuclei, more numerous extracellular Aβ deposits (white arrowheads) and the beginning of an RGC with intracellular Aβ labeling (yellow arrow). (C) Continuation of the
same RGC is shown more completely labeled in the middle of the GCL. (D) Progressing deeper into the wholemount, the IPL, another cell sparse layer, is shown
with minimal extracellular Aβ immunoreactivity. (E) Lastly, the INL is identified by the high density of DAPI labeled nuclei, which are generally smaller in diameter than
observed for the nuclei of RGC. There are extracellular deposits, but few INL neurons demonstrating Aβ intracellular labeling. Scale bar for panels (A–E) = 10 µm.
(F) A magnified, orthogonal view of a set of images from an AD eye wholemount Z-stack demonstrates Cy3 (red) Aβ immunofluorescence (arrows) in the NFL, GCL,
IPL, and INL. The green fluorescence is beta-3 tubulin immunoreactivity demonstrating neuronal processes associated with retinal ganglion cell axons in the NFL.
Abbreviations: NFL, nerve fiber layer; GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer.

(Kloke et al., 2014) with age as a covariate. The parameter values
were compared also across the retinal regions within each group,
and within the AD group by neuropathological assessments using
two-samples Wilcoxon test. The results were plotted in a scatter
box plot for each group. In the box plot, the top and bottom of
the box are the third and first quartiles [Q3 and Q1, interquartile
range (IQR)], and the bold line inside the box is the median. The
top and bottom whisker ends are the highest data point within
Q3 + 1.5 × IQR and the lowest data within Q1 – 1.5 × IQR,
respectively. Each parameter was also plotted against the subject
age, and the correlation between subject age and retinal Aβ

load was tested using Spearman’s rank correlation coefficients

(Gauthier, 2001; van Belle et al., 2004). The statistical analysis and
visualization were performed using R (R Core Team, 2019).

RESULTS

Comparison of Retinal Aβ

Immunofluorescence Between Control
and AD
Figure 4 shows representative images of Aβ immunofluorescence
in 5 regions of the wholemount retina in controls (Figures 4A–E)
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FIGURE 4 | Comparison of Aβ immunofluorescence in the AD and control groups. (A–E) Confocal images, taken at the level of the GCL, of the perifoveal, fovea,
temporal, superior and inferior regions of the retina from a control wholemount. (F–J) Confocal images taken from an AD wholemount for comparison. There were
generally higher levels of Aβ immunofluorescence (Cy3, red) in the AD compared to the control groups. In addition, there are fewer DAPI labeled nuclei in the AD
compared to control groups, consistent with the earlier studies demonstrating neurodegeneration and loss of retinal ganglion cells in the AD eye. The mid-peripheral
areas (temporal, superior and inferior) demonstrated more Aβ labeling than the central areas (perifovea and fovea) of the retina. The pattern of Aβ

immunofluorescence consisted of strongly immunoreactive, dot-like extracellular neuropil deposits (white arrowheads) and dust-like cytoplasmic labeling within
RGCs (yellow arrows). An occasional blood vessel lumen was also labeled (H, asterisk), but the labeling was dull and opaque, quite distinct from the bright, dot-like
immunofluorescence seen in the extracellular deposits or the bright, dust-like cytoplasmic labeling. Nuclei are shown stained with DAPI (blue). Scale bar = 50 µm.

and AD (Figures 4F–J). Note that the analysis was undertaken
at the level of the retinal ganglion cell layer (GCL), as
verified by the presence of numerous DAPI-labeled nuclei in
Z-stack confocal files (Figure 3). The mid-peripheral areas
(temporal, superior and inferior) demonstrated more Aβ

labeling than the central areas (perifovea and fovea) of the
retina. The pattern of Aβ immunofluorescence in the GCL
consisted of strongly immunoreactive, dot-like extracellular
neuropil deposits and dust-like cytoplasmic labeling within
RGCs. An occasional blood vessel lumen was also labeled
(Figure 4H, asterisk), but the labeling was dull and opaque,
quite distinct from the bright, dot-like immunofluorescence
seen in the extracellular deposits or the bright, dust-like
cytoplasmic labeling. Fluorescence from the retinal vasculature
was not included in the analysis here. Note that upon
visual comparison between controls (Figures 4A–E) and AD
(Figures 4F–J), it is apparent that the AD wholemounts
had higher levels of Aβ immunofluorescence compared to
controls. This qualitative difference was then subjected to
quantitative analysis in section “Quantitative Analysis of Retinal
Aβ Between Control and AD.” In addition, the AD wholemounts
demonstrated fewer DAPI labeled nuclei when compared to
the controls, consistent with the earlier findings that the
ganglion cells undergo neurodegeneration in the AD eye
(Blanks et al., 1996a,b).

Figure 5 shows examples of labeling patterns in control
(Figures 5A,B) and AD (Figures 5C,D) groups. Note that there
is a similar pattern of bright, dot-like extracellular deposits

and bright, dust-like cytoplasmic labeling in both the AD
and control groups.

Quantitative Analysis of Retinal Aβ

Between Control and AD
First, we quantified the number of Aβ labeled cells in the GCL
per image area of 450 µm2

× 450 µm2 in the control and AD
subjects in each retinal region, with the p-values from robust
ANCOVA adjusting for age (Figure 6A). The AD group had
significantly more Aβ labeled cells than the control group in
the peri-foveal, superior, and inferior regions. Age was not a
significant covariate in any region.

Within both control and AD groups, there were significantly
more Aβ labeled cells (p < 0.05) in the mid-peripheral
regions (superior, temporal, inferior) than the central regions
(foveal, perifoveal).

Next, we quantified the percentage of Cy3-positive pixels
within each intracellularly labeled cell (e.g., intracellular Aβ

load) in the control and AD subjects for each retinal region
(Figure 6B). The foveal and perifoveal regions contained only
a few labeled cells and the intracellular Aβ load is close to
zero in both control and AD groups. However, amongst the
mid-peripheral regions, there was a general trend for the AD
group to display higher levels of intracellular Aβ load compared
to controls. This was statistically significant in the superior
(p = 0.01) and temporal (p < 0.001) retinal regions. Age was not
a significant covariate in any region.
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FIGURE 5 | Control and AD retina demonstrate similar pattern of intracellular and extracellular Aβ immunofluorescence. (A,B) Confocal image of a control retina
demonstrates intracellular Aβ labeling (yellow arrows) which consisted of small, dust-like cytoplasmic deposits. (C) A higher power confocal image of an AD retina
reveals the same pattern of intracellular labeling as observed in the control retina and also demonstrates extracellular Aβ labeling (white arrowheads) composed of
relatively larger dot-like deposits compare to the intracellular labeling. (D) An orthogonal view of the z-stack demonstrates the Aβ labeling in the GCL. Scale
bar = 50 µm (A, B) or 20 µm (C).
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FIGURE 6 | Comparisons of Aβ-labeling between control and AD groups. (A)
Number of Aβ-labeled cells in the retinal ganglion cell layer. The AD subjects
had significantly greater numbers of Aβ-labeled cells than the controls in the
peri-foveal, superior, and inferior regions, using age-adjusted robust ANCOVA.
(B) Intracellular Aβ load in the retinal ganglion cell layer. The AD subjects had
significantly greater intracellular Aβ load than the controls in the superior and
temporal regions using age-adjusted robust ANCOVA. (C) Extracellular Aβ

load in the retinal ganglion cell layer. The AD subjects had significantly greater
extracellular Aβ load than the control in the temporal region using
age-adjusted robust ANCOVA.

Within the control group, there was significantly greater
intracellular Aβ load (p < 0.05) in the mid-peripheral regions
than the perifoveal region. The differences between the mid-
peripheral regions and foveal region were not significant except
for the inferior region (p < 0.01).

Within the AD group, the difference between the central
(foveal, perifoveal) and mid-peripheral regions was significant

and more pronounced than in the control group. Amongst
the mid-peripheral regions, the temporal region in AD had
significantly greater intracellular Aβ load than the superior region
in AD (p < 0.05). There was no significant difference between the
foveal and perifoveal regions.

We then quantified the extracellular Aβ load in the control
and AD groups in each retinal region (Figure 6C). The AD
group had significantly greater extracellular Aβ load in the
temporal region compared to controls. Age was not a significant
covariate in any region.

Compared to the intracellular Aβ measures, extracellular Aβ

load was more evenly distributed across the retinal regions. In
the control group there was no significant regional difference.
However, in the AD group, the extracellular Aβ load was
significantly higher in the temporal region than in the superior
region (p = 0.05). Overall, in the AD group the temporal region
showed greater amount of both intracellular and extracellular Aβ

load compared to other retinal regions.

Comparison Within AD Subjects
We obtained neuropathological assessments of the AD subjects
and compared with retinal measurements of Aβ. Supplementary
Figure 4 plots the neuropathological assessments of the AD
subjects. The retinal measurements, as shown above in Figure 6,
were continuous variables with intra-group variances; however,
the neuropathological scores were discrete categories based
on severity, and did not have similar spreads as the retinal
measurements which made comparisons difficult. For example,
cerebral Aβ deposits, 1 out of 15 AD subjects was in Thal
Phase 3, while the rest were in Phase 6 (Supplementary
Figure 4A). For neurofibrillary degeneration, 2 subjects each
were in Braak Stages IV and V, and 11 subjects were in Stage
VI (Supplementary Figure 4B). However, two neuropathological
assessments showed some spread among the AD subjects that
allowed for comparison of the retina Aβ by their subgroups:
CERAD scores for neuritic plaques (NP) and cerebral amyloid
angiopathy (CAA) (Supplementary Figures 4D–F,I). Since Aβ

deposition in the AD retinas was sparse in the central regions
and not significantly greater than the control retinas, we only
included the superior, inferior, and temporal regions in the
following analysis.

Comparison of Retinal Aβ Measures by
NP and CAA
Figures 7A,B shows the number of Aβ labeled cells in the AD
subjects plotted by NP scores of sparse/moderate (Blue = Lower
NP score) and frequent (Yellow = Higher NP score), with
p-values of unpaired two-samples Wilcoxon test. Note we
observed a trend for AD subjects with lower NP scores exhibiting
greater numbers of Aβ labeled cells in the mid-peripheral retina,
and this reached significance in the temporal retinal region
(p < 0.05).

Next, we assessed the relationship between the intracellular
retinal Aβ load and NP scores in the AD subjects (Figures 7C,D).
Again, as with number of Aβ labeled cells, we observed a
general trend for AD subjects with lower NP scores (Blue)
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FIGURE 7 | Aβ labeling in retina compared to neuritic plaque (NP) scores in cortical regions of AD subjects. (A,B) We compared number of Aβ labeled cells with NP
scores. The AD subjects with lower NP scores (Blue: sparse or moderate) in the parietal (A) and temporal (B) cortices show greater number of Aβ labeled cells in the
temporal retinal region than those with higher NP scores (Yellow: frequent), using two-samples Wilcoxon test. (C,D) Next, we compared intracellular Aβ load in the
retinal ganglion cells with NP scores. The AD subjects with lower NP scores (Blue: sparse or moderate) in the frontal (C) and parietal (D) cortices show greater
intracellular Aβ load in the temporal retinal region than those with higher NP scores (frequent), using two-samples Wilcoxon test.

exhibiting greater intracellular retinal Aβ load compared to
AD subjects with higher NP scores (Yellow). This reached
significance in the temporal retinal region (p < 0.05). Lastly,
we assessed the relationship between extracellular retinal Aβ

load and NP scores, but this did not reach significance
(Supplementary Figures 5A–C).

Conversely, extracellular retinal Aβ load did reach significance
with measurements of the severity of CAA in AD subjects.
The extracellular retinal Aβ load in the temporal mid-peripheral
retina was greater in the AD subjects that exhibited higher CAA
severity index compared to the less severe CAA group (p < 0.05,
Supplementary Figure 5D).

Age and Retinal Aβ Load
In the ANCOVA models, age was not found as a significant
covariate, and no significant interaction was found between
group and age. However, Spearman’s correlation coefficient was
significant (α < 0.05) for intracellular and extracellular retinal
Aβ loads in the temporal region for control and AD groups.
Supplementary Figures 1–3 plots the number of Aβ-labeled
cells, intracellular retinal Aβ load, and extracellular retinal Aβ

load against age.

DISCUSSION

In this study, we measured the Aβ load in the post-
mortem retinas from AD and control subjects using
immunohistochemistry and quantitative fluorescence analysis.
Intracellular and extracellular retinal Aβ loads were measured
in wholemount images focused on the retinal ganglion cell
layer (GCL) in the foveal, perifoveal, superior, temporal,
and inferior retinal quadrants, comparing between the AD

and control groups. Subgroups among the AD subjects were
further analyzed by their neuropathological assessments,
specifically neuritic plaque (NP) scores, and by the degree of
cerebral amyloid angiopathy (CAA) (Supplementary Figure 4I).

Our results demonstrated morphologically distinct
intracellular and extracellular deposition of retinal Aβ, and
both were significantly higher in the retina of AD subjects than
controls, mainly in the mid-peripheral retina. Intracellular
Aβ measures were significantly greater in the mid-peripheral
than the central regions, whereas extracellular Aβ load was more
evenly distributed within all retinal regions studied.

Among the AD donors, a significantly higher number of Aβ

labeled retinal cells as well as a significantly greater amount of
retinal intracellular Aβ were observed in the donors with a lower
NP score. In contrast, a significantly greater amount of retinal
extracellular Aβ was observed in the AD donors with higher
CAA score. Interestingly, the temporal retina demonstrated the
most differences related to the brain NP and CAA scores, as
well as showing a large difference between the AD and control
groups. These findings have important implications for future
in vivo retinal Aβ imaging studies as the detection and level of
retinal Aβ are influenced by factors beyond the severity of AD.

Intracellular Aβ
Our results on the number and intracellular load of Aβ labeled
cells allowed us some insight into the average diameter of the
Aβ labeled cells. Our results suggest that the average diameter
of Aβ labeled cells was not significantly different between the
control and AD groups. This agrees with the results by Blanks,
Torigoe, Hinton, and Blanks (Blanks et al., 1996b). Similarly,
Padurariu et al. found the hippocampal neuron diameter was
not significantly different between the control and AD groups
(Padurariu et al., 2012). To better isolate potential differences
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between AD and controls, future studies may focus on the
detailed dendritic morphology of the retinal cells in AD, and
the difference between the cells with and without intracellular
Aβ labeling.

Extracellular Aβ
Extracellular Aβ was present in all retinal regions studied in
both control and AD subjects. Interestingly, the AD subjects had
significantly greater extracellular Aβ load in the temporal retinal
region compared to controls (p = 0.05). The temporal region of
the retina may be of special pathological significance to the AD
eye, as our earlier study demonstrated that temporal retina had
significantly more intermediate hard drusen in the outer retina
(Ukalovic et al., 2018), a finding that is consistent with an earlier
report by Lengyl’s group (Csincsik et al., 2018).

Intra- and Extracellular Aβ Relationship
The relationship between intra- and extracellular Aβ is yet to be
fully elucidated. In the AD brain, it has been suggested that Aβ

accumulation begins intracellularly, and following degeneration
from within the neuron, leads to more extracellular deposition
and eventual plaque formation (Gouras et al., 2010). In our
study, the AD donors with higher neuritic plaque scores had
lower retinal intracellular Aβ, a finding that is consistent with the
proposed “intracellular to extracellular” mechanism of cortical
Aβ deposition of Gouras et al. (2010).

Interestingly, the AD donors with higher neuritic plaque
scores did not demonstrate evidence of higher extracellular
Aβ in the retina. This suggests that if the intracellular Aβ

causes degeneration of retinal ganglion cells, it does not lead
to the same kind of extracellular plaque formation as in the
brain, where the remnant of destroyed distal neurites and
synapses recruit inflammatory cells to initiate plaque formation
(Gouras et al., 2010). Thus, further studies are needed to
understand the mechanistic differences of Aβ pathophysiology
in the retina and the brain, in terms of how intracellular or
extracellular Aβ may contribute to retinal neuronal damage, as
well as the clearance mechanisms of intracellular Aβ after retinal
neuronal death. Answers to these questions are important to
guide the development of retinal AD screening tests, as well
as to understand the neurodegenerative consequences of Aβ

deposition in the AD retina.

Temporal Pattern of Aβ Deposition
An important, yet unanswered, question is the detailed time-
course of Aβ deposition and AD progression, and whether Aβ

accumulates in the retina and CNS concurrently in AD patients
This is difficult to ascertain from postmortem tissues as the
majority of available samples are from late stage disease, thus
providing only a static snapshot of the disease progression. Using
the APP/PS1 transgenic AD model, Sidiqi et al. (2020) reported
an age-related and concomitant increase in Aβ deposition in the
cerebral cortex and retina of mice by following mice between the
ages of 5–18 months. Another study suggested that retinal Aβ

deposition precedes cerebral cortical Aβ deposition (Koronyo-
Hamaoui et al., 2011). Other transgenic AD mouse studies have

shown a general age-related increase in retinal Aβ deposits
(Ning et al., 2008; Perez et al., 2009; Hoh Kam et al., 2010;
Gupta et al., 2016; Hart et al., 2016) a finding that also occurs
in non-AD (control) mouse and rat strains as well (Hoh Kam
et al., 2010; Zhao et al., 2015). In the present study, donor age
was positively correlated with intracellular and extracellular Aβ

in the temporal region for both control and AD. Although age
was not a significant covariate in the ANCOVA models, we also
found no significant difference in the effect of age between the
control and AD groups. A larger study would be needed to study
the age-related deposition of retinal Aβ in human donors and the
interaction between the effects of age and AD.

Comparisons With Previous Studies
Several studies have addressed Aβ deposition in the AD eye,
with multiple groups reporting negative findings (Shah et al.,
2017). Our results do not support the literature reporting negative
findings. Rather, our results do support Aβ deposition in the
AD eye. We observed similarities with studies by Koronyo
et al. (2017). We found Aβ labeling predominantly in the inner
retina (specifically the RGC layer), presence of intracellular Aβ

labeling and greater immunoreactivity in mid-peripheral retina
compared to the central (foveal, perifoveal) retina. Congruent
with findings from the Koronyo-Hamaoui lab, our results also
showed significant differences between the normal and AD eyes
in both superior and temporal retinal quadrants for intracellular
Aβ and the temporal retinal quadrant for extracellular Aβ .

Although the majority of our findings were consistent
with the literature, our studies did differ in the size of the
extracellular Aβ deposits in the retina. We observed small dot-
like extracellular deposits with diameters less than 5 µm, which
is in contrast to the findings of Koronyo et al. (2017) and La
Morgia et al. (2016) who identified extracellular deposits that
were >20 µm in diameter and were similar to the diffuse,
compact and “classical” mature plaques observed in AD brain.
This does not seem to be related to the antibodies used, as
both labs used 12F4, among others (e.g., 6F/3D). The observed
differences between the extracellular labeling patterns may be
associated with differences in the source of human diseased
and control eye tissues (e.g., human tissue banks), the duration
of fixation times (time between death, enucleation, fixation
and processing), and methods of visualization and imaging
(chromogenic vs fluorescent).

AD-Related Vascular Changes in the
Retina
The extracellular retinal Aβ association with severe CAA
observed in our current study may indicate its potential role
in vascular decline in AD retinas. In a previous study, Aβ

deposits immunoreacted with the 12F4 monoclonal antibody
were found adjacent to and within blood vessel walls in retinal
wholemounts from AD patients with CAA (Koronyo et al.,
2017). In in vivo studies using retinal fundus photography,
narrower retinal venules and sparser retinal vasculature were
observed in AD patients as compared to non-dementia controls
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(Cheung et al., 2014; Williams et al., 2015). A more recent
study using Optical Coherence Tomography Angiography
(OCTA) found significantly lower retinal vascular density, larger
foveal avascular zone, and thinner choroid in AD patients
compared to age- and sex-matched controls (Bulut et al., 2018).

Advantages and Limitations of the Study
The advantages of this study are the comprehensive retinal
regional analysis and qualitative and quantitative assessment
of intra- and extracellular retinal Aβ load, along with a
comprehensive and thorough neuropathological assessment
which allowed for comparison between the Aβ load in the
retina and neuritic plaque and CAA measures in the brain.
The results reveal a connection between the retinal Aβ

and AD neuropathology and inform on factors that may
affect the utility of potential in vivo imaging of Aβ in the
retina of AD subjects.

The limitations of this study include the small sample
size (control n = 10, AD n = 15) and the age difference
between the controls (average age: 69 ± 6.4 years) and AD
(average age: 80.5 ± 8.3 years; two-sample t-test p < 0.001)
donors. All comparisons between the control and AD retina
Aβ were adjusted for age, and in neither the non-parametric
ANCOVA nor parametric multiple regression showed age
as a significant covariate with the group effect (control or
AD) present. However, separate correlation analysis showed
significant relationship between age and temporal retinal Aβ

load. In our small sample AD and CAA pathology had a
stronger effect on retinal Aβ accumulation than age. The
effect of age may be more subtle, and a more detailed study
on normal subjects from different age groups would better
characterize this point. CAA can occur as a normal process
of aging (Yamada et al., 1987), with 50% of individuals older
than 80 years old having some evidence of CAA (Gugenheim
et al., 1987). In this study, we did not have CAA severity
information on the control brain samples, but the AD patients
with no or mild CAA severity still had significantly higher
intracellular retinal Aβ load than controls (data not shown).
Future investigation involving more specific sample data may
further clarify the association of the retinal Aβ with AD and
related brain pathology.

Implications for in vivo Imaging of the AD
Retina
The results of this study demonstrate that retinal Aβ is present
and significantly higher in the AD compared to control retina.
These data, along with previous results from the Koronyo-
Hamaoui group, highlight the feasibility and potential of in vivo
imaging of retinal Aβ load in the AD eye. The superior
and temporal retina quadrants showed the most significant
differences between the control and AD groups. Additionally,
we observed variability in the retinal Aβ loads among the
AD eyes by their neuritic plaque and CAA severity. Future
studies will allow us to further understand the utility of
retinal Aβ for diagnostic interpretation and its relationship to
neuropathological assessments.
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FIGURE S1 | Retinal measure of Aβ-labeled cells plotted against subject age.

FIGURE S2 | Retinal measure of intracellular Aβ load plotted against subject age.

FIGURE S3 | Retinal measure of extracellular Aβ load plotted against
subject age.

FIGURE S4 | Distribution of neuropathological assessment in the study data. (A)
Aβ (Thal-phase); (B) Braak stage (Tau); (C) Neuritic Plaque (CERAD, Biel); (D)
Neuritic Plaque Frontal Cortex; (E) Neuritic Plaque Temporal Cortex; (F) Neuritic

Plaque Parietal Cortex; (G) Diffuse Plaque (CERAD, Biel); (H) Likelihood of AD
dementia based on the amyloid Thal phase, tau Braak stage, and CERAD score
(ABC score); (I) Cerebral Amyloid Angiopathy (Congo red + Aβ ).

FIGURE S5 | Extracellular retinal Aβ load, grouped by (A) Neuritic plaque in frontal
cortex (sparse (2) or moderate (3), frequent (4)); (B) Neuritic plaque in parietal
cortex [moderate (3), frequent (4)]; (C) Neuritic plaque in temporal cortex [sparse
(2) or moderate (3), frequent (4)]; (D) cerebral amyloid angiopathy [none (1) or mild
(2), moderate (3) or severe (4)].

REFERENCES
Alexandrov, P. N., Pogue, A., Bhattacharjee, S., and Lukiw, W. J. (2011). Retinal

amyloid peptides and complement factor H in transgenic models of Alzheimer’s
disease. Neuroreport 22, 623–627. doi: 10.1097/WNR.0b013e3283497334

Amjad, H., Roth, D. L., Sheehan, O. C., Lyketsos, C. G., Wolff, J. L., and Samus,
Q. M. (2018). Underdiagnosis of dementia: an observational study of patterns in
diagnosis and awareness in US older adults. J. Gen. Intern. Med. 33, 1131–1138.
doi: 10.1007/s11606-018-4377-y

Blanks, J. C., Hinton, D. R., Sadun, A. A., and Miller, C. A. (1989). Retinal ganglion
cell degeneration in Alzheimer’s disease. Brain Res. 501, 364–372.

Blanks, J. C., Schmidt, S. Y., Torigoe, Y., Porrello, K. V., Hinton, D. R., and Blanks,
R. H. I. (1996a). Retinal pathology in Alzheimer’s disease. II. Regional neuron
loss and glial changes in GCL. Neurobiol. Aging 17, 385–395. doi: 10.1016/0197-
4580(96)00009-7

Blanks, J. C., Torigoe, Y., Hinton, D. R., and Blanks, R. H. I. (1996b). Retinal
pathology in Alzheimer’s disease. I. Ganglion cell loss in foveal/parafoveal
retina. Neurobiol. Aging 17, 377–384. doi: 10.1016/0197-4580(96)00010-3

Bulut, M., Kurtuluş, F., Gözkaya, O., Erol, M. K., Cengiz, A., Akıdan, M., et al.
(2018). Evaluation of optical coherence tomography angiographic findings in
Alzheimer’s type dementia. Br. J. Ophthalmol. 102, 233–237. doi: 10.1136/
bjophthalmol-2017-310476

Cheung, C. Y., Ong, Y. T., Hilal, S., Ikram, M. K., Low, S., Ong, Y. L., et al.
(2015). Retinal ganglion cell analysis using high-definition optical coherence
tomography in patients with mild cognitive impairment and Alzheimer’s
disease. J. Alzheimers Dis. 45, 45–56. doi: 10.3233/JAD-141659

Cheung, C. Y., Ong, Y. T., Ikram, M. K., Ong, S. Y., Li, X., Hilal, S., et al. (2014).
Microvascular network alterations in the retina of patients with Alzheimer’s
disease. Alzheimers Dement. 10, 135–142. doi: 10.1016/J.JALZ.2013.06.009

Coppola, G., Di Renzo, A., Ziccardi, L., Martelli, F., Fadda, A., Manni, G., et al.
(2015). Optical coherence tomography in Alzheimer’s disease: a meta-analysis.
PLoS One 10:e0134750. doi: 10.1371/journal.pone.0134750

Csincsik, L., MacGillivray, T. J., Flynn, E., Pellegrini, E., Papanastasiou, G.,
Barzegar-Befroei, N., et al. (2018). Peripheral retinal imaging biomarkers for
Alzheimer’s disease: a pilot study. Ophthalmic Res. 59, 182–192. doi: 10.1159/
000487053

Delori, F. C., Dorey, C. K., Staurenghi, G., Arend, O., Goger, D. G., and Weiter,
J. J. (1995). In vivo fluorescence of the ocular fundus exhibits retinal pigment
epithelium lipofuscin characteristics. Invest. Ophthalmol. Vis. Sci. 36, 718–729.

den Haan, J., Morrema, T. H. J., Verbraak, F. D., de Boer, J. F., Scheltens, P.,
Rozemuller, A. J., et al. (2018). Amyloid-beta and phosphorylated Tau in post-
mortem Alzheimer’s disease retinas. Acta Neuropathol. Commun. 6:147. doi:
10.1186/s40478-018-0650-x

Dowson, J. H., and Harris, S. J. (1981). Quantitative studies of the autofluorescence
derived from neuronal lipofuscin. J. Microsc. 123, 249–258. doi: 10.1111/j.1365-
2818.1981.tb02469.x

Frost, S., Kanagasingam, Y., Macaulay, L., Koronyo-Hamaoui, M., Koronyo, Y.,
Biggs, D., et al. (2014). Retinal amyloid fluorescence imaging predicts cerebral
amyloid burden and Alzheimer’s disease. Alzheimers Dement. 10, 234–235.
doi: 10.1016/j.jalz.2014.04.341

Gauthier, T. D. (2001). Detecting trends using spearman’s rank correlation
coefficient. Environ. Forensics 2, 359–362. doi: 10.1006/enfo.2001.0061

Gouras, G. K., Tampellini, D., Takahashi, R. H., and Capetillo-Zarate, E. (2010).
Intraneuronal β-amyloid accumulation and synapse pathology in Alzheimer’s
disease. Acta Neuropathol. 119, 523–541. doi: 10.1007/s00401-010-0679-9

Gugenheim, J., Rouger, P., Gane, P., Capron-Laudereau, M., Reynes,
M., and Bismuth, H. (1987). Expression of blood group antigens

including HLA markers on human liver allografts. Transplant. Proc. 19,
223–225.

Gupta, V. K., Chitranshi, N., Gupta, V. B., Golzan, M., Dheer, Y., Wall, R. V.,
et al. (2016). Amyloid β accumulation and inner retinal degenerative changes in
Alzheimer’s disease transgenic mouse. Neurosci. Lett. 623, 52–56. doi: 10.1016/
j.neulet.2016.04.059

Hart, N. J., Koronyo, Y., Black, K. L., and Koronyo-Hamaoui, M. (2016). Ocular
indicators of Alzheimer’s: exploring disease in the retina. Acta Neuropathol. 132,
767–787. doi: 10.1007/s00401-016-1613-6

Hinton, D. R., Sadun, A. A., Blanks, J. C., and Miller, C. A. (1986). Optic-nerve
degeneration in Alzheimer’s disease. N. Engl. J. Med. 315, 485–487. doi: 10.1056/
NEJM198608213150804

Ho, C.-Y., Troncoso, J. C., Knox, D., Stark, W., and Eberhart, C. G. (2014). Beta-
amyloid, phospho-tau and alpha-synuclein deposits similar to those in the brain
are not identified in the eyes of Alzheimer’s and Parkinson’s disease patients.
Brain Pathol. 24, 25–32. doi: 10.1111/bpa.12070

Hoh Kam, J., Lenassi, E., and Jeffery, G. (2010). Viewing ageing eyes: diverse
sites of amyloid beta accumulation in the ageing mouse retina and the up-
regulation of macrophages. PLoS One 5:e13127. doi: 10.1371/journal.pone.00
13127

Javaid, F. Z., Brenton, J., Guo, L., and Cordeiro, M. F. (2016). Visual and ocular
manifestations of Alzheimer’s disease and their use as biomarkers for diagnosis
and progression. Front. Neurol. 7:55. doi: 10.3389/fneur.2016.00055

Jiang, J., Wang, H., Li, W., Cao, X., and Li, C. (2016). Amyloid plaques in retina for
diagnosis in Alzheimer’s patients: a meta-analysis. Front. Aging Neurosci. 8:267.
doi: 10.3389/fnagi.2016.00267

Kloke, J., McKean, J., and McKean, J. W. (2014). Nonparametric Statistical Methods
Using R. London: Chapman and Hall. doi: 10.1201/b17501

Koronyo, Y., Biggs, D., Barron, E., Boyer, D. S., Pearlman, J. A., Au, W. J.,
et al. (2017). Retinal amyloid pathology and proof-of-concept imaging trial in
Alzheimer’s disease. JCI Insight 2:e93621. doi: 10.1172/jci.insight.93621

Koronyo-Hamaoui, M., Koronyo, Y., Ljubimov, A. V., Miller, C. A., Ko, M. K.,
Black, K. L., et al. (2011). Identification of amyloid plaques in retinas from
Alzheimer’s patients and noninvasive in vivo optical imaging of retinal plaques
in a mouse model. Neuroimage 54, S204–S217. doi: 10.1016/j.neuroimage.2010.
06.020

La Morgia, C., Ross-Cisneros, F. N., Koronyo, Y., Hannibal, J., Gallassi, R.,
Cantalupo, G., et al. (2016). Melanopsin retinal ganglion cell loss in Alzheimer
disease. Ann. Neurol. 79, 90–109. doi: 10.1002/ana.24548

London, A., Benhar, I., and Schwartz, M. (2013). The retina as a window to the
brain—from eye research to CNS disorders. Nat. Rev. Neurol. 9, 44–53. doi:
10.1038/nrneurol.2012.227

Lu, Y., Li, Z., Zhang, X., Ming, B., Jia, J., Wang, R., et al. (2010). Retinal nerve fiber
layer structure abnormalities in early Alzheimer’s disease: evidence in optical
coherence tomography. Neurosci. Lett. 480, 69–72. doi: 10.1016/J.NEULET.
2010.06.006

Marziani, E., Pomati, S., Ramolfo, P., Cigada, M., Giani, A., Mariani, C., et al.
(2013). Evaluation of retinal nerve fiber layer and ganglion cell layer thickness
in Alzheimer’s disease using spectral-domain optical coherence tomography.
Invest. Opthalmol. Vis. Sci. 54, 5953–5958.

Mastrangelo, M. A., and Bowers, W. J. (2008). Detailed immunohistochemical
characterization of temporal and spatial progression of Alzheimer’s disease-
related pathologies in male triple-transgenic mice. BMC Neurosci. 9:81. doi:
10.1186/1471-2202-9-81

Ning, A., Cui, J., To, E., Ashe, K. H., and Matsubara, J. (2008). Amyloid-β deposits
lead to retinal degeneration in a mouse model of Alzheimer disease. Invest.
Ophthalmol. Vis. Sci. 49, 5136–5143.

Frontiers in Neuroscience | www.frontiersin.org 13 July 2020 | Volume 14 | Article 758101

https://doi.org/10.1097/WNR.0b013e3283497334
https://doi.org/10.1007/s11606-018-4377-y
https://doi.org/10.1016/0197-4580(96)00009-7
https://doi.org/10.1016/0197-4580(96)00009-7
https://doi.org/10.1016/0197-4580(96)00010-3
https://doi.org/10.1136/bjophthalmol-2017-310476
https://doi.org/10.1136/bjophthalmol-2017-310476
https://doi.org/10.3233/JAD-141659
https://doi.org/10.1016/J.JALZ.2013.06.009
https://doi.org/10.1371/journal.pone.0134750
https://doi.org/10.1159/000487053
https://doi.org/10.1159/000487053
https://doi.org/10.1186/s40478-018-0650-x
https://doi.org/10.1186/s40478-018-0650-x
https://doi.org/10.1111/j.1365-2818.1981.tb02469.x
https://doi.org/10.1111/j.1365-2818.1981.tb02469.x
https://doi.org/10.1016/j.jalz.2014.04.341
https://doi.org/10.1006/enfo.2001.0061
https://doi.org/10.1007/s00401-010-0679-9
https://doi.org/10.1016/j.neulet.2016.04.059
https://doi.org/10.1016/j.neulet.2016.04.059
https://doi.org/10.1007/s00401-016-1613-6
https://doi.org/10.1056/NEJM198608213150804
https://doi.org/10.1056/NEJM198608213150804
https://doi.org/10.1111/bpa.12070
https://doi.org/10.1371/journal.pone.0013127
https://doi.org/10.1371/journal.pone.0013127
https://doi.org/10.3389/fneur.2016.00055
https://doi.org/10.3389/fnagi.2016.00267
https://doi.org/10.1201/b17501
https://doi.org/10.1172/jci.insight.93621
https://doi.org/10.1016/j.neuroimage.2010.06.020
https://doi.org/10.1016/j.neuroimage.2010.06.020
https://doi.org/10.1002/ana.24548
https://doi.org/10.1038/nrneurol.2012.227
https://doi.org/10.1038/nrneurol.2012.227
https://doi.org/10.1016/J.NEULET.2010.06.006
https://doi.org/10.1016/J.NEULET.2010.06.006
https://doi.org/10.1186/1471-2202-9-81
https://doi.org/10.1186/1471-2202-9-81
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-14-00758 July 29, 2020 Time: 17:45 # 14

Lee et al. Aβ in the AD Retina

O’Bryhim, B. E., Apte, R. S., Kung, N., Coble, D., and Van Stavern, G. P.
(2018). Association of preclinical Alzheimer disease with optical coherence
tomographic angiography findings. JAMA Ophthalmol. 136, 1242–1248. doi:
10.1001/jamaophthalmol.2018.3556

Padurariu, M., Ciobica, A., Mavroudis, I., Fotiou, D., and Baloyannis, S. (2012).
Hippocampal neuronal loss in the CA1 and CA3 areas of Alzheimer’s disease
patients. Psychiatr. Danub. 24, 152–158.

Perez, S. E., Lumayag, S., Kovacs, B., Mufson, E. J., and Xu, S. (2009). β-amyloid
deposition and functional impairment in the retina of the APPswe/PS11E9
transgenic mouse model of Alzheimer’s disease. Invest. Ophthalmol. Vis. Sci. 50,
793–800.

Pike, K. E., Savage, G., Villemagne, V. L., Ng, S., Moss, S. A., Maruff, P., et al.
(2007). Amyloid imaging and memory in non-demented individuals: evidence
for preclinical Alzheimer’s disease. Brain 130, 2837–2844. doi: 10.1093/brain/
awm238

R Core Team (2019). R: A Language and Environment for Statistical Computing.
Vienna: R Foundation for Statistical Computing.

Schneider, C. A., Rasband, W. S., and Eliceiri, K. W. (2012). NIH Image to ImageJ:
25 years of image analysis. Nat. Methods 9, 671–675. doi: 10.1038/nmeth.
2089

Schneider, L. S. (2010). The potential and limits for clinical trials for early
Alzheimer’s disease and some recommendations. J. Nutr. Health Aging 14,
295–298. doi: 10.1007/s12603-010-0066-1

Shah, T. M., Gupta, S. M., Chatterjee, P., Campbell, M., and Martins, R. N. (2017).
Beta-amyloid sequelae in the eye: a critical review on its diagnostic significance
and clinical relevance in Alzheimer’s disease. Mol. Psychiatry 22, 353–363. doi:
10.1038/mp.2016.251

Shimazawa, M., Inokuchi, Y., Okuno, T., Nakajima, Y., Sakaguchi, G., Kato, A.,
et al. (2008). Reduced retinal function in amyloid precursor protein-over-
expressing transgenic mice via attenuating glutamate-N-methyl-d-aspartate
receptor signaling. J. Neurochem. 107, 279–290. doi: 10.1111/j.1471-4159.2008.
05606.x

Sidiqi, A., Wahl, D., Lee, S., Ma, D., To, E., Cui, J., et al. (2020). In vivo retinal
fluorescence imaging with curcumin in an Alzheimer mouse model. Front.
Neurosci. doi: 10.3389/fnins.2020.00713

Solomon, B., Koppel, R., Hanan, E., and Katzav, T. (1996). Monoclonal
antibodies inhibit in vitro fibrillar aggregation of the Alzheimer β-amyloid
peptide. Proc. Natl. Acad. Sci. U.S.A. 93, 452–455. doi: 10.1073/pnas.93.
1.452

Solomon, P. R., and Murphy, C. A. (2005). Should we screen for Alzheimer’s
disease? A review of the evidence for and against screening Alzheimer’s disease
in primary care practice. Geriatrics 60, 26–31.

Tsai, Y., Lu, B., Ljubimov, A. V., Girman, S., Ross-Cisneros, F. N., Sadun, A. A.,
et al. (2014). Ocular changes in TgF344-AD rat model of Alzheimer’s disease.
Invest. Opthalmol. Vis. Sci. 55, 523–534.

Ukalovic, K., Cao, S., Lee, S., Tang, Q., Beg, M. F., Sarunic, M. V., et al. (2018).
Drusen in the peripheral retina of the Alzheimer’s eye. Curr. Alzheimer Res. 15,
743–750. doi: 10.2174/1567205015666180123122637

van Belle, G., Fisher, L. D., Heagerty, P. J., and Lumley, T. (2004). Biostatistics: A
Methodology for the Health Sciences, 2nd Edn. Hoboken, NJ: Wiley.

Williams, M. A., McGowan, A. J., Cardwell, C. R., Cheung, C. Y., Craig, D.,
Passmore, P., et al. (2015). Retinal microvascular network attenuation in
Alzheimer’s disease. Alzheimers Dement. 1, 229–235. doi: 10.1016/j.dadm.2015.
04.001

Williams, P. A., Thirgood, R. A., Oliphant, H., Frizzati, A., Littlewood, E., Votruba,
M., et al. (2013). Retinal ganglion cell dendritic degeneration in a mouse
model of Alzheimer’s disease. Neurobiol. Aging 34, 1799–1806. doi: 10.1016/J.
NEUROBIOLAGING.2013.01.006

World Health Organization (2015). The Epidemiology and Impact of Dementia:
Current State and Future Trends. Geneva: WHO.

Yamada, M., Tsukagoshi, H., Otomo, E., and Hayakawa, M. (1987). Cerebral
amyloid angiopathy in the aged. J. Neurol. 234, 371–376. doi: 10.1007/
bf00314080

Zhao, T., Gao, J., Van, J., To, E., Wang, A., Cao, S., et al. (2015). Age-
related increases in amyloid beta and membrane attack complex: evidence of
inflammasome activation in the rodent eye. J. Neuroinflammation 12:121.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Lee, Jiang, McIlmoyle, To, Xu, Hirsch-Reinshagen, Mackenzie,
Hsiung, Eadie, Sarunic, Beg, Cui and Matsubara. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Neuroscience | www.frontiersin.org 14 July 2020 | Volume 14 | Article 758102

https://doi.org/10.1001/jamaophthalmol.2018.3556
https://doi.org/10.1001/jamaophthalmol.2018.3556
https://doi.org/10.1093/brain/awm238
https://doi.org/10.1093/brain/awm238
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1007/s12603-010-0066-1
https://doi.org/10.1038/mp.2016.251
https://doi.org/10.1038/mp.2016.251
https://doi.org/10.1111/j.1471-4159.2008.05606.x
https://doi.org/10.1111/j.1471-4159.2008.05606.x
https://doi.org/10.3389/fnins.2020.00713
https://doi.org/10.1073/pnas.93.1.452
https://doi.org/10.1073/pnas.93.1.452
https://doi.org/10.2174/1567205015666180123122637
https://doi.org/10.1016/j.dadm.2015.04.001
https://doi.org/10.1016/j.dadm.2015.04.001
https://doi.org/10.1016/J.NEUROBIOLAGING.2013.01.006
https://doi.org/10.1016/J.NEUROBIOLAGING.2013.01.006
https://doi.org/10.1007/bf00314080
https://doi.org/10.1007/bf00314080
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


PERSPECTIVE
published: 31 July 2020

doi: 10.3389/fneur.2020.00679

Frontiers in Neurology | www.frontiersin.org 1 July 2020 | Volume 11 | Article 679

Edited by:

Christine Nguyen,

The University of Melbourne, Australia

Reviewed by:

Mark Paine,

Royal Brisbane and Women’s

Hospital, Australia

Michael S. Vaphiades,

University of Alabama at Birmingham,

United States

*Correspondence:

Heather E. Moss

hemoss@stanford.edu

Specialty section:

This article was submitted to

Neuro-Ophthalmology,

a section of the journal

Frontiers in Neurology

Received: 13 February 2020

Accepted: 05 June 2020

Published: 31 July 2020

Citation:

Liu Y, Pelak VS, van Stavern G and

Moss HE (2020) Higher Cortical

Dysfunction Presenting as Visual

Symptoms in Neurodegenerative

Diseases. Front. Neurol. 11:679.

doi: 10.3389/fneur.2020.00679

Higher Cortical Dysfunction
Presenting as Visual Symptoms in
Neurodegenerative Diseases

Yin Liu 1,2, Victoria S. Pelak 3, Gregory van Stavern 4 and Heather E. Moss 1,5*

1Department of Ophthalmology, Stanford University, Palo Alto, CA, United States, 2Department of Ophthalmology and Vision

Science, UC Davis Eye Center, University of California, Davis, Sacramento, CA, United States, 3Departments of Neurology

and Ophthalmology, University of Colorado, UCHealth Sue Anschutz-Rodgers Eye Center, Aurora, CO, United States,
4Department of Ophthalmology, Washington University, St. Louis, MO, United States, 5Department of Neurology and

Neurological Sciences, Stanford University, Palo Alto, CA, United States

Introduction: As the population ages, increasing prevalence of neurodegenerative

diseases will have profound implications for the health care system. Recognizing visual

symptoms from neurodegenerative diseases can be challenging, especially in the

presence of co-existing eye diseases.

Methods: A seven-question survey was completed by attendees at the

“neurodegenerative diseases in neuro-ophthalmology” symposium during the 2017

North American Neuro-ophthalmology Society annual meeting using a web-based

audience response system. Content included demographics, patient prevalence, and

perceived barriers.

Results: Fifty-five practicing neuro-ophthalmologists (thirty-three

ophthalmology-trained, twenty-two neurology-trained) participated in the survey.

Twenty (36%) had <5 years of experience, and 19 (32%) had >15 years of experience.

Forty-one (75%) reported seeing patients more than five half-day/week. Thirty (55%)

reported that at least 1 of 10 or 1 of 20 new patients referred have a prior diagnosis of a

neurodegenerative disease. Twenty-one (40%) of the respondents reported attributing

visual complaints to higher order effects in at least 25% of patients with a prior diagnosis

of neurodegenerative disease vs. five (9%) without a prior diagnosis. For those diagnosed

with neurodegenerative disease by the neuro-ophthalmologist, reasons for referral were

unknown cause of visual symptom (56%), to confirm diagnosis and/or treat visual

complaint due to neurodegeneration (29%), and functional disorder (5%). Perceived

barriers to diagnosing visual dysfunction due to neurodegenerative disease included

difficulty making a referral to neuropsychologists or behavioral neurologists (73%), lack

of time for in-depth assessment (62%), lack of tools to assess visual dysfunction due to

neurodegenerative disease (40%), and lack of knowledge about presenting signs and

symptoms (31%).
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Conclusion: Visual symptoms from neurodegenerative disease in patients with

and without prior diagnoses of neurodegenerative disease are evaluated by

neuro-ophthalmologists. Lack of time, resources, and knowledge are barriers to

diagnosis. A larger study is warranted to guide programs to improve diagnosis of visual

consequences of neurodegenerative disease.

Keywords: higher cortical dysfunction, visual symptoms, neurodegenerative diseases, Alzheimer’s disease (AD),

posterior cortical atrophy (PCA)

INTRODUCTION

As the population ages, the increasing prevalence of age-related
neurodegenerative diseases will have profound implications
for health care systems (1). More than 5.5 million people
in the United States have Alzheimer’s disease and over
1 million have Parkinson’s disease (2). Globally, there are
almost 46 million people living with dementia. This number
is expected to rise to 131.5 million by 2050 (3). WHO
Global Burden of disease data shows that dementia is the
second largest contributor for total number of years living
with disability in people aged 60 years or older at 13.5%
comparing to heart disease (4.0%), stroke (4.4%), and cancer
(2.2%) (4).

Visual symptoms can present as early signs of
neurodegenerative disease and, therefore, are relevant to
both diagnosis of neurodegenerative disease and symptom
management. For example, posterior cortical atrophy (PCA) is
a neurodegenerative syndrome with prominent cortical visual
dysfunction with early relative sparing of memory and other
cognitive domains that is most commonly associated with
Alzheimer’s disease (AD) pathology (5).

In this issue, Olds et al. describe the largest retrospective
dataset regarding symptoms and signs in patients with PCA
presenting to neuro-ophthalmology (6). Data were collected
using a retrospective chart review to characterize each patient’s
history, examination, evaluation, and treatment. Data were
also compared to previously published PCA cohorts and on
previously published expert opinion regarding the presentation
of PCA by cognitive specialists. From a total of 38 patients
from 11 institutions and community practices, the PCA cohort
presenting to neuro-ophthalmologists had an older age of
presentation (68 years) and more likely to be female (3:1) and
report difficulty reading (91%) at presentation compared to
published data and surveys. Furthermore, poor performance on
color vision testing (88%), stereopsis (86%), and visual field
testing (89%) were the most common findings on examination
and are less likely to be assessed by the cognitive specialist. The
results of this survey highlight the importance of considering
PCA in older adults who report difficulty reading, have
apparent color vision defect on testing, decreased stereopsis,
and a visual field defect without explanation. In addition,
this study emphasizes the increasingly important role of the
neuro-ophthalmologist in the assessment of visual function in
neurodegenerative diseases.

SURVEY OF

NEURO-OPHTHALMOLOGISTS

REGARDING NEURODEGENERATIVE

DISEASE IN THEIR PRACTICE

To further understand the landscape and challenges faced
by neuro-ophthalmologists consulting on patients with
neurodegenerative disorders, we conducted a survey among
the attendees at the “Neurodegenerative Diseases and Neuro-
ophthalmology” symposium during the 2018 North American
Neuro-Ophthalmology Society annual meeting. Conferences
i/o web-based audience response system was used to conduct
the survey. All participants agreed to anonymous extraction of
their survey responses for this project. This study was approved
by the Institutional Review Board of Stanford University. The
seven-question survey included provider demographics, patient
prevalence, and perceived barriers.

A total of 69 attendees participated in the survey. Among
them, 55 were practicing neuro-ophthalmologists and 14 were
non-neuro-ophthalmologists or trainees. Responses from 55

practicing neuro-ophthalmologists (33 ophthalmology-trained,
22 neurology-trained) were analyzed (Table 1). Twenty (36%)
had <5 years of experience, and 19 (32%) had >15 years of

experience. Forty-one (75%) reported seeing patients more than
five half days per week.

Thirty (55%) of the respondents reported that at least 5–

10% of new patients referred to them had a prior diagnosis
of a neurodegenerative disease, suggesting that these patients
are not uncommon in neuro-ophthalmic practice. Twenty-one

(40%) reported attributing visual complaints to higher order
effects in more than 25% of patients with a prior diagnosis of

neurodegenerative disease. The extrapolated prevalence of higher
order visual dysfunction with pre-existing neurodegenerative
disorder was 302–6,314/100,000, which would be ∼1/3–1/2
of all patients with Alzheimer’s disease (10,000 per 100,000)
if all patients with neurodegenerative disease were to harbor

AD. This is similar to the prevalence reported in a very large
AD Neuroimaging Initiative Dataset, where Woodward et al.
(7) reported cognitive testing with visuospatial worse than
memory by >2 SD in 35% mild cognitive impairment and 50%
of AD patients. Our survey data is striking with regards to
the prevalence of non-neurodegenerative disease related visual
symptoms that reaches >90%, many of which might have proven
treatment strategies.
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TABLE 1 | Summary of survey data on visual symptoms in neurodegenerative diseases.

Total n = 55 Neurology trained

n = 22, 40%

Ophthalmology

trained n = 33, 60%

Years in practice

0–5

6–10

11–15

>15

n (%)

20 (38)

8 (15)

7 (13)

18 (34)

3 (15)

6 (75)

3 (43)

8 (44)

17 (85)

2 (25)

4 (57)

10 (56)

Clinical effort (half days/week spent in direct patient care)

1–2

3–4

5–6

7–8

9–10

4 (7)

9 (17)

12 (22)

21 (39)

8 (15)

3 (75)

2 (22)

7 (58)

7 (33)

3 (37)

1 (25)

7 (78)

5 (42)

14 (67)

5 (63)

Frequency of seeing new patients with a prior diagnosis of neurodegenerative disease

1 in every 5–10 patients

1 in every 11–20 patients

1 in every 21–30 patients

1 in every 31 or more patients

5 (9)

25 (46)

13 (24)

11 (21)

3 (60)

14 (56)

3 (23)

1 (9)

2 (40)

11 (44)

10 (77)

10 (91)

Percentage of patients referred for visual complaints and neurodegenerative diseases

diagnosed with higher order visual dysfunction by neuro-ophthalmologists

≤25%

26–50%

51–75%

>75%

33 (61)

13 (24)

5 (9)

3 (6)

13 (39)

5 (38)

2 (40)

2 (67)

20 (61)

8 (62)

3 (60)

1 (33)

Frequency of suspicion for neurodegenerative diseases as the cause for visual complaints in

patients without a prior diagnosis of neurodegenerative disease

1 in every 5–10 patients

1 in every 11–20 patients

1 in every 21–30 patients

1 in every 31 or more patients

5 (9)

5 (9)

14 (26)

29 (55)

2 (40)

3 (60)

6 (43)

10 (34)

3 (60)

2 (40)

8 (57)

19 (66)

For patients diagnosed with neurodegenerative disease by a neuro-ophthalmologist, the most

common reasons for referral were

Could not find other causes

No other appropriate providers

For formal diagnosis and treatment

Evaluate for functional disorders

Other

31 (57)

1 (2)

16 (30)

3 (6)

3 (6)

13 (42)

0 (0)

7 (44)

1 (33)

1 (33)

18 (58)

1 (100)

9 (56)

2 (67)

2 (67)

Barriers to diagnosing visual dysfunction due to neurodegenerative disease

Difficulty referring to neuropsychologists

Lack of knowledge

Lack of time in clinic

Lack of tools

Other

20 (20)

17 (17)

31 (32)

25 (26)

5 (5)

5 (25)

1 (6)

12 (39)

7 (28)

4 (80)

15 (75)

16 (94)

19 (61)

18 (72)

1 (20)

For new patients without a prior diagnosis of
neurodegenerative disease, 10 (19%) respondents reported
attributing visual complaints to undiagnosed neurodegenerative
disease in more than 5% of patients. For these patients diagnosed
with neurodegenerative disease by the neuro-ophthalmologist,
reasons for referral included unknown cause of visual symptom
(56%), to confirm diagnosis and/or treat visual complaint
due to neurodegeneration (29%), and functional neurological
symptom disorder (5%). These data reinforce the important
role of experts who can distinguish neurodegenerative from
non-neurodegenerative-related visual symptoms.

In our survey, barriers perceived by neuro-ophthalmologists
to diagnosing visual dysfunction due to neurodegenerative
disease were multifactorial and included: (1) difficulty making a
referral to neuropsychologists or behavioral neurologists (73%),

(2) lack of time for in-depth assessment (62%), (3) lack of tools
to assess visual dysfunction due to neurodegenerative disease
(40%), and (4) lack of knowledge about presenting signs and
symptoms (31%). Both neurology-trained and ophthalmology-
trained neuro-ophthalmologists perceived lack of time in clinic
as a common barrier to diagnosing visual dysfunction due to
neurodegenerative disease. More ophthalmology trained neuro-
ophthalmologists identified lack of knowledge, difficulty referring
to neuropsychologist, and lack of tools in clinic as barriers than
neurology-trained neuro-ophthalmologists.

DISCUSSION

Recognizing visual symptoms from neurodegenerative diseases
can be challenging, especially in the presence of co-existent
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eye conditions. Though our survey is limited by selection
bias of those who chose to attend a “Neurogenerative
Diseases and Neuro-ophthalmology Symposium” and those
who agreed to participate, the data collected highlight the
role neuro-ophthalmologists are playing in distinguishing
visual symptoms from neuro-degenerative and non-
neurodegenerative causes for the purposes of diagnosis and
treatment as the population continues to age. They also
highlight need for education of referring providers and neuro-
ophthalmologists to optimize diagnosis and care. Evaluation of
visual function in patients with neurodegenerative disorders
can be challenging, but familiarity with the type of visual
dysfunction most commonly associated with each disorder
will allow for identification, focused assessment, and treatment
when possible.

Though currently no disease-modifying treatment exists for

most neurodegenerative diseases that lead to dementia, early
diagnosis, and prompt intervention for visual dysfunction, be
they related to neurodegenerative disease or not, can improve
quality of life. The data published by Olds et al. regarding
the presentation of Posterior Cortical Atrophy syndrome
to neuro-ophthalmologists (6) and our survey of neuro-
ophthalmology practice trends related to neurodegenerative

disease raise important points regarding how assessment
and care might be improved for these patients, as neuro-
ophthalmologists are frequently positioned to be the
definitive diagnostician for patients presenting with higher
order visual dysfunction. A larger study is warranted to
further characterize barriers to diagnosis and treatment and
develop interventions to decrease the obstacles associated
with diagnosis and care, in order to guide patient and
caregiver education and support, advocacy, and informed
policy making.
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Intrinsically photosensitive melanopsin retinal ganglion cells (mRGCs) are crucial for non-
image forming functions of the eye, including the photoentrainment of circadian rhythms
and the regulation of the pupillary light reflex (PLR). Chromatic pupillometry, using light
stimuli at different wavelengths, makes possible the isolation of the contribution of rods,
cones, and mRGCs to the PLR. In particular, post-illumination pupil response (PIPR)
is the most reliable pupil metric of mRGC function. We have previously described,
in post-mortem investigations of AD retinas, a loss of mRGCs, and in the remaining
mRGCs, we demonstrated extensive morphological abnormalities. We noted dendrite
varicosities, patchy distribution of melanopsin, and reduced dendrite arborization. In
this study, we evaluated, with chromatic pupillometry, the PLR in a cohort of mild-
moderate AD patients compared to controls. AD and controls also underwent an
extensive ophthalmological evaluation. In our AD cohort, PIPR did not significantly differ
from controls, even though we observed a higher variability in the AD group and 5/26
showed PIPR values outside the 2 SD from the control mean values. Moreover, we found
a significant difference between AD and controls in terms of rod-mediated transient
PLR amplitude. These results suggest that in the early stage of AD there are PLR
abnormalities that may reflect a pathology affecting mRGC dendrites before involving
the mRGC cell body. Further studies, including AD cases with more severe and longer
disease duration, are needed to further explore this hypothesis.

Keywords: chromatic pupillometry, Alzheimer’s disease, melanopsin retinal ganglion cells, pupillary light reflex,
post-illumination pupil response, pupil

INTRODUCTION

Melanopsin retinal ganglion cells (mRGCs) are intrinsically photosensitive RGCs because of the
expression of the photopigment melanopsin (Berson et al., 2002; Hannibal et al., 2002; Hattar
et al., 2002). These cells contribute to non-image forming functions of the eye including circadian
photoentrainment [projecting via the retino-hypothalamic tract (RHT) to the suprachiasmatic
nucleus (SCN) of the hypothalamus] and regulation of the pupillary light reflex (PLR) [via
projections to the olivary pretectal nucleus (OPN)] (Sadun et al., 1984; Hannibal et al., 2004, 2014;
Baver et al., 2008; Chen et al., 2011; Li and Schmidt, 2018).
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Neurodegenerative disorders, including Alzheimer’s
disease (AD), are characterized by prominent circadian and
sleep dysfunction even in the early phase of the disease
(Uddin et al., 2020). Melanopsin retinal ganglion cell loss
demonstrated in post-mortem AD retinas may contribute to
the circadian and sleep problems documented in these patients
(La Morgia et al., 2016, 2017).

Amyloid plaques have been detected in AD retinas (Koronyo
et al., 2017) and amyloid pathology can also affect mRGCs,
suggesting a specific mechanism of neurodegeneration
independent from the aging process (La Morgia et al., 2016).
Moreover, extensive morphological abnormalities with dendrite
varicosities, patchy distribution of melanopsin, and reduced
dendrite arborization were noted in remaining mRGCs of AD
retinas (La Morgia et al., 2016).

The function of mRGCs is, however, difficult to explore in vivo,
since these cells represent a small subgroup (about 1%) of the
regular RGCs, and also mRGCs receive some input from rods and
cones (Hannibal et al., 2017). Chromatic pupillometry protocols
have been developed to isolate the contribution of mRGCs to the
PLR and to assess in vivo the function of mRGCs (Kardon et al.,
2011; Park et al., 2011; La Morgia et al., 2018). These protocols
are based on light stimuli at different wavelengths and with
light adaptation conditions aimed at isolating the contribution
of single photoreceptors, taking into account that mRGCs are
maximally sensitive to blue light at 480 nm (Berson et al., 2002).
It has been shown that the post-illumination pupil response
(PIPR) is the most reliable pupil metric of mRGC function
(Adhikari et al., 2015b).

Previous studies investigated the presence of pupil
abnormalities in AD patients but they used different visual
stimuli, heterogeneous protocols, and results were not consistent
(Chougule et al., 2019). Pre-symptomatic cases (Oh et al., 2019;
Van Stavern et al., 2019) and, recently, early AD cases (Kawasaki
et al., 2020) were evaluated with chromatic pupillometry to
isolate the mRGC contribution.

The present study was designed to evaluate the PLR, and
in particular the mRGC-mediated contribution, in AD. We
here report chromatic pupillometry findings using a previously
published protocol (Park et al., 2017) in a cohort of 26 mild-
moderate AD patients and 26 controls for which a detailed
neuro-ophthalmological evaluation has been performed.

METHODS

Study Participants
This is a cross-sectional study and follows the STROBE
guidelines (von Elm et al., 2007). We included AD patients and
healthy controls, evaluated between June 2017 and February
2020 at the IRCCS Institute of Neurological Sciences of
Bologna. All subjects gave written informed consent for the
prospective collection of clinical data, data analyses, and
publication. The study was conducted in agreement with the
Declaration of Helsinki and approved by the local ethical
committee (EC Interaziendale Bologna-Imola #16032) and
within the framework of the research project supported by

the Italian Ministry of Health, GR-2013-02358026 to CLM.
We included patients with a diagnosis of AD according to
Dubois criteria (Dubois et al., 2014) and National Institute
of Neurological and Communication Disorders–Alzheimer’s
Disease and Related Disorders Association criteria (NINCDS-
ADRDA) (McKhann et al., 1984) at mild–moderate stage [Mini-
Mental State Examination (MMSE) score between 11 and 26]
(Folstein et al., 1975).

The absence of cognitive dysfunction was ascertained in
the control group.

Exclusion criteria for both control and AD groups were:
spherical or cylindrical refractive errors more than 3 or 2 diopters,
respectively; presence of posterior pole pathology including age-
related macular degeneration and known optic neuropathies
(including open-angle glaucoma); ocular pressure more than
20 mmHg; severe lens opacity and/or retinal detachment and/or
vascular retinal pathology (including diabetic retinopathy);
history of ophthalmologic surgery, except for uncomplicated
cataract surgery, performed at least 6 months previously; shift-
workers in the last year; travels through more than one time zone
during the last 3 months.

All study participants completed self-administered
questionnaires including Epworth Sleepiness Scale (ESS),
Pittsburgh Sleep Quality Index (PSQI), Berlin questionnaire,
and Beck Anxiety (BAI) and Depression Inventory (BDI)
(Beck et al., 1961, 1988) to evaluate the possible occurrence
of sleep disturbances. For the control group, exclusion criteria
included also the presence of the following abnormal scores at
sleep and mood questionnaires: excessive daytime sleepiness
as assessed by the ESS (Vignatelli et al., 2003); presence of
sleep disturbances as determined by the PSQI (Buysse et al.,
1989); abnormal scores on the BAI (Beck et al., 1988) and BDI
(Beck et al., 1961) tests.

All subjects underwent an extensive neuro-ophthalmological
evaluation including visual acuity testing, tonometry, fundus
examination, Ishihara color vision test, and OCT examination.
OCT examination was performed using SS (Swept-Source)-
OCT with the deep range imaging (DRI) Triton OCT
(Topcon, Japan) using the 3DWide 12 × 9 mm scan protocol
including segmentation analysis. We evaluated the average
and 4 individual quadrants (temporal, superior, nasal, and
inferior) peripapillary Retinal Nerve Fiber Layer (pRNFL)
thickness, and the average and 6 individual macular sectors
(superotemporal, superior, superonasal, inferonasal, inferior, and
inferotemporal) Ganglion Cell-Inner Plexiform Layer thickness
(GCL + defined as the thickness from the inner boundary of
the GCL to the outer boundary of the inner plexiform layer
[IPL]). OCT scans were acquired by the same experienced
operator (MC) and poor-quality images (quality index less than
60), segmentation or centered errors, presence of any optic
disk abnormalities potentially interfering with the goodness
of OCT examination (presence of dysmorphic or tilted optic
disk) were rejected from OCT data analysis. Moreover, AD
patients performed neuropsychological evaluation and the
MMSE corrected (MMSEc score) was obtained for all of
them. We also collected all the clinical information available,
including concomitant medications potentially impacting on
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pupil function (Chougule et al., 2019; Kelbsch et al., 2019), for
both controls and AD patients.

Chromatic Pupillometric Protocol
Apparatus, Stimuli, and Procedures
A Ganzfeld ColorDome full-field stimulator (Espion V6,
ColorDome Desktop Ganzfeld; Diagnosys LLC, Lowell, MA,
United States) was used for the chromatic pupillometry test.
Participants were dark-adapted for 10 min prior to start of the
test. With the exclusion of patients for which only one eye
was eligible for the study, we tested the dominant eye, and the
contralateral eye was patched for monocular testing (65% of the
tested eyes were right eyes). Colored light stimuli were presented
to the tested eye and the pupil responses were recorded from the
same eye using the Ganzfeld system equipped with an integrated
pupillometer. The complete pupillometric protocol for isolating
the rod-, mRGC-, and cone-contribution is described in details
elsewhere (Park et al., 2011). For this study we considered the
following conditions, as previously reported (Park et al., 2017):

1. Rod-condition: low luminance (0.001 cd/m2) blue flash
presented in the dark;

2. Melanopsin-condition: photopically-matched red and blue
stimuli (450 cd/m2) presented in the dark;

3. Cone-condition: red flash (10 cd/m2) presented against the
rod-suppressing blue adapting field (6 cd/m2).

Stimuli consisted of short wavelength (blue, dominant
wavelength of 460–485 nm; mid = 472 nm) and long wavelength
(red, dominant wavelength of 620–645 nm; mid = 632 nm)
light-flashes of 1 s duration. The integrated pupillometer system
measured the pupil diameter at a 100 Hz sampling frequency.
The interstimulus interval (ISI) was 20 s for the rod- and
cone-conditions (for both red and blue stimuli), while for
the melanopsin-condition ISI was 30 s for red stimulus and
70 s for the blue one. All recordings were completed in the
same order with the red stimulus followed by the blue. For
all three conditions, each stimulus was presented three times
consecutively and the individual responses were obtained by
their average recording. Participants were instructed to keep
their eyes open during the duration of the light stimuli as well
as following the stimuli. Participants who blinked frequently
during the recordings were given another opportunity to repeat
the measurements. Pupil traces with excessive artifacts due to
long eye blinks or eye closure were excluded from subsequent
pupillometric data analysis.

Data Analysis
Data were analyzed using custom scripts programmed in
MATLAB (MathWorks Inc., Natick, MA, United States), which
allowed for semi-automated analysis. PLR was normalized by
the median steady-state (baseline) pupil size during the 2 s
preceding each stimulus onset in order to minimize the effects
of inter-subject differences in the baseline pupil size.

The following pupillometric parameters were calculated:

I. Transient PLR amplitude (or Transient Peak Amplitude)
was defined as the difference between the normalized

baseline and the minimum normalized PLR after stimulus
onset (pupil maximum constriction);

II. For the melanopsin-condition, the PIPR was used for
evaluating the mRGC sustained response. PIPR parameter
was defined as the difference between the normalized
baseline and the median normalized PLR measured over
a 5 to 7 s time interval from stimulus offset. In particular,
we evaluated PIPR from the blue and the red photopically-
matched stimuli, and also the difference between the
blue PIPR and the red one (PIPRNormalized = PIPRBlue -
PIPRRed).

Statistical Analysis
The Shapiro-Wilk and Kolmogorov–Smirnov tests were
performed to assess the normal distribution and graphic
inspection of the data. Chi-square and independent-t tests
were used to compare variables among groups. For continuous
variables (pupillometric parameters), z-scores (standard scores)
were also calculated. Levene’s test was used to assess the equality
of variances for mRGC sustained response for control and
AD groups. Comparisons between groups for all pupillometric
variables, measured under rod-, melanopsin-, and cone-mediated
conditions, were computed by means of analysis of covariance
(ANCOVA) with age as the covariate. Moreover, the p-value for
interaction age × group was computed from the log-likelihood
ratio test comparing ANCOVA models with and without the
interaction term, and stratified β coefficients (95% Confidence
Interval, 95% CI) for the variables turning out to be effect
modifiers (p-value for interaction < 0.15) were presented.

For OCT data, we followed “one-eye” approach by evaluating
the eye tested by chromatic pupillometry. Pearson correlation
coefficients were used to measure the degree of association
between pupillometric parameters and clinical data (OCT
measures, MMSEc score, and disease duration) in control and
Alzheimer’s groups. Statistical analyses were performed using
SPSS (SPSS Inc., IBM, Chicago, IL, United States) and Stata SE
(StataCorp, College Station, TX, United States) softwares.

RESULTS

This study included 26 mild-moderate AD patients from 52 to
88 years of age (69.3 ± 7 years) and 26 healthy participants
(controls) from 58 to 82 years of age (70.2 ± 11 years). The
demographic and clinical data of the two groups are shown in
Table 1. Controls and AD patients did not significantly differ in
terms of age and gender (gender, p = 0.58; age, p = 0.75).

Raw pupil traces from two controls showed excessive blink
artifacts under the rod- (blue flash) and melanopsin- (blue flash)
conditions and were removed from data analysis. Further, four
control and six AD pupil traces under the cone-condition showed
too many artifacts, were not reliable, and thus were removed
from data analysis.

The single normalized pupil traces (PLR curves) under all
conditions are shown in Figure 1. For the rod- (Figures 1A,B)
and cone- (Figures 1G,H) conditions, the PLR is characterized
by a rapid transient constriction followed by a relatively rapid
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TABLE 1 | Sociodemographic data.

Controls Alzheimer’s p-value

N 26 (50%) 26 (50%)

Gender

Male 11 (42.3%) 14 (53.8%) 0.58

Female 15 (57.7%) 12 (46.2%)

Age | Age-class 69.3 ± 7 70.2 ± 11 0.75 | 0.16

50–59 years 3 (11.5%) 6 (23.1%)

60–69 years 10 (38.5%) 4 (15.4%)

70–79 years 10 (38.5%) 9 (34.6%)

80–89 years 3 (11.5%) 7 (26.9%)

MMSEc / 20.7 ± 4 /

(17.5–24.8)

Disease duration / 3.8 ± 2.9 /

(2–4.2)

Values are given as n (%) or mean ± standard deviation (interquartile range, Q1–
Q3). MMSEc, Mini Mental State Examination corrected score. Chi-square test was
performed with categorical variables and independent-t test was performed with
continuous variables.

return to the baseline both in controls (Figures 1A,G) and in AD
(Figures 1B,H).

Under the melanopsin-condition (blue flash), in both controls
(Figure 1C) and AD (Figure 1D), the PLR is characterized
by an initial transient constriction followed by a sustained
constriction (PIPR) during the 5–7 s time interval from
light-stimulus offset. Melanopsin-mediated sustained response
is more variable in the AD group (Figure 1D) compared
to the control group (Figure 1C). In fact, the estimated
population variances of the PIPR at 5-s from stimulus offset
of the two groups were statistically different (Levene’s test:
SD control = 0.03, SD AD = 0.06; p = 0.018) and, in
particular, the variability in the AD group resulted significantly
greater. Moreover, five AD patients showed a PIPR lower
more than 2 SD from the control mean value. Under the
melanopsin-condition (red flash), in both controls (Figure 1E)
and AD (Figure 1F), the elicited PLR is characterized
by an initial transient constriction, followed by a smaller
sustained response with a reduced amplitude in the AD group
compared to controls.

The individual pupillometric parameters for controls and
AD for the three conditions are provided in Figure 2. There
was no difference between AD and control groups in terms of
baseline normalized pupil size under any of the three conditions
(Figures 2A,C,G and Supplementary Table 1). PLR transient
amplitude (Figures 2B,E,F and Supplementary Table 1) was
significantly decreased under rod- (p = 0.006) and melanopsin-
(blue flash, p = 0.02; red flash, p = 0.006) conditions in AD
compared to controls. PIPRBlue in the melanopsin-condition was
not significantly different between AD and controls (Figure 2D
and Supplementary Table 1). PLR transient amplitude was not
significantly different between AD and controls under the cone-
condition (Figure 2H and Supplementary Table 1).

Figure 3 shows the mean normalized pupil traces of
rod- (Figure 3A), melanopsin- (Figure 3B), and cone-
(Figure 3C) conditions for each subject group. We failed to

observe any difference in terms of PIPRBlue and PIPRNormalized
(Supplementary Table 1) between AD and controls.

To check the extent to which the control- and AD-regression
lines of each pupillometric parameters with age deviate from
parallel, the likelihood-ratio test was used (Supplementary
Tables 2, 3 and Supplementary Figure 1). Likelihood-ratio
test showed the existence of interaction age × group for
melanopsin-mediated PIPRBlue (Alzheimer’s group: β = -0.0042;
95% CI = -0.0073–0.0011; r = -0.5) and transient peak
amplitude (Alzheimer’s group, blue flash: β = -0.0034; 95%
CI = -0.0055–0.0014; r = -0.59; red flash: β = -0.0021; 95%
CI = -0.0039–0.0003; r = -0.44) parameters with a significant
correlation only in AD (Supplementary Tables 2, 3 and
Supplementary Figures 1B,D,F).

Furthermore, Pearson’s correlation analysis was used to
determine if there was a relationship between the calculated
pupillometric parameters and OCT measures, MMSEc score,
and disease duration (the latter two only for AD). There was
no significant correlation between pupillometric parameters
and OCT measurements, neither with MMSEc score and
disease duration for AD patients. Mean comparisons of OCT
measurements for all RNFL quadrants (temporal, superior, nasal,
and inferior) and macular GCL + sectors (superotemporal,
superior, superonasal, inferonasal, inferior, and inferotemporal)
did not show significant differences between AD and controls
(data not shown).

We also retrieved information regarding oral medications
that could potentially interfere with pupillary responses,
i.e., cholinesterase inhibitors for AD and beta-blockers
for controls. Only a few controls (n = 4, 15.5%) were
on beta-blockers (atenolol/metaprolol/bisoprolol), while
16 AD (61.5%) were on cholinesterase inhibitors drugs
(donepezil/rivastigmine/galantamine). In controls, there were
no differences in terms of pupillometric parameters between
subjects taking beta-blockers and those not taking them (data
not shown). No significant differences among AD subgroups
(cholinergic-treated and cholinergic-untreated) for any PLR
parameters were found (data not shown).

DISCUSSION

In this paper, we evaluated for the first time, using chromatic
pupillometry, aimed at isolating the mRGC contribution (Park
et al., 2017), the PLR in a cohort of 26 definite mild-moderate
AD patients compared to a group of age- and gender-matched
controls. In particular, to specifically target mRGC function, we
evaluated the PIPR amplitude using intense (450 cd/m2) blue
(472 nm) light stimuli. The PIPR, which is the most reliable
marker of mRGC-mediated PLR, was not significantly different
between AD and controls, but we found a significant difference
in terms of transient PLR amplitude between AD and controls
under dark-adaption. Concerning the PIPR, even though the
difference between AD and controls was not significantly
different, the AD group showed higher variability with five
individuals having a PIPRBlue amplitude value outside the 2
SD range from the control mean. Such variability in terms of
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FIGURE 1 | Single and mean pupillometric waveforms for the rod, melanopsin, and cone conditions in controls and AD. Pupillometric traces obtained under the rod
(A,B), melanopsin (C,D, blue and E,F, red), and cone (G,H) conditions of the chromatic pupillometric protocol. Light blue (A–D) and red (E–H) traces represent
single individuals, while black traces (A–H) represent the mean waveforms for each group (A,C,E,G for the control group; B,D,F,H for Alzheimer’s group). The vertical
dotted lines indicate the time interval (5–7 s from stimulus offset) in which the melanopsin-mediated (sustained) amplitude (PIPR, Post-Illumination Pupil Response,
450 cd/m2) was measured. The light stimulus onset and offset are represented by the gray boxes along the x-axes.

disease severity has been already reported in terms of circadian
measurements and optic nerve pathology (La Morgia et al., 2016)
and might depend on the severity as well as on disease duration
(Hatfield et al., 2004). In this study we included AD patients
in a mild-moderate stage of the disease and disease severity
and duration were on average lower than previously published
cohorts (La Morgia et al., 2016). In rodents, six different mRGC
subtypes were characterized, and PLR was mainly regulated by
the Brn3b-positive M1 and non-M1 subtypes (Chen et al., 2011;
Li and Schmidt, 2018). In humans, Hannibal and colleagues also
identified six subtypes of mRGCs (M1, M2, M3, M4, giant M1,
and giant displaced M1), unevenly distributed across the human
retina and with distinct anatomical characteristics (Hannibal
et al., 2017). We previously demonstrated in post-mortem AD
retinas that mRGCs are lost in AD and amyloid pathology

specifically affects these cells (La Morgia et al., 2016). However,
it is not known whether in AD the neurodegenerative process
affects a specific mRGC subtype, and in particular those mRGC
contributing to the PLR.

Interestingly, we found a significant difference in terms
of transient peak amplitude both under the rod-condition,
using the short duration, narrowband pulse, and low intensity
(0.001 cd/m2) blue light stimulus, and under the melanopsin-
condition, but not in the cone-condition, overall pointing to
a prominent rod-mediated response (McDougal and Gamlin,
2010; Kostic et al., 2016; Krishnan et al., 2020). Considering that
mRGCs receive synaptic input from rods and cones through
bipolar cells and a direct contact of rod bipolar cells via
ribbon synapses in the ON layer of the IPL with mRGCs has
been demonstrated in human retinas (Hannibal et al., 2017),
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FIGURE 2 | Pupillometric parameters for controls and AD. Panels show scatterplots with horizontal solid line represents the mean and error bars representing
standard deviations for each group. (A,B) Show the results for the Rod-condition; (C–F) Show the results for the Melanopsin-condition [(C–E) 450 cd/m2,
472 nm-blue; (F) 450 cd/m2, 632 nm-red]; (G,H) Show the results for the Cone-condition. (A,C,G) Show normalized pupil size at baseline. (B,E,F,H) Show
normalized transient peak amplitude. (D) Show normalized melanopsin-mediated Post-Illumination Pupil Response (PIPRBlue). Peak amplitude (transient peak
amplitude) was defined as the difference between the normalized baseline pupil size and the median normalized PLR at the point of maximum pupillary constriction
after stimulus onset. PIPR was defined as the difference between the normalized baseline pupil size and the median normalized PLR measured over a 5 to 7 s time
interval from stimulus offset. Significant different between controls and AD patients are indicated by an asterix symbol above the groups. *p < 0.05; **p < 0.01.

this difference between AD and controls could suggest that in
the early stages of the disease there is no obvious cell body
dysfunction but possibly a dendropathy. This suggestion is
based on the presence of mRGC dendrite pathology, previously
reported in AD, with extensive morphological abnormalities
in the spared mRGCs showing dendrite varicosities, patchy
distribution of melanopsin, and reduced dendrite arborization
(La Morgia et al., 2016). Dendritic degeneration has been
also documented in RGCs of AD mouse model (Williams
et al., 2013), and there are other disease models such as
OPA1-related optic atrophy in which dendrites are the primary
site of pathology (Williams et al., 2010). The different mRGC
subtypes are distinctively connected to rods and cones and
specifically modulated by various light conditions (Weng
et al., 2013). Furthermore, the presence of a contact from
amacrine cells and directly from rod bipolar cells via ribbon
synapses on M1, M2, and M4 soma membrane and dendrites
has been demonstrated in human retinas (Hannibal et al.,
2017). The significantly reduced transient peak amplitude in
conditions exploring the rod-contribution may thus suggest

an altered contact between rods and mRGCs. It is possible
to hypothesize that the rod response depends more on the
distal dendrites, and consequently that the subsequent reduced
dendritic arborization might interfere with the rod input out
of proportion to the cones. However, we cannot exclude that
the rod-mediated mRGC dysfunction in AD can be due to
pathology specifically affecting rod-bipolar cells while possibly
sparing cone-bipolar cells.

In summary, pathology often provokes compensation. This
is particularly true with the central nervous system, which has
many gain control circuits in place (Ostergaard et al., 2007; Do,
2019). Therefore, if disease, injury, or aging causes a reduction
of units, there are many means for restoring the overall average
mass effect. However, with coarser granularity, there is increased
variability (Mendell, 2014). In this case, fewer mRGCs or even
fewer dendritic circuits give less granularity in the system and
a tendency for larger swings in the response. Thus, variability
would precede decompensation into failure.

Baseline pupil size was not significantly different between
AD and controls. It must be considered, however, that 16/26
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FIGURE 3 | Mean pupillometric waveforms obtained under the rod, melanopsin, and cone conditions in controls and AD. (A) Shows PLR measured under the
rod-condition with the short- (blue) wavelength flashes (0.001 cd/m2) presented in the dark, for comparison between control (blue mean trace) and AD (azure mean
traces) groups. (B) Shows PLR measured under the melanopsin-condition, including the two photopically-matched intense long- (red) and short- (blue) wavelength
flashes (450 cd/m2) presented in the dark, for comparison between control (red and blue mean traces) and AD (pink and azure mean traces) groups. The vertical
dotted lines indicate the time interval (5–7 s from stimulus offset) over which the melanopsin-mediated (sustained) amplitude (PIPR) was measured. (C) Shows PLR
measured with the long- (red) wavelength flashes (10 cd/m2) presented against the rod-suppressing blue adapting field (6 cd/m2) for comparison between control
(red mean trace) and AD (pink mean trace) groups.

AD patients were on acetylcholinesterase inhibitor drugs,
and this might have an impact on the baseline pupil size.
A few, small sample studies have reported the effect on the
PLR of commonly used cholinergic AD drugs (Fotiou et al.,
2000; Granholm et al., 2003). In one of these studies the
authors did not find an effect of cholinergic medications

on baseline pupil size, but demonstrated an increase in
pupil constriction latency (Granholm et al., 2003). We
also compared the PLR in AD patients taking and not
taking these drugs and failed to demonstrate significant
differences. Additional studies are needed to conclude a
real effect of cholinergic medications on PLR and to clarify
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if different acetylcholinesterase inhibitors could have a
different impact on PLR.

Previous studies investigated PLR in AD patients
documenting reduced velocity, constriction amplitude, and
increased latencies of PLR. These results were interpreted as
related to the acetylcholine deficiency and parasympathetic
dysfunction in AD (Prettyman et al., 1997; Fotiou et al., 2000,
2007, 2009; Tales et al., 2001; Granholm et al., 2003; Frost S. et al.,
2013; Frost S.M. et al., 2013; Frost et al., 2017; Bittner et al., 2014;
Chougule et al., 2019). Unfortunately, none of these studies were
based on chromatic pupillometry protocol, and these results
were not confirmed by more recent studies, which focused on
early and pre-clinical stages of AD (Chougule et al., 2019). One
chromatic pupillometry study evaluated pre-symptomatic AD
cases (Oh et al., 2019). Oh and co-authors evaluated the PLR
response using a similar pupillometric protocol in a cohort
of 10 pre-symptomatic AD cases, defined on the basis of the
cerebrospinal fluid markers, and they did not demonstrate a
significant difference between pre-symptomatic AD cases and
controls (Oh et al., 2019). However, congruent to the current
findings, higher variability of PLR was documented in the AD
group (Oh et al., 2019). Moreover, in this study the authors
used only the 2.3 log cd/m2 photopically-matched red and blue
stimuli (Oh et al., 2019). Similarly, Van Stavern and co-authors,
using a white light stimulus, did not show any difference between
preclinical AD subjects (defined by CSF markers) and normal
aging controls in any of the PLR parameters examined (Van
Stavern et al., 2019). Very recently, Kawasaki et al. (2020), using
a different chromatic pupillometry protocol under photopic
conditions, failed to demonstrate, similarly to our results, a
significant difference between early AD and controls in terms of
PIPR response.

We also demonstrated a significant correlation of the PIPR
amplitude and transient peak amplitude (melanopsin-condition,
450 cd/m2) with age only in the AD group, which is in line
with previous results pointing to an accelerated aging process
in AD (La Morgia et al., 2016). Data on PLR in relation to
age are not conclusive even though the majority of papers
failed to reveal a significant difference of PLR in relation to the
aging process. However, the controls included in these studies
were younger than 70, and this might explain the absence of
significant impairment of the pupil response (Adhikari et al.,
2015a; Rukmini et al., 2017). Our results are in line with the
observation of mRGC loss with age (Semo et al., 2003; La Morgia
et al., 2016; Esquiva et al., 2017).

We did not find a correlation between pupil metrics and OCT
parameters nor with disease severity or duration. Moreover, we
did not find any significant difference in terms of RNFL and
GCL + thickness between AD and controls. Any effect specific
to mRGC loss would have been swamped by regular RGCs in
these measures. Further, these results can be explained by the
inclusion of milder cases with shorter disease duration. A recent
SS-OCT study evaluating a large cohort of AD cases failed to
demonstrate a significant difference in terms of RNFL between
AD and controls (Sanchez et al., 2018).

Overall, the current chromatic pupillometry findings in a
cohort of mild-moderate AD patients did not demonstrate a clear

mRGC-driven pupil dysfunction but are rather consistent with a
dendropathy in the early stage of the disease, supported by our
previous post-mortem studies of AD retinas. Early pathology,
while still in the range of compensatory mechanisms, often
manifests as variability. Further studies including more severe
and with longer disease duration AD cases are needed to further
explore this hypothesis. Such studies may also clarify whether the
PLR can be used as a tool evaluating the progression of the disease
and eventually the efficacy of therapies in AD.
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Alzheimer’s disease is characterized by the aberrant deposition of protein in the brain
and is the leading cause of dementia worldwide. Increasingly, there have been reports of
the presence of these protein hallmarks in the retina. In this study, we assayed the retina
of 5xFAD mice, a transgenic model of amyloid deposition known to exhibit dementia-like
symptoms with age. Using OCT, we found that the retinal nerve fiber layer was thinner in
5xFAD at 6, 12, and 17 months of age compared with wild-type littermates, but the inner
plexiform layer was thicker at 6 months old. Retinal function showed reduced ganglion
cell responses to light in 5xFAD at 6, 12, and 17 months of age. This functional loss was
observed in the outer retina at 17 months of age but not in younger mice. We showed
using immunohistochemistry and ELISA that soluble and insoluble amyloid was present
in the retina and brain at all ages. In conclusion, we report that amyloid is present in
brain and retina of 5xFAD mice and that the pattern of neuronal dysfunction occurs in
the inner retina at the early ages and progresses to encompass the outer retina with age.
This implies that the inner retina is more sensitive to amyloid changes in early disease
and that the outer retina is also affected with disease progression.

Keywords: retina, Alzheimer’s disease, electroretinography, optical coherence tomography, mouse

INTRODUCTION

Alzheimer’s disease (AD) is the most common cause of dementia worldwide. The disease is
characterized by abnormal processing and clearance of beta-amyloid (Aβ) and tau protein leading
to the formation of Aβ plaques and neurofibrillary tangles in the central nervous system (Hardy and
Higgins, 1992). These neurotoxic proteins have been shown to contribute to multiple pathological
processes involving neuronal inflammation as evidenced by microgliosis and astrocytosis, followed
by oxidative stress, mitochondrial dysfunction, impaired synaptic transmission, and neuronal
apoptosis (Musiek and Holtzman, 2015; Selkoe and Hardy, 2016). Clinically, a range of symptoms
most typically characterized by progressive memory loss and a decline in executive function (Wang
et al., 2017) is observed. A report by the World Health Organization estimates that the average
survival from disease onset is 4.6 years, with a median of 7.1 years (WHO, 2012). Whilst the disease
is formally diagnosed through a histopathological examination post-mortem, Aβ biomarkers such
as positron emission tomography and cerebrospinal fluid assays have been shown to detect the
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disease up to 20 years before clinical onset (Masters et al., 2015).
As these tests are either invasive or difficult to access outside of
research institutions, there has been a move toward developing
more accessible biomarkers.

Anatomically, the sensory retina and neurons of the cortex
have a common developmental origin and share many structural
and functional similarities (Wallace, 2011). This opens the
possibility of using the retina as a biomarker for cortical diseases
such as dementia (Guo et al., 2010; Lim et al., 2016; Nguyen
et al., 2017). Epidemiological surveys suggest that patients with
early stage dementia show changes in the neural retina, such as
thinning of retinal ganglion cell axons in the retinal nerve fiber
layer (Ascaso et al., 2014; Cheung et al., 2015; Ko et al., 2016).
This thinning and the associated inner retinal dysfunction (Katz
et al., 1989; Trick et al., 1989; Parisi et al., 2001) has been shown
to correlate with mini-mental state scores (Ko et al., 2016) in
those with AD. These studies highlight the possibility that AD
pathology might produce a specific pattern of retinal structural
and functional deficits. This has since lead to a rapid increase in
studies searching for viable ocular biomarkers of AD.

Although some studies have been able to detect Aβ in human
AD retinae (La Morgia et al., 2016; Koronyo et al., 2017; Grimaldi
et al., 2019), others have failed to confirm the presence of retinal
plaques (Schon et al., 2012; Ho et al., 2013; Williams et al.,
2017). In murine models of AD that overexpress Aβ in the brain,
studies have also found that Aβ is present in the retinae of a
variety of strains such as the Tg2576 (Dutescu et al., 2009; Liu
et al., 2009; Alexandrov et al., 2011), APP/PS1 (Ning et al., 2008;
Perez et al., 2009; Alexandrov et al., 2011; Gupta et al., 2016),
3xTg (Alexandrov et al., 2011; Grimaldi et al., 2018) TgCRND8
(Buccarello et al., 2017) TgF344 (Tsai et al., 2014), and 5xFAD
(Alexandrov et al., 2011). In APP/PS1 (Ning et al., 2008; Gupta
et al., 2016) and Tg2576 (Dutescu et al., 2009; Liu et al., 2009)
mice, Aβ deposits were found in the inner retina near the output
cells of the eye, the ganglion cells and their dendrites and axons.
Quantitative comparisons in 3xTg mice indicate similar findings
of early inner retinal Aβ-plaque deposition followed by later outer
retinal deposits (Grimaldi et al., 2018). Whether mouse models
of retinal Aβ also exhibit both in vivo structural and functional
correlates remains incompletely investigated.

Human studies indicate a predilection of retinal ganglion cell
related losses in AD patients. This is supported by deposition
of Aβ in inner retinal layers (La Morgia et al., 2016; Koronyo
et al., 2017) as well as losses in pattern electroretinography and
retinal nerve fiber layer (RNFL) thinning with optical coherence
tomography (OCT), reviewed elsewhere (Thomson et al., 2015;
Lim et al., 2016; den Haan et al., 2017; Nguyen et al., 2017;
Chan et al., 2019). Ganglion cell inner plexiform layer (GCIPL)
thinning has also been reported (Chan et al., 2019), however,
early in the disease thickening may also occur in this layer
(Snyder et al., 2016). In contrast, electroretinography (ERG)
assessment in mouse models of Aβ deposition at times show
conflicting results. Some studies indicate for an improvement in
ERG with APP/PS1 (Joly et al., 2017) and 3xTg mice (Chiquita
et al., 2019) whereas others indicate for retinal dysfunction in
APP/PS1 (Perez et al., 2009; Gupta et al., 2016; Georgevsky et al.,
2019). It is possible in the APP/PS1 mice that this may reflect a

difference in ages and ERG parameters assessed, however, some
controversy still remains. OCT changes in transgenic mouse
models indicate for consistent inner retinal thinning, however,
this is preferential [TgCRND8 mice (Buccarello et al., 2017)]
or in parallel to outer retinal changes [APP/PS1 (Georgevsky
et al., 2019), 3xTg mice (Chiquita et al., 2019)]. Importantly
only two studies have investigated both ERG and OCT in a
murine model (Chiquita et al., 2019; Georgevsky et al., 2019).
What is currently lacking is an understanding of the time
course of structural changes and their corresponding function,
particularly in the inner retinal layers, which is more commonly
reported in humans.

The work of Criscuolo et al. (2018) indicates the 5xFAD model
may be a useful one to study vision changes which recapitulate
human AD as functional measures indicate that retinal ganglion
cell derived pattern ERG declines faster than middle/outer retinal
full field ERG responses. We extend this work in 5xFAD mice by
studying whether inner retinal functional changes in these mice
are mirrored by structural changes with increasing age. These
mice have undergone quantitative immunohistochemical (IHC)
analyses and indicate for the presence of both Aβ oligomers and
Aβ plaques in the retinae and brains (Habiba et al., 2020). The
current study extends this by using ELISA with qualitative IHC
to examine the age-related pattern of soluble and insoluble Aβ

and how this reflects on retinal structure and function in the
5xFAD mouse model.

MATERIALS AND METHODS

General Procedures
All procedures were conducted in accordance with the National
Health and Medical Research Council Australian Code of
Practice for the care and use of animals for scientific
purposes. Ethics approval was obtained from the Howard
Florey Institute Animal Experimentation Ethics Committee
(Approval number 13-068-UM). Mice used in this study B6.CgTg
(APPSwFlLon,PSEN1∗M146L∗L286V) 6799Vas/Mmjax, carry
three human APP mutations and two PSEN mutations, hence
termed “5xFAD.” In this model, amyloid expression is driven by
a neuron-specific Thy1 promoter, allowing for the accumulation
of high levels of Aβ42 in the cortex, rapidly recapitulating the
features of AD which include amyloid plaque formation in the
cortex and behavioral changes such as memory impairment
(Oakley et al., 2006). The strain used in this study (MMRRC Stock
34848, Jackson Laboratories, Bar Harbor, ME, United States) are
segregating hemizygous/wildtype for the disease and are bred
on a C57BL/6J background and backcrossed such that they do
not carry the retinal degeneration allele Pde6brd1. Due to the
congenic background of these mice, non-transgenic littermates
(WT) were used as a control (Oakley et al., 2006).

Mice were examined at three ages, namely 6, 12, and 17
months of age. A total of 32 5xFAD and 38 WT mice were
used. Each age group underwent non-invasive assessment of
retinal structure and function on separate occasions. Before
each procedure, animals were weighed and anesthetized with an
intraperitoneal injection of ketamine (80 mg/kg) and xylazine
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(10 mg/kg). The mixture was diluted in sterile injectable saline
(1:10) to aid with hydration and ease of administration (10 µl/g).

Topical anesthesia and pupil mydriasis were achieved with
drops of proxymetacaine 0.5% and tropicamide 0.5% (AlcaineTM

and MydriacylTM, respectively, Alcon Laboratories, Frenchs
Forest, NSW, Australia). Corneal hydration was maintained
with either lubricating eye drops or eye gel (Systane R© or
Genteal R©, Novartis Pharmaceuticals Australia). At the end
of the final experiment, anesthetized animals were culled
by cervical dislocation. Eye and brain tissues were collected
postmortem for assessment.

Electroretinography
Mice were dark adapted overnight prior to ERG recording
(5xFAD, n = 11–15/age; WT, n = 8–12/age). As previously
described (Nguyen et al., 2016; Zhao et al., 2017), experiments
were conducted in a lightproof room with the aid of a dim red
light in order to preserve dark adaptation. Upon induction of
anesthesia and mydriasis, animals were lightly secured to a heated
platform with straps to minimize movement and breathing
artifacts. A custom made chlorided silver active electrode (A&E
Metal Merchants, NSW, Australia) was placed upon the central
cornea, with the inactive placed around the sclera and the
reference electrode (Grass Telefactor, RI, United States) inserted
subcutaneously into the tail, before positioning the Ganzfeld
bowl at eye level. ERGs were elicited using a range of increasing
luminous energies. This range of stimuli allows for the isolation
of ganglion cell (scotopic threshold response, STR), inner retinal
inhibitory circuits (oscillatory potentials, OPs), bipolar cell (P2),
and photoreceptor (P3) response amplitudes and timings. ERG
parameters returned from the analysis include the P3 (RmP3), P2
(Vmax), OP, and pSTR amplitudes, the P3 and P2 sensitivities, in
addition to the OP and pSTR implicit times.

Analysis of the ERG has been described in detail previously
(Nguyen et al., 2016; Zhao et al., 2017). In brief, the first
electronegative component of the ERG waveform was modeled
using a delayed gaussian function to expose the P3. This is
subtracted from the waveform to isolate the P2-OP complex. The
OPs are separated from the P2 by transforming the data into
the frequency domain via discrete fourier transform, followed by
the filtering using a digital band pass filter (50–180 Hz, −3 dB).
The STR parameters are averaged over three luminous energies,
−4.90, −5.01, and −5.31 log cd·s/m2 in order to assess retinal
ganglion cell function.

Optical Coherence Tomography
Retinal structure was measured (5xFAD, n = 8–14/age; WT,
n = 8–16/age) using spectral domain-OCT (Envisu-R2200, Leica
Microsystems, Buffalo Grove, IL, United States). Retinal volumes
(1.4 × 1.4 × 1.57 mm) centered at the optic nerve head were
acquired using 200 evenly distributed horizontal B-scans, each
made up of 1000 A-scans. This yielded a volume with a lateral
resolution of 7 µm superiorly to inferiorly, with an axial depth
resolution of 2.8 µm. For analysis, images were extracted as a
TIFF stack and quantified using FIJI software (National Institutes
of Health, Bethesda, MD, United States). Retinal layers in the
central b-scan were manually segmented in a masked fashion

into the retinal nerve fiber layer (RNFL), ganglion cell complex
(GCC), and total retinal thickness (TRT) components. The
difference between GCC and RNFL was taken to be the inner
plexiform layer (IPL), whilst the difference between TRT and
GCC was taken to be the outer retinal layer (ORT).

Immunohistochemistry
Mice were perfused with heparinized phosphate buffered saline.
Whole eye and brain tissues were dissected and fixed in
10% neutral buffered formalin overnight and embedded in
paraffin for sectioning. Sagittal sections 7 µm in thickness
were cut and treated with 80% formic acid and 3% hydrogen
peroxide prior to incubation in blocking buffer (50 mM
Tris-HCl, 175 mM NaCl, pH 7.4, with 20% blocking serum
corresponding to species for secondary Aβ). In the brain a
total of 135 sections were obtained while 1272 retinal sections
were obtained from 6 5xFAD mice and 3 WT. Monoclonal
antibodies 1E8 and WO2 were obtained in-house and have
been previously validated (Ida et al., 1996; Allsop et al., 1997;
Li et al., 1998; Tammer et al., 2002; George et al., 2006).
They were used at dilutions of 1:500 and 1:1000, respectively.
Sections were washed and incubated with biotinylated secondary
antibody and streptavidin/horseradish peroxidase reagent (Dako
LSAB R©

+ HRP kit, Agilent Technologies Australia, Mulgrave
VIC, Australia), followed by chromogen for color development
(Dako DAB + chromogen kit, Agilent Technologies Australia,
Mulgrave VIC, Australia). Slides were counterstained in Harris’s
Haematoxylin (Australian Biostain, Traralgon, VIC, Australia),
before mounting in distyrene-plasticizer-xylene media (DPX
new, Merck Millipore, Bayswater, VIC, Australia). Before each
run, a sample whereby the primary antibody was removed
served as a negative control. IHC staining of frontal cortex and
hippocampus were quantified as described by Wilcock et al.
(2006) In brief, amyloid deposits were first thresholded in a
masked fashion according to a fixed hue-saturation-intensity
used across all images of the same magnification. In order to
incorporate both size and number of Aβ plaques in a given image,
the stain area is quantified as a percentage of the total area of the
given image. Three sections at each location from each mouse
(6 months 5xFAD n = 3, WT n = 1; 12 months 5xFAD n = 3,
WT n = 1, 17 months 5xFAD n = 3, WT n = 1) was assessed and
averaged into a single parameter for each individual animal.

Protein Assay
Eye and brain tissues were snap frozen in liquid nitrogen
immediately after collection. Eyes were dissected with the aid of
a microscope in order to retrieve the retinae. In short, an eye cup
was created by cutting circumferentially around the limbus. The
lens and vitreous were removed with tweezers and four relaxing
incisions were made to the globe to yield a flat mount. The retinal
tissue was then isolated by gently leveraging it from the sclera
with a Tooke knife (AS4-020, Aurora Surgical LLC, St Petersburg,
FL, United States). Due to the small volume of retinal tissue,
which is estimated to be ∼10 mg when wet (Okawa et al., 2008),
and in accordance with pilot studies 6–8 retinae of the same age
group and genotype were pooled into one sample for protein
assays. Brains were assayed individually.
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Each sample was homogenized in either 1000 µl (brain) or
200 µl (retina) of saline buffer containing a protease/phosphotase
inhibitor (HaltTM Protease and Phosphatase Inhibitor Cocktail
100X, ThermoFischer, Scoresby, VIC, Australia) using a
sonicator (Branson digital sonifier, Model S450, Danbury, CT,
United States) with 30 second bursts on ice until tissues were
visibly homogenized. As previously described (McLean et al.,
1999; Adlard et al., 2014; Roberts et al., 2017), the homogenate
was then separated using an ultracentrifuge (OptimaTM Max-E,
Beckman Coulter Australia, Lane Cove, NSW, Australia) at
100,000× g on a 1-h spin cycle at 4◦C. The resulting supernatant
was analyzed for “soluble” protein. The pellet was re-suspended
in protease inhibitor buffered saline and homogenized again
to create the “insoluble” protein sample. Samples were then
aliquoted for protein analysis described below.

Total Protein Quantification Using Bicinchoninic Acid
Assay
Total protein levels of the soluble and insoluble samples
were determined with bicinchoninic acid (BCA) assay (Pierce
Biotechnology, Rockford, IL, United States). Aliquots (5 µl) of
soluble eye and brain samples were diluted in dH2O at a ratio
of 1:10 and 1:20. Insoluble eye and brain aliquots (200, 1000
µl, respectively) were diluted at ratios of 1:20 and 1:40. Once
diluted, 10 µl samples were added into well plates containing
200 µl of BCA working buffer and incubated at 37◦C for
30 min. Once developed, the samples, along with known standard
albumin concentrations were evaluated on a plate reader (Wallac
1420 Victor2 microplate reader, Perkin Elmer, Waltham, MA,
United States) using a 560 nm source. Standard concentrations
values were used to derive a standard curve in order to determine
the final total protein concentration of the samples. Samples were
run in duplicate to reduce variability.

Amyloid Protein Quantification Using ELISA
Enzyme-linked immunosorbent assay was performed for
quantification of total Aβ using W02 primary antibody-coated
well plates. After washing, the samples were blocked with
0.5% casein/PBS and washed, prior to the addition of 10 µl of
detection antibody, 1E8-Biotin (2 ng/µl) into each well. Aβ40
standards (50 µl) with known concentration were made up
using serial dilution in order to establish the standard curve.
Soluble (50 µl) samples were directly loaded into each well.
Insoluble 5 µl aliquots were first diluted in 15 µl formic acid
(1:4) and left to solubilize for 1 h, followed the addition of 1 M
Tris (1:20) and PBS/casein (1:5); before being loaded into each
well at 50 µl volumes. Samples were then incubated overnight at
4◦C. After washing, Streptavidin-Europium (Delfia R© 1244-360,
Perkin Elmer, Boston, MA, United States) in 1:1000 PBST/casein
was added and the solution was incubated for 1 h at room
temperature. After washing, enhancement solution (Delfia R©

1244-105 Perkin Elmer, Boston, MA, United States) was added
to each well before being loaded into the plate reader. Plates were
read using excitation at 340 nm and emission at 650 nm in order
to determine Aβ concentration. 5xFAD and wild type tissue
were assayed and the reliable detection limit was determined
by loading tissue from the soluble and insoluble fraction of the

controls. The transgenic retinal tissue was above this limit and
illustrated in Figure 3. Results are expressed as Aβ (pg) per mg of
total protein as determined using BCA. To facilitate comparison
between retina and brain samples Aβ levels are normalized to
protein concentration (in mg).

Data Analysis and Statistics
Statistical comparisons were carried out using two-way ANOVA
to establish differences between treatment and time effects.
Two-way ANOVA post hoc tests with Bonferroni correction for
multiple comparisons were used to compare between groups.
Normality was established using a Kolmogorov-Smirnov test.
An alpha of 0.05 was considered to be statistically significant.
Statistical analyses were carried out in Prism 6 (GraphPad, La
Jolla, CA, United States).

Results

Immunohistochemistry
Amyloid Deposits in the Brain Increases With Age
Brain sections of 5xFAD and wildtype (WT) mice at 6, 12,
and 17 months of age underwent immunohistochemical (IHC)
staining using Aβ specific 1E8 antibodies (Dutescu et al.,
2009; Figure 1). Background structures were outlined using
haematoxylin stains. Figures 1A–H show representative images
where Aβ immunoreactivity increases with age (brown staining).
This is further quantified for the percent area of Aβ staining
(Figure 1I) and illustrates an increase in the 5xFAD sections
(R2 = 0.72, p < 0.001) but not age-matched controls.

Discrete Amyloid Deposits Were Rare but Detectable
in the Retinae of 5xFAD
The same 1E8 antibody and IHC staining protocol was used in
the retina. A total of nine animals, aged 6, 12, and 17 months
were examined (two 5xFAD and one WT animal per age group,
Figure 2). Of the six 5xFAD animals, only four animals aged 6
(n = 1), 12 (n = 1), and 17 months (n = 2) showed Aβ reactivity in
the retina. None of the WT mice examined (165 sections across 3
WT retinae) were positive for Aβ.

Detection of Aβ staining in retinal serial sections (7 µm)
of 5xFAD mice proved elusive, with only 16 out of the 1,107
sections (1.4%) examined showing positive Aβ staining. There
appears to be a preference for the staining (50%, 8 of 16
sections) to occur in the ganglion cell layer (GCL) and inner
plexiform layer (IPL, Figure 2). The remaining 50% of the
staining was found in the inner nuclear layer (INL, n = 1),
outer plexiform layer (OPL, n = 1) and outer nuclear layer
(ONL, n = 6). In 6-month-old 5xFAD, retinal staining was
limited to the inner retinal layer, with no immunoreactivity in
the outer retina.

Amyloid Protein Assay
Amyloid Quantification Using ELISA Shows Increased
Protein Expression With Age
Soluble Aβ in the brain and retina showed similar levels
[Figure 3A, two-way ANOVA F(1, 41) = 0.55, p = 0.46]. In
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FIGURE 1 | Expression of Aβ in 5xFAD mouse brain at 6, 12, and 17 months of age. Aβ labeling using monoclonal mouse antibody 1E8 (brown) and counterstained
with haematoxylin (blue). Representative cortical and hippocampal parasagittal serial sections of 12-month-old wild type (A,E); and 5xFAD mice at ages 6 (B,F), 12
(C,G), and 17 (D,H) months of age. There is a significant increase in Aβ area stained with advancing age in 5xFAD mice (I) Scale bar, 400 µm.

FIGURE 2 | Aβ was detectable in 5xFAD mice retinae at various ages. 1E8
labeled serial sections counterstained with haematoxylin showed Aβ

immunoreactivity in the inner and outer retina of 5xFAD mice. 1E8 staining
absent in (A) a 6-month-old WT mouse retina and (B) a negative control in a
6-month-old 5xFAD retina. 1E8 staining present in (C) a 6-month-old 5xFAD
retina (D) a 12-month-old 5xFAD retina and (E,F) a 17-month-old 5xFAD
retina. Positive Aβ staining was seen in the ganglion cell layer, inner plexiform
layer, the inner and outer nuclear layers as marked by red arrows. Images
feature tangential cuts to the retina which preclude meaningful thickness
comparison. Scale bars, 50 µm; GCL, ganglion cell layer; IPL, inner plexiform
layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear
layer; OS, outer segments. Disclosure: separate histological sections from a
subset of these animals have been displayed in another manuscript (Hadoux
et al., 2019).

contrast, Figure 3B illustrates the difference in insoluble Aβ

between the retina and the brain at each age. Here, we found
that insoluble retinal Aβ was significantly lower than brain levels
[two-way ANOVA, tissue effect, F(1, 41) = 22.47, p < 0.01] which
may account for the relative sparsity of amyloid deposits in
retinal sections examined with IHC (Figure 2). Post hoc analysis
(Bonferroni test, 6 vs. 17 months, p < 0.05) indicates for a
reduction in insoluble Aβ in the brain with advancing age. This is
counter to our a priori expectation as IHC showed an age-related
increase in Aβ density in the cortex of these mice (Figure 1).

In vivo Retinal Structure in 5xFAD Mice
Optical Coherence Tomography Reveals Selective
Inner Retinal Thinning in 5xFAD
Optical coherence tomography (OCT) allows for the in vivo
assessment of specific retinal layer thicknesses, avoiding potential
confounds associated with tissue preparation and fixation
(Ferguson et al., 2014). Both 5xFAD and WT controls were
assayed at 6 (5xFAD n = 8, WT n = 13), 12 (5xFAD n = 12,
WT n = 13) and 17 months of age (5xFAD n = 14, WT
n = 16). Figure 4 shows representative OCT images, raw layer
thickness values, and layer thickness expressed relative to 6-
month-old WT littermates.

The RNFL layer was significantly thinner in 5xFAD mice
compared with WT animals [Figures 4C,H, two-way ANOVA,
genotype effect, F(2, 70) = 38.90, p < 0.01]. There were
no significant interactions or age effects. Bonferroni post hoc
analysis showed that the RNFL thinning in 5xFAD mice
was significant at all ages assessed (6 months, p < 0.01;
12 months, p < 0.05; 17 months, p < 0.01). Similarly,
ganglion cell complex (GCC) thickness, which includes RNFL,
ganglion cell bodies and their synaptic layer (the inner
plexiform layer, IPL), was reduced in 5xFAD compared with
WT [Figures 4E,J, two-way ANOVA, genotype effect, F(1,

70) = 7.64, p = 0.01]. No significant interaction or age
effect was found.

When compared between genotypes, the IPL in 5xFAD mice
was significantly thicker than WT mice [Figures 4D,I, two-
way ANOVA, genotype effect, F(1, 70) = 11.43, p < 0.01].
This was especially so in the 6-month-old group (Bonferroni,
6 months, p < 0.01). Thus, the amount of RNFL thinning
outweighed that of IPL thickening, which manifest as an overall
thinning of the GCC.

Outer retinal thickness (ORT) was defined by the difference
between the total thickness of the retina minus the inner
retinal layers (GCC). This area represents a combination of
layers where the cell bodies of photoreceptors, horizontal
cells, bipolar cells and amacrine cells and their synaptic
layers exist. There was a slight but significant age-related
increase in ORT [two-way ANOVA, age effect, F(1, 70) = 7.64,
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FIGURE 3 | Aβ levels in 5xFAD brain and retina using ELISA. (A) Soluble Aβ in the brain increased with age but remained unchanged in the retina with age. Soluble
Aβ levels in the retina were comparable to that of the brain. (B) Insoluble Aβ levels in the retina were lower than that of the brain. Aβ was not detected in WT mice
(not shown). Bars, Mean ± SEM; #p < 0.05 for tissue effect on two-way ANOVA analyses. *p < 0.05 for Bonferroni post hoc tests.

p < 0.01]. However, there was no significant interaction or
genotype differences.

Total retinal thickness (TRT) provides a measure of age and
phenotype effects on the retinal as a whole and allows for the
comparison of the relative magnitude of change between the
inner and outer retinal layer. In this instance, both genotypes
showed a small increase in TRT with age [two-way ANOVA, age
effect, F(1, 70) = 6.75, p < 0.01], with no significant interaction or
genotype differences.

Retinal Function in 5xFAD Mice
Group averaged electroretinogram (ERG) waveforms (age 6, 12,
17 months: 5xFAD n = 8, 12, 12, respectively; WT n = 11, 12, 15,
respectively) are shown in Figure 5. The ganglion cell dominated
scotopic threshold response (STR) elicited with the dimmest
flashes is shown in the lowest traces. Rod dominant responses
are elicited for luminous energies up to ˜−0.8 log cd·s/m2.
For brighter stimuli, the ERG is a mixed signal containing
contributions from both rod and cone pathways. In WT mice,
waveforms were attenuated with advancing age. This attenuation
appeared to be consistent for all ERG components.

When comparing 5xFAD and WT, attenuation of the STR
response (Figure 5A, bottom panels −5.01—4.87 log cd·s/m2)
was seen at 6 months of age in 5xFAD mice. At this age,
ERG responses arising from the outer retina appeared relatively
normal. This pattern of functional deficits was also observed in
12-month-old 5xFAD mice (Figure 5B). However, by 17 months
of age reduced inner retinal function in 5xFAD mice is also
accompanied by outer retinal dysfunction as evident in deficits
in responses elicited with medium to higher stimulus energies
(Figure 5C,−0.81–2.07 log cd·s/m2).

These observations are confirmed in analysis of the ERG
components (Figure 6). Photoreceptoral amplitudes declined
with age and were smaller in 5xFAD mice [Figures 6A,I, P3, two-
way ANOVA, age effect, F(2, 64) = 10.82, p < 0.01; genotype

effect, F(2, 64) = 7.26, p = 0.01]. Bonferroni post hoc analysis
revealed a difference between 5xFAD and WT at 17 months of age
(p < 0.05), but not at 6 or 12 months of age (6 months, p > 0.99;
12 months, p = 0.65).

Photoreceptoral sensitivity showed an age-related difference
[two-way ANOVA, age effect, F(2, 64) = 5.12, p < 0.01] but
no genotype change [two-way ANOVA, genotype effect, F(2,

64) = 3.59, p = 0.06]. None of the photoreceptoral parameters
showed interaction effects.

Bipolar cell responses were significantly attenuated with age,
with 5xFAD mice showing significant dysfunction [Figures 6B,J,
P2, two-way ANOVA, age effect, F(2, 64) = 14.09, p < 0.01;
genotype effect, F(2, 64) = 6.08, p < 0.05]. Post hoc analysis
highlighted a difference between 5xFAD and WT at 17 months,
with no difference at 6 or 12 months of age (Bonferroni, 6 months,
p > 0.99; 12 months, p > 0.99; 17 months, p < 0.05). Bipolar cell
sensitivity showed a significant change with age [Figures 6F,N,K,
two-way ANOVA, age effect, F(2, 64) = 4.98, p < 0.01] but no
difference between genotypes [K, two-way ANOVA, genotype
effect, F(2, 64) = 4.98, p = 0.06]. There were no interaction effects
in bipolar cell parameters.

Inner retinal inhibitory circuits involving amacrine cell
function, as indicated by the amplitude of the OPs, was attenuated
with age and in 5xFAD mice [Figures 6C,K, OP, two-way
ANOVA, age effect, F(2, 64) = 8.21, p < 0.01; genotype effect,
F(2, 64) = 7.06, p < 0.01]. Post hoc analysis showed no difference
at ages 6 and 12 months but significantly smaller OPs in 5xFAD
mice at 17 months of age (Bonferroni, 6 months, p > 0.99;
12 months, p = 0.33; 17 months, p < 0.01). OP implicit
time was delayed with age [Figures 6G,O, two-way ANOVA,
age effect, F(2, 64) = 5.93, p < 0.01; genotype effect, F(2,

64) = 4.38, p = 0.04], and was generally slower in 5xFAD
mice. Similarly, ganglion cell function declined with age and
was smaller in 5xFAD compared with WT mice [Figures 6D,L,
pSTR, two-way ANOVA, F(2, 64) = 17.90, p < 0.01 and F(2,
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FIGURE 4 | Age-related structural changes in 5xFAD examined using optical coherence tomography. Mouse retinas were assayed for structural changes at 6 (5xFAD
n = 8, WT n = 13), 12 (5xFAD n = 12, WT n = 13) and 17 months (5xFAD n = 14, WT n = 16) of age and genotype differences were compared. (A,B) Representative
WT and 5xFAD OCT images, respectively. (C–G) Raw retinal thickness values. (H–L) Retinal thickness values expressed as a percentage of 6-month-old WT. RNFL
and GCC thickness were significantly reduced and IPL was significantly increased in 5xFAD mice. No significant changes were found in ORT or TRT. Scale bar,
50µm; RNFL, retinal nerve fiber layer; IPL, inner plexiform layer; GCC, ganglion cell complex; ORT, outer retinal thickness; TRT, total retinal thickness; Error bars,
SEM; Gray shaded area, 95% CI for 6-month-old WT; #p < 0.05 for treatment effect on two-way ANOVA analyses; *p < 0.05 for Bonferroni post hoc tests.

64) = 26.51, p < 0.01, respectively]. In contrast to the other ERG
parameters, the pSTR in 5xFAD mice was significantly reduced
at 6 months of age. This difference persisted across all ages
(Bonferroni, 6 months, p< 0.05; 12 months, p< 0.01; 17 months,
p = 0.02). No difference in the implicit time of the pSTR was
noted (Figure 6H).

In order to better visualize the relative change between
inner and outer ERG parameters, data were normalized to
the 6-month-old WT group and expressed as a percentage
(Figures 6I–P). In WT mice, age-related decline in outer retinal
responses (P3 and P2) was seen at 12 months. However,
significant inner retinal decline (OPs and pSTR) was only evident
at 17 months of age. In 5xFAD mice, ganglion cell dysfunction
was evident at 6 months of age. Between 6 and 12 months of age
outer retinal function in 5xFAD mice appeared to decline at a
similar rate to WT mice. Between 12 and 17 months of age, outer
retinal function (P3 and P2) along with the OPs in 5xFAD mice
appeared to decline faster compared with WT mice.

DISCUSSION

Our study shows ERG and OCT changes that indicate for
a preferential effect on the inner retina in 5xFAD mice.

More specifically, we show that 6-month-old mice exhibited
preferential inner RNFL thinning (Figures 4C,H) in the absence
of outer retinal changes (Figures 4F,G,K,L) using OCT. This
finding was, similarly, reported in 3-month-old TgCRND AD
mice (Buccarello et al., 2017). To our knowledge, only two other
studies have performed a time course of OCT assessment in AD
mouse models, though direct comparison is limited due to the
different segmentation methods used. Nevertheless, in 3xTg AD
mice, Chiquita et al. (2019) reported inner retinal (GCL+IPL)
thinning at the earliest time-point (4 months) before significant
changes to middle and outer retinal layers (INL+OPL, ONL, and
IS+OS layers) at 8, 12, and 16 months old). In APP/PS1 mice,
Georgevsky et al. (2019) also examined a time-course (3, 6, 9,
and 12 months old) of OCT changes and reported both inner
retinal (ILM to INL) and outer retinal changes (OPL to RPE),
with a trend toward greater sensitivity occurring in the inner
retina. As such the early preferential inner retinal thinning is
consistent across studies.

Similarly, clinical human AD studies commonly report RNFL
thinning across all stages of the disease (Thomson et al., 2015;
den Haan et al., 2017; Chan et al., 2019). The IPL, however,
has received less attention. Snyder et al. (2016) found that in
those who were at risk of AD (e.g., PET biomarker positive),
there was a selective trend toward greater IPL volumes which
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FIGURE 5 | Age-related changes in retinal function in 5xFAD mice. Grouped averaged waveforms are shown for (A) 6-month-old (B) 12-month-old (C)
17-month-old mice. Lower panels show the ganglion cell dominated STR response (−5.01 to −4.87 log cd·s/m2). Rod and mixed rod-cone response are elicited
with increasing luminous energies. The uppermost panel reflects the cone response isolated using a twin-flash paradigm. STR, scotopic threshold response –
ganglion cell dominant; pSTR, positive STR; nSTR, negative STR; a-wave – photoreceptoral response; b-wave – bipolar cell response; oscillatory potentials –
amacrine cell dominant.

significantly correlated with surface area of retinal inclusion
bodies (suggested to contain Aβ). Similarly, Ascaso et al. (2014)
found a thickening of total macula thickness with concurrent
RNFL thinning in MCI patients, whereas thinning of both
RNFL and macular thickness was observed in those with AD.
Consistent with this, we report initial IPL thickening at 6 months
(Figures 4D,I) but not at older ages. Whether this is due
to amyloid deposition or gliosis resulting from inflammation
(Ning et al., 2008; Perez et al., 2009) in 5xFAD mice requires
further evaluation.

Functionally, 5xFAD mice show attenuation of the ganglion
cell dominated pSTR, with no changes to bipolar, amacrine and
photoreceptor mediated responses at 6 months (Figures 5, 6),
consistent with the observed structural change in the inner retina
and inner retinal amyloid deposits. In comparison with the
literature, our findings were most consistent with other studies
employing retinal ganglion cell measures in APP/PS1 (Gupta

et al., 2016) and 5xFAD (Criscuolo et al., 2018). These ERG
deficits corroborate previous reports of ganglion cell dysfunction
in clinical cohorts with AD (Katz et al., 1989; Trick et al.,
1989; Parisi et al., 2001; Krasodomska et al., 2010; Sartucci
et al., 2010). With advancing age, we show more generalized
dysfunction in 5xFAD mice, with significant reductions in P3
(photoreceptoral), P2 (bipolar cell), and OP amplitude (amacrine
cell) observed by 17 months of age (Figure 6). This is in
agreement with Perez et al. (2009) who found reductions in
a-wave (photoreceptor) and b-wave (bipolar cell) amplitudes in
12–16 month old APP/PS1 mice. Although this did not manifest
as an overall outer retinal thinning on OCT, dysfunction in cells
are known to precede structural changes (Fortune et al., 2012;
Fry et al., 2018; Georgevsky et al., 2019). Why other studies in
3xTg mice (Chiquita et al., 2019) and APP/PS1 mice (Joly et al.,
2017) show larger outer (a-wave) and middle retinal (b-wave)
responses in the rod and cone system could be explained by the
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FIGURE 6 | Age-related change in 5xFAD and WT ERG parameters. (A–D) Raw P3, P2, OP, and pSTR, respectively. (E,F) P3 and P2 sensitivity (units, log
cd-1.s-1.m2), respectively. (G,H) OP and pSTR implicit time (ms), respectively. (I–P) All ERG parameters normalized to 6-month-old WT to facilitate easier
comparison between parameters. The earliest functional change to occur in 5xFAD occurred in the pSTR. An overall trend toward ERG decline with age occurred in
all parameters. At 17 months of age, 5xFAD mice showed a significant decline in all ERG parameters. P3, photoreceptoral response; P2, bipolar cell response; OP,
oscillatory potentials; pSTR, positive scotopic threshold response; all data shown, mean ± SEM; #p < 0.05 for treatment effect on two-way ANOVA analyses;
*p < 0.05 for Bonferroni post hoc tests.

difference in their functional assessment or the animal model
used. This area requires further investigation. Taken together,
our ERG and OCT findings suggest that in 5xFAD mice there
is selective inner retina deficits at younger ages (6 months)
which progress to more widespread functional deficits at older
ages (17 months).

A recent study by our group has quantified
immunohistochemical staining of Aβ in retina and brains
in 5xFAD mice (Habiba et al., 2020). Some of the animals

used in the current study also underwent tissue assessment
in Habiba et al. (2020). Habiba et al. (2020) found that Aβ

plaque deposition increased with advancing age in the retina,
cortex and hippocampus of 5xFAD mice (6, 12 and > 14
months old). In contrast, Aβ oligomers were highest at 6
months and decreased with advancing age (12 and > 14
months old) in 5xFAD tissue. The inverse correlation between
Aβ-oligomers and Aβ-plaques was consistent with an age-
related conversion between the two. Analyses of age-matched
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wild-type controls showed higher levels in 5xFAD tissue.
These patterns are largely in agreement with the soluble and
insoluble ELISA conducted in the current study, however, due
to the necessity to pool tissue, ELISA was less sensitive to pick
up aging effects.

Alexandrov et al. (2011) compared Tg2576, 3xTg-AD, 5xFAD,
and PS/APP mouse models using ELISA and found retinal Aβ

in all models and highest in 5xFAD, most closely approximating
that found in human retina. Extending Alexandrov et al.
(2011) findings to multiple ages we found that retinal levels
of the more toxic soluble form of Aβ, particularly at 6 and
12 months of age, were comparable to that of the brain
(Figure 3A). In contrast, Habiba et al. (2020) found higher
levels of β oligomers in the cortical and hippocampal tissue
than retinal tissue which may reflect the higher specificity
to Aβ oligomers of the A11 antibody than the soluble
fraction of ELISA, which in addition to Aβ-oligomers also
includes Aβ-monomers and dimers. Figure 3B illustrates that
insoluble Aβ levels were much lower in the retina (˜5–
9 times lower) compared with the brain. This may explain
the relative ease with which amyloid plaques were detectable
using IHC staining in brain sections (Figure 1) compared
with their rarity in retina (Figure 2), a finding supported
by Habiba et al. (2020) and other studies using 5xFAD
mice and other animal models of AD (Dutescu et al., 2009;
Alexandrov et al., 2011).

Quantification of IHC in the brain shows increasing
deposition of Aβ plaques with advancing age (Figure 1I) in
accordance with Habiba et al. (2020) which conducted IHC
using additional stains (Congo red, Thioflavin-T, 4G8). This is
contrary to the findings of ELISA. One possibility was incomplete
solubilization of the amyloid aggregates in the samples using
formic acid treatment, which was performed over 1 hour. This
could lead to epitope masking and steric hindrance, resulting
in less antibody capture during ELISA (Janssen et al., 2015).
This is likely to be more pronounced with older 5xFAD tissue
given the likelihood of increasing plaque density (Figure 1)
and hardness of the plaques (Janssen et al., 2015). This may
have been less of an issue with retinal tissue, which has less
Aβ deposition.

In terms of anatomical localization, the IHC staining in
the current study (1E8) and that of Habiba et al. (2020)
(Congo red, Thioflavin-T 4G8 A11) suggests some inner
retinal preference that may extend to the outer retina
with advancing age. Although the distribution of Aβ in
the retina was only a qualitative observation, this is in
line with the literature. Grimaldi et al. (2018) found that
Aβ plaque (anti-Aβ D54D2) volume was significantly
elevated in 3xTg mice particularly evident in the inner
retina, increasing exponentially with age and spreading
to the outer retina. Similarly, Ning et al. (2008) found
an age-dependent deposition of Aβ in the RNFL layer
of APP/PS1 mice. In Tg2576 mice, two studies found
positive staining for Aβ using 1E8 (Dutescu et al., 2009)
and 6E10, 12F4, 5C3 (Liu et al., 2009) antibodies in the
inner retinal layers (Dutescu et al., 2009; Liu et al., 2009)
and some in the outer retinal layers (Liu et al., 2009). As

such in combination with our ERG and OCT changes,
collectively this lends some credence to the idea that retinal
amyloid pathology preferentially affects the inner retina,
in particular the retinal ganglion cells (Blanks et al., 1989;
Blanks et al., 1996).

This study has a number of limitations that are noteworthy.
Although serial sections were used to detect retinal Aβ,
with an interest in the retinal layer where such deposits
may reside, this may have led to an underestimation of the
frequency of Aβ staining. Due to the sparseness of retinal
Aβ staining, perhaps the use of retinal wholemounts and
confocal imaging (Park et al., 2014) would allow us to detect
more Aβ accumulations in the inner retinal layer. Whilst
we have shown inner retinal function loss corresponding
to RNFL thinning, the individual retinal layers were not
segmented or stained to show increased immunological
reactivity. Studies staining for glial activation and apoptosis
would be useful in the future, but is beyond the scope of
the current study.

Finally, the current study found deficits in retinal function
and structure even at the earliest time-point assessed (6
months of age) which corresponds to a relatively early
stage of pathogenesis in this animal model. Further studies
are required to examine even earlier time-points, before
cortical and behavioral changes manifest which would be
indicative for the retina as an early pre-clinical marker.
Furthermore, this would facilitate elucidation of whether the
changes seen in 5xFAD mice have developmental and/or
progressive components.

Assessment of inner retinal changes with OCT and ERG as
biomarkers for Alzheimer’s disease are favorable in terms of
their non-invasive and inexpensive nature. OCT in particular is
becoming increasingly widespread in optometric and ophthalmic
clinics. Utility of these retinal assays in the field of pre-clinical
and clinical assessment for developing new treatments for
Alzheimer’s remains to be seen, with further studies investigating
sensitivity/specificity assessment as well as cost/benefit analyses
required for future implementation.

CONCLUSION

To our knowledge, this is the first study to characterize
both retinal structure and function in 5xFAD mice over a
broad range of ages. We show that retinal neurodegeneration
associated with amyloid pathology follows a progressive
pattern similar to that of the brain. Amyloid pathology in
the eye leads to neurodegeneration of ganglion cell structure
(particularly their axons) and function, but interestingly a
slight thickening of the synaptic layer between bipolar cells,
amacrine cells, and ganglion cells. At the older ages, this
was accompanied by more widespread retinal dysfunction
encompassing the photoreceptors (a-wave), interneurons
(b-wave) and the inner retina (oscillatory potentials).
These data provide insight into specific patterns of early
retinal changes and disease progression associated with
amyloid pathology.
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Retinal ganglion cells (RGCs) are the only output neurons of the vertebrate retina,
integrating signals from other retinal neurons and transmitting information to the visual
centers of the brain. The death of RGCs is a common outcome in many optic
neuropathies, such as glaucoma, demyelinating optic neuritis and ischemic optic
neuropathy, resulting in visual defects and blindness. There are currently no therapies
in clinical use which can prevent RGC death in optic neuropathies; therefore, the
identification of new targets for supporting RGC survival is crucial in the development
of novel treatments for eye diseases. In this study we identify that the receptor tyrosine
kinase, Tyro3, is critical for normal neuronal function in the adult mouse retina. The loss
of Tyro3 results in a reduction in photoreceptor and RGC function as measured using
electroretinography. The reduction in RGC function was associated with a thinner retinal
nerve fiber layer and fewer RGCs. In the central retina, independent of the loss of RGCs,
Tyro3 deficiency resulted in a dramatic reduction in the number of RGC dendrites in the
inner plexiform layer. Our results show that Tyro3 has a novel, previously unidentified
role in retinal function, RGC survival and RGC morphology. The Tyro3 pathway could
therefore provide an alternative, targetable pathway for RGC protective therapeutics.

Keywords: TAM receptor, receptor tyrosine kinases, electroretinogram, optical coherence tomography, dendrites,
inner plexiform layer

INTRODUCTION

Retinal ganglion cells (RGCs) are the earliest neurons to arise in the retina. RGCs are produced
from a common retinal progenitor cell, from which all retinal neurons ultimately arise (Turner and
Cepko, 1987; Turner et al., 1990). Once differentiated from retinal progenitor cells, post-mitotic
RGCs migrate to their final location in the ganglion cell layer (GCL) of the retina. The axons
of all RGCs exit the eye via the optic nerve head, where they bundle to form the optic nerve,
ultimately finding targets within the visual centers of the brain. Vertical pathway neurons within
the eye are glutamatergic, RGC dendrites within this pathway arborize in the inner plexiform
layer (IPL) of the retina, where they synapse with bipolar cells (reviewed in Joselevitch, 2008).
One remarkable feature of RGC information processing is the functional stratification of RGC
dendrites within the IPL (Famiglietti and Kolb, 1976), whereby the dendrites of ON-RGCs, which
respond to incrementing light, stratify within the inner IPL, while the OFF-RGCs, which respond
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to decrementing light, stratify within the outer IPL (Famiglietti
and Kolb, 1976; Nelson et al., 1978). In addition to the
functional stratification of RGCs, there are around 40 known
subpopulations of RGCs based on morphology and genetic
profile (reviewed in Sanes and Masland, 2015).

The death of RGCs is a common outcome in many optic
neuropathies, such as glaucoma, demyelinating optic neuritis
and ischemic optic neuropathy, resulting in visual defects
and blindness (Khatib and Martin, 2017). RGC vulnerability
to disease is type-dependent (Christensen et al., 2019), for
example, OFF-RGCs are more susceptible than ON-RGCs in
an experimental murine model of glaucoma (Della Santina
et al., 2013) and an optic nerve crush model (Puyang et al.,
2017). Currently, there are no clinically approved therapeutics
to prevent RGC death in optic neuropathies; making the
identification of new targets to support RGC survival invaluable.
A better understanding of the molecular pathways involved in
normal RGC development, function and survival could provide
novel insights and targets for therapeutic development.

Tyro3 is a member of the TAM family, a unique subfamily
of receptor tyrosine kinases which also includes Mertk and Axl.
The TAM family of receptors play essential roles in phagocytosis,
cell survival and immune homeostasis (reviewed in Tondo et al.,
2019). The TAM receptors are activated by two closely related
ligands, Pros1 and Gas6. Interestingly, there is a delineation of
ligand-receptor interactions, such that Axl is exclusively activated
by Gas6, whereas Tyro3 and Mertk are activated by both ligands
(Lew et al., 2014). It has been shown that the loss of any single
TAM receptor has subtle phenotypic effects, with more overt
phenotypes arising from double or triple receptor knockouts (Lu
and Lemke, 2001). Tyro3 is the most widely expressed TAM
receptor in the brain, with highest expression in neurons of the
cortex and hippocampus (Prieto et al., 2007; Pierce et al., 2008;
Kim et al., 2017). Using a mouse model of Tyro3 deletion, we
and others have previously identified crucial roles for Tyro3 in
CNS myelination (Akkermann et al., 2017; Blades et al., 2018),
neuronal survival and migration both in vitro (Prieto et al., 2007)
and in vivo (Pierce et al., 2008; Kim et al., 2017). In addition,
Tyro3 is expressed in different compartments within neurons,
including in the cell body, axons and dendrites (Prieto et al.,
2007). In the latter, Tyro3 was shown to partially overlap with
expression of postsynaptic density protein-95 (PSD-95), where it
was hypothesized to be involved in activity dependent neuronal
signaling and long-term potentiation (Prieto et al., 2007).

In the mammalian retina, Tyro3 and Mertk are expressed
by the retinal pigment epithelium (RPE) and are critical
for photoreceptor disc phagocytosis (Prasad et al., 2006).
Furthermore, loss of function mutations in MERTK are
associated with the development of retinitis pigmentosa in
humans (reviewed in Parinot and Nandrot, 2016) and retinal
degeneration in rodents (D’Cruz et al., 2000). However, this
phenotype can be rescued in mice by enrichment of Tyro3
(Vollrath et al., 2015). Tyro3 has also been shown to be expressed
in a subset of rat RGCs and to some degree across all RGC
populations in the mouse (Lindqvist et al., 2010; Rheaume et al.,
2018). However, the function of the Tyro3 receptor in RGCs has
not been explored.

In this study we investigated the role of Tyro3 on the
structure and function of the retina, with a focus on RGCs.
We performed full-field electroretinography to assess retinal
function, as well as optical coherence tomography (OCT) and
immunohistochemistry to assess retinal structure in Tyro3
receptor knock-out mice. We show that Tyro3 deficiency results
in impaired function of photoreceptors, bipolar cells and RGCs.
The decrease in RGC function was associated with a loss of
RGCs and a concomitant thinning of the retinal nerve fiber
layer. We identify, in the central retina, that the loss of Tyro3
results in fewer dendrites within the ON-RGC layer of the
IPL, in a manner at least partially independent of the loss
of RGCs. These findings suggest that Tyro3 plays a newly
identified role within the mouse retina and is crucial for dendritic
morphogenesis of RGCs.

MATERIALS AND METHODS

Mice
Tyro3−/− mice were fully backcrossed onto C57Bl/6 and
maintained in a specific-pathogen-free environment during
breeding and experimentation. The Tyro3−/− line was a kind gift
of Prof. Greg Lemke (Salk Institute of Biological Studies, La Jolla,
CA; Lu et al., 1999). Animal experiments were conducted within
the guidelines of our institutional Animal Ethics Committee and
in accordance with the National Health and Medical Research
Council Guidelines. The experimental cohorts consisted of
Tyro3−/− mice (denoted as Tyro3 KO) and Tyro3+/+ wild-
type littermates (denoted as WT) as controls; cohorts were sex
and age balanced.

Electroretinography (ERG) and Analysis
Dark-adapted, full-field ERGs were used to examine in vivo
retinal function as previously described (Nguyen et al., 2016;
Zhao et al., 2017). Eight-week old littermate controls (n = 10)
and Tyro3 KO mice (n = 10) were acclimatized to the
experimental facility for 1 week prior to experimentation. At
9-weeks of age, immediately prior to ERG measurements mice
were dark-adapted overnight (>12 h). During the procedure,
light exposure was kept at a minimum, using a dim red light
to aid animal preparation and set-up. Minimizing white light
exposure allows for RGC-specific scotopic threshold response
(STR) measurements (Bui and Fortune, 2004). Mice were sedated
using ketamine: xylazine anesthesia. Corneal anesthesia (0.5%
proxymetacaine, Alcaine R©, Alcon, Geneva, Switzerland) and
mydriatic (1% tropicamide, Mydriacyl R©, Alcon) were topically
applied and animals placed on a heated platform (37◦C) for
the duration of the experiment. A pair of custom-made silver
chloride electrodes (99.9%, A&E Metal Merchants, Marrickville,
Australia) were placed on each eye, with an active loop and
inactive ring-shaped electrodes (connected to platinum leads,
F-E-30, Grass Telefactor, West Warwick, RI) placed on the central
cornea and sclera, respectively. A stainless-steel needle electrode
(F-E2-30, Grass Telefactor) was inserted subcutaneously into
the tail to ground the electrical current. A small amount of
gel lubricant was placed on the electrode to maintain corneal
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hydration and conductance. Light stimuli were delivered to
both eyes across a range of light levels (-5.53 to 2.07 log
cd·s/m2) by an array of 8 white light emitting diodes (LEDs,
8 Watt Luxeon LED, Philips Lumileds Lighting Company,
San Jose, United States) and a single dim LED (0.1 Watt
Luxeon LED, Philips Lumileds Lighting Company) embedded
inside a Ganzfeld sphere (Photometric Solutions International,
Oakleigh, Australia). ERG signals were acquired from both
eyes simultaneously using ScopeTM software (ADInstruments
Pty Ltd., Bella Vista, Australia) at a 4-kHz sampling rate
with pre-amplifier (P511, Grass Telefactor) and hardware
band-pass filter settings of 0.3–1000 Hz (-3 dB). Signals were
digitized (ML785 Powerlab 8SP, ADInstruments) and saved for
post hoc processing.

Components of the ERG waveform reflect responses from
different retinal cell classes. Photoreceptoral function (a-wave)
was quantified using a delayed-Gaussian function (Hood and
Birch, 1992; Lamb and Pugh, 1992) to model ERG response at the
brightest stimuli, giving two parameters, namely RmP3 (maximal
photoreceptoral output) and S (photoreceptoral sensitivity).
ON-Bipolar cell function (b-wave) was quantified using a
saturated hyperbolic function to model (Fulton and Rushton,
1978) the P2 amplitude plotted as a function of increasing
luminous energies (log cd.s/m2) returning the maximum
amplitude (Vmax) and sensitivity (K). Oscillatory potentials
(OPs), which are small wavelets residing on the ascending
limb of the b-wave, were isolated from the ERG b-wave by
use of a digital band-pass filter (−3 dB at 50 to 180 Hz)
and reflect amacrine cell driven inner retinal activity. The
scotopic threshold response, elicited at the dimmest light levels
(−5.53 to −4.90 log cd.s/m2), reflects RGC activity, which
was measured by the peak, and peak timing of the positive
component of the waveform (pSTR) (Saszik et al., 2002;
Bui and Fortune, 2004).

Optical Coherence Tomography
Following ERG recordings, the same cohort of animals
underwent retinal structure imaging using spectral domain
OCT (Spectralis SD-OCT, Heidelberg Engineering, Heidelberg,
Germany). A drop of ocular lubricant gel (Genteal R© Tears,
Alcon) and a coverslip was used to rehydrate and remove
any opacities developed from general anesthesia. Once clear
optics were achieved, excess eye gel was removed, and a single
drop of Systane eye lubricant (Alcon) was applied to improve
tear film optics for OCT imaging. Images were acquired with
a volumetric scan pattern (8.1 mm × 8.1 mm × 1.9 mm)
centered over the optic nerve head (ONH). Each volume
scan consists of 121 vertical B-scans (five repeats), and each
B-scan was made up of 768 A-scans. Averaged retinal layer
thicknesses were extracted using an automated segmentation
algorithm (Heidelberg Eye Explorer, Heyex, Heidelberg
Engineering), after ensuring there were no segmentation
errors, and using a pre-set annulus grid (6 mm diameter),
with the inner diameter circle centered around the ONH.
Retinal layers assessed included the retinal nerve fiber layer
(RNFL), ganglion cell-inner plexiform layer (GC-IPL) and

total retinal thickness (TRT, inner limiting membrane to
Bruch’s membrane).

Immunostaining and Quantification
Following completion of in vivo assessments, eyes were
enucleated and fixed in 4% paraformaldehyde (all chemicals
supplied by Sigma-Aldrich, Missouri, United States) diluted in
1 M phosphate buffer saline (PBS) for 1 h at room temperature.
One eye was taken for cross-sectional processing and the other
eye was processed for whole-mount histological analysis. Tissue
from at least two mice of each cohort was determined to be
unsatisfactory for histological analysis therefore n = 6–8 for WT
and Tyro3 KO mice.

Retinal Cross-Section Processing
After fixation, eyes were washed once with PBS, and dissected
to remove the anterior portion (cornea, iris and lens). The
remaining eye cup was cryoprotected in 10, 20, and 30% sucrose
overnight, embedded in optimal cutting temperature compound
(Sakura Finetek, Tokyo, Japan), frozen in isopropanol, on dry ice
and stored at −20◦C. Retinae were cryosectioned at a thickness
of 14 µm placed on SuperFrostTM glass slides (Invitrogen,
Thermo Fisher Scientific, Carlsbad, United States). Tissue in
plane with the longitudinally sectioned optic nerve and with
structural integrity at the region of interest following staining was
assessed, one section per mouse was used for analysis (n = 6 WT,
n = 8 Tyro3 KO).

Retinal Whole Mount Processing
The contralateral eye was dissected, and the anterior portion
removed. Each retina was carefully isolated from the eye cup and
placed in a 96 well-plate and submerged in PBS. One retina per
mouse was used with four regions analyzed, two central, and two
peripheral (n = 8 WT, n = 8 Tyro3 KO).

Immunohistological Processing for Retinal
Cross-Sections
Optimal cutting compound was removed from frozen sections
with 70% EtOH, rehydrated with distilled H2O then washed
with PBS. Slides were permeabilized with 0.1% Triton X-100
in PBS. Antigen retrieval was performed with boiling sodium
citrate buffer containing 0.1% Triton X-100. Slides were then
washed, and tissue blocked with 10% normal donkey serum
in PBS (blocking buffer). Retinae were incubated for 48 h at
4◦C with primary antibodies: anti-RNA-binding protein with
multiple splicing (Rbpms; 1:500, #OAGA05992, Invitrogen,
Thermo Fisher Scientific) and anti-microtubule-associated
protein 2 (Map2; 1:200, #NB300-213, Invitrogen, Thermo
Fisher Scientific). Rbpms is a robust marker of RGCs in mice
(Rodriguez et al., 2014) and Map2 immunolabels dendrites
within the IPL (mostly consisting of RGC dendrites and some
amacrine cell processes) (Zalis et al., 2017). Slides were washed
and incubated with donkey anti-rabbit Alexa Fluor-Texas red
(1:200, #711-075-152, Jackson ImmunoResearch Laboratories,
Westgrove, United States) and donkey anti-chicken Alexa-488
(1:200, #703-545-155, Jackson ImmunoResearch Laboratories)
diluted in blocking buffer. Retinal sections were washed, and
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counter-stained with Hoechst (1:1000; H1399, Invitrogen,
Thermo Fisher Scientific). Slides were washed, mounted with
fluorescent mounting medium (DAKO, Glostrup, Denmark)
and cover-slipped. Images were acquired centrally in the cross
section using a Zeiss Apotome.2 Imager.M2 (AX10; Carl
Zeiss AG, Oberkochen, Germany), 40X oil objective lens (EC
plan-neofluor) and Zen Blue software (2.6; Carl Zeiss AG).
Ganglion cell densities were manually counted using Adobe
Photoshop (Version: 19.1.6; Adobe, San Jose, United States)
software. RGC densities in cross section are expressed as
cells/mm± SEM.

Immunohistological Processing for Retinal
Whole-Mounts
Phosphate buffer saline was removed and antigen retrieval was
performed in 20 mM EDTA for 1 h at 37◦C, retinae were
then blocked with diluent (10% normal donkey serum, 0.5%
Triton X-100, 0.05% sodium azide and 0.5% dimethyl sulfoxide
made in PBS). Tissue was then incubated with both rabbit-anti
Rbpms antibody (as above) and chicken-anti Map2 (as above)
for 72 h at room temperature on a rocker. Retinae were washed
in PBS and subsequently incubated with donkey anti-rabbit
Alexa Fluor-Texas red (as above) and donkey anti-chicken
Alexa Fluor-488 (as above) overnight at room temperature
with agitation. Retinal tissue was then washed in PBS and
counter-stained with Hoechst (as above). Retinae were again
washed in PBS, removed from the 96-well plate and four tension
releasing cuts were created and retinae were mounted on glass
microscope slides with anti-fade mounting media (as above) and
a glass coverslip added. Images were acquired using a Zeiss LSM
780 confocal microscope (Carl Zeiss AG) at 40X magnification
[40X/1.4 oil lens (PL-APO)]. Using Zen Black (SP5; Carl Zeiss
AG) software, four images were acquired, two central (one
optic disc away [∼220 µm from optic nerve head]) and two
peripheral (3 optic discs away [∼880 µm from optic nerve
head]) from two retinal quadrants. Images were captured as
z-stacks (≤0.5 µm increments) whereby the upper limit was set
by the GC layer and the lower limit to the bipolar cell layer,
which was defined by the counter-stained nuclei layers. RGC
counts were assessed using the spot tool in Imaris software
(x64 9.5.0, Zurich, Switzerland). RGC counts are presented as
averaged RGCs/mm3

± SEM. Dendritic density was measured
utilizing the surface tool in Imaris, surfaces were created for
Map2+ve segments within the grain size of 0.8 µm with a cut-off
point of 0.9 µm. Surfaces then underwent manual thresholding
to eliminate false positives and background staining. Map2+ve

surfaces were then counted by the Imaris software and expressed
as total positive surfaces across % of the IPL area. ON-RGC
dendrites were defined as those within the inner 0-60% of
the IPL (0% was defined by the GC nuclei and 100% by the
bipolar cell nuclei).

RGC Purification and Gene Expression
Analysis
RGCs were purified using immunopanning as previously
described (Winzeler and Wang, 2013). Briefly, in two separate
experiments (N = 2), post-natal day eight C57/Bl6 pups from

a single litter (n = 5–8) were deeply anesthetized via isoflurane
inhalation, decapitated and both retinae were removed. Retinae
were then pooled and digested with 165 units of papain enzyme
for 90 min. Tissue was then titrated, and a single cell suspension
was made, RGCs were immunopanned with an anti-mouse
Thy1.2 (CD90; Bio-Rad AbD Serotec, Oxford, United Kingdom)
on a 10 cm petri dish. RGCs were then lysed in 700 µL of
Qiazol buffer and stored at −80◦C until RNA isolation. RNA
was prepared using the RNeasy Plus Universal kit according to
manufacturer’s instructions (Qiagen, Hilden, Germany). cDNA
was transcribed from 100 ng RNA using the Applied Biosystems
Taqman reverse transcription reagents (Thermo Fisher Scientific)
in a total volume of 40 µL. Quantitative PCR (qPCR) reactions
were performed on a Viia7 real time PCR system (Applied
Biosystems, Foster City, United States) using 5 µL of cDNA with
SYBR green reagents (Applied Biosystems). Primers for qPCR
were as follows: 18S (fwd) 5′CGGCTACCACATCCAAGGAA3′,
(rev) 5′GCTGGAATTACCGCGGCT3′ (Binder et al.,
2008); Tyro3 (fwd) 5′TGGCTGAGCTGCTCCTACTTTA3′,
(rev) 5′TGGGCAGTGCTGAGTTCCA3′; Rbpms (fwd)
5′ACACGAAGATGGCCAAGAAC3′, (rev) 5′ACAGTGTTGGG
CAGAGGAGT3′ (Untergasser et al., 2012); Rpe65 (fwd)
5′TCATCCGCACTGATGCTTAT3′, (rev) 5′ATATTCTTGC
AGGGGTCTGG3′ (Untergasser et al., 2012). Relative expression
was determined using the comparative Ct method (2−ρρCT)
(Livak and Schmittgen, 2001). RNA input was normalized using
the expression of 18S.

Statistical Analyses
All statistical analyses were performed using PRISM software
v.8 (GraphPad software, San Diego, United States). Single
comparisons to control were made using a two-tailed Student’s
t-test. Grouped analyses were made using repeated measures
ANOVA, with Sidak’s multiple comparison test used for
post hoc analyses. An alpha of 0.05 was used for determining
statistical significance.

RESULTS

Loss of Tyro3 Is Associated With a
Reduction in Retinal Function
To determine whether Tyro3 regulates the functionality of
RGCs, full-field ERG recordings were undertaken on Tyro3
deficient mice and their wildtype counterparts. The latency of
response was similar between Tyro3 KO mice and controls for
all ERG components with the exception of a modest increase
in latency of the inner retina where activity is mostly driven
by amacrine cells (Figure 1A and Supplementary Figure S1;
OP peak timing, 42.5 ± 1.5 ms vs 48 ± 1.9 ms, WT vs
Tyro3 KO, respectively, p = 0.04). In contrast, we observed
marked differences in the amplitude of the response waves of
photoreceptors, bipolar cells and RGCs (Figures 1A–E). We
found a 23.7% decrease in photoreceptoral function in Tyro3
KO mice compared with WT littermates (Figure 1B; RmP3
−768.8 ± 60.5 µV vs −586.9 ± 38.1 µV, WT vs Tyro3 KO,
respectively, p = 0.02). Similarly, the amplitude of the bipolar cell
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FIGURE 1 | Loss of Tyro3 is associated with a reduction in retinal function. Dark-adapted full-field ERGs were performed to examine retinal function in WT and Tyro3
KO mice (n = 10/genotype), enabling analysis of light evoked responses from various retinal cell classes. (A) Average waveforms from WT mice (black) and KO mice
(blue) elicited at selected light levels (bottom to top, dimmest to bright flashes, –4.90 to 2.07 log cd.s.m-2). Tyro3 deficient mice showed significant reductions in
amplitudes of photoreceptors (B; p = 0.02), bipolar cells (C; p = 0.04) and retinal ganglion cells (D; p = 0.006) compared with WT mice. No significant difference was
observed in the amplitude of the oscillatory potentials which arise from the inner retina, reflecting amacrine cell pathways (E; p = 0.3). Results are presented as
mean ± SEM; p-value of mean differences were calculated using a two-tailed, unpaired Student’s t-test.
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response decreased by 20.1% in the Tyro3 KO mice (Figure 1C;
Vmax 1121.5 ± 84.9 µV vs 896.5 ± 57.2 µV, WT vs Tyro3
KO, respectively, p = 0.04). The RGC functional response was
substantially reduced to 52.2% in Tyro3 KO mice in comparison
with WT mice (Figure 1D; pSTR amplitude -25.8 ± 2.8 µV vs
−12.4 ± 1.7 µV, WT vs Tyro3 KO, respectively, p = 0.0006).
No significant difference was seen in peak amplitude of the
inner retinal oscillatory potentials (Figure 1E; OP peak amplitude
160.5 ± 19.6 µV vs 126.8 ± 19.6 µV, WT vs Tyro3 KO,
respectively, p = 0.3).

Given the vertical connectivity between photoreceptors,
bipolar cells and RGCs, our observation of a decrease in
function in photoreceptors could potentially account for the
subsequent loss in function in downstream bipolar cells and
RGCs. However, analysis of the amplitude loss in comparison to
the known gain relationships between cell classes in the mouse
retina (Nguyen et al., 2013) indicate that while the apparent
loss in bipolar cell function can be attributed to a loss of

photoreceptor function, the loss of RGC function is at least
partially an independent effect (Supplementary Figure S2). To
further establish a potential direct role for Tyro3 in the function
of RGCs, we confirmed that, consistent with published evidence
(Lindqvist et al., 2010; Rheaume et al., 2018), RGCs express Tyro3
(Supplementary Figure S3).

Retinal Structure Is Altered in the
Absence of Tyro3
Given that functional changes can be the result of structural
abnormalities, we investigated the retinal structure of Tyro3
KO mice using in vivo optical coherence tomography (OCT).
The overall structure of the retina was not overtly disrupted in
the absence of Tyro3 compared with WT mice (Figures 2A,B).
Furthermore, total retinal thickness was not significantly reduced
in the absence of Tyro3 (Figure 2D; 252.4 ± 3 µm vs
249.7 ± 1.6 µm, WT vs Tyro3 KO, respectively, p = 0.4).

FIGURE 2 | The thickness of the RNFL is reduced in the absence of Tyro3. The retinas of WT and Tyro3 KO mice were imaged in vivo using optical coherence
tomography (OCT) (n = 10 mice/genotype). Representative OCT images from WT mice (A) and Tyro3 KO mice (B) are shown, with key regions identified: retinal
nerve fiber layer (RNFL), total retinal thickness (TRT) and Bruch’s membrane opening (BMO). No significant difference was observed in TRT between WT and Tyro3
KO mice (C). Tyro3 deficient mice displayed a significant reduction in RNFL thickness compared to WT mice (D; p = 0.006). Results are presented as mean ± SEM;
p-value of mean differences were calculated using a two tailed Student’s t-test. Scale bar = 200 µm.
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However, when the retina was stratified into specific layers,
we observed a statistically significant decrease of 5.7% in the
retinal nerve fiber layer (RNFL) thickness of Tyro3 deficient mice
(Figure 2C; 19.4 ± 0.3 µm vs 18.3 ± 0.2 µm, WT vs Tyro3 KO,
respectively, p = 0.006). No difference was detected in any other
retinal layer (Supplementary Figure S4).

Tyro3 Deficiency Resulted in Fewer
Retinal Ganglion Cells
As the RNFL is composed of the axons of RGCs, a reduction in
the thickness of this layer suggests a loss of RGCs, which may
be the driver of the observed decrease in RGC function. Initially
we studied retinal cross-sections to assess the linear density of
Rbpms+ve RGCs (Figures 3A–C). We found that the absence
of Tyro3 resulted in 24% fewer Rbpms+ve RGCs than WT mice
(Figure 3D; 80.5 ± 6.6 RGCs/mm v. 61.2 ± 3.7 RGCs/mm,
WT vs Tyro3 KO, respectively, p = 0.02). As RGCs form a
monolayer, cross-sectional analysis of RGC density is inherently
one-dimensional. We therefore also assessed the density of
RGCs using flat-mount retinas, assessing two separate regions
(Figures 3E–G). We found no significant difference in the density
of Rbpms+ve RGCs in the central retina (Figure 3H; 4102.5± 90
vs 4130 ± 172.5 RGCs/mm2 WT vs Tyro3 KO, respectively,
p = 0.1). However, consistent with our cross-sectional analysis,
we observed 11.3% fewer RGCs in the peripheral retina of Tyro3
KO mice compared with WT mice (Figure 3I; 4321.5 ± 127.4
vs 3832.5 ± 118.6 RGCs/mm2, WT vs Tyro3 KO, respectively,
p = 0.01). These results support the hypothesis that the reduction
in the thickness of the RNFL in the absence of Tyro3 was due to a
loss of RGCs and consequently fewer axons.

Loss of Tyro3 Results in Fewer Dendrites
Within the IPL
The loss of function in multiple neurons of the vertical
pathway of the retina led us to hypothesize that the loss of
Tyro3 may affect neuron to neuron communication, stemming
from dysfunctional dendritic structure. We therefore assessed
the number of Map2+ve dendrites in the IPL where RGC
dendrites arborize and synapse with bipolar cell terminals. We
observed a global reduction in Map2 immunoreactivity in the
IPL (Figures 4A–E). To quantify dendrite loss, we assessed the
distribution of Map2+ve dendrites from the GCL to the INL.
The central retina (Figures 4F–H) and the peripheral retina
(Figures 4I,J) were assessed separately.

The density of Map2+ve dendrites was measured in serial
z-stacks and plotted as a function of relative IPL depth, as defined
by the nuclei borders of the GCL and the INL. The density of
Map2+ve dendrites within the central retina was observed to vary
significantly with depth from the GCL [F (3.064, 39.83) = 13.96,
p < 0.0001] (Figure 4H). The loss of Tyro3 also significantly
reduced the density of dendrites [F(1, 13) = 5.114, p = 0.0415].
Across the whole of the IPL in the central retina, the loss of
Tyro3 resulted in a 57.2% reduction in Map2+ve dendrites (50.37
vs 21.58 mean dendrites in WT vs Tyro3 KO, respectively).
A significant interaction between genotype and IPL depth was
also observed [F(99,1287) = 2.762, p < 0.0001], although post hoc

analyses did not identify any significant effects, likely due to loss
of power from multiple analyses.

Consistent with the central retinal findings, the density
of Map2+ve dendrites was also observed to vary significantly
with depth from the GCL in the peripheral retina [F(2.025,
26.33) = 20.33, p < 0.0001] (Figure 4K). Similarly, the loss
of Tyro3 also resulted in a 26.8% reduction in the density of
dendrites in the peripheral retina (54.24 vs 39.7 mean dendrites in
WT vs Tyro3 KO, respectively), although the reduction was not
statistically significant [F(1, 13) = 1.095, p = 0.3144]. A significant
interaction effect between genotype and depth was also observed
[F(99, 1287) = 2.158, p < 0.0001], however, similar to the central
region, post hoc analyses did not identify any significant effects.

Interestingly, in both the central and peripheral retina, the
greatest difference in dendrite density between WT and Tyro3
KO mice in the IPL was identified nearest to the GCL, in
the sublaminae in which ON-RGCs are known to stratify and
arborize (Figures 4D,E,H,K). Taken together, these data strongly
support a role for Tyro3 in the elaboration or maintenance of
dendrites, particularly in the central region of the retina.

DISCUSSION

In this study, we have identified that Tyro3 plays multiple roles
within the adult mouse retina. We demonstrate that the loss
of Tyro3 results in a reduction in the number of RGCs. We
also establish that, independent of the loss of RGCs, Tyro3 is
important in regulating aspects of RGC morphology, specifically
in relation to the density of dendrites. These changes in RGC
density and morphology are associated with dramatic functional
deficits in the response of RGCs to light. In combination, our
data identify a previously unrecognized essential role for Tyro3
in normal retinal function.

In our study, utilizing a complete developmental model of
Tyro3 deletion, in adult mice, we observed a significant decrease
in the amplitude response of photoreceptors, bipolar cells and
RGCs. These three neurons comprise the vertical conductive
pathway of the retina; given the connectivity between the
neurons in this pathway, any deficit in the first order neurons
would result in deficits in downstream responses. We have
utilized the previously calculated “gain” relationship between
ERG components (Nguyen et al., 2013) and identified that while
the functional deficit in photoreceptors is sufficient to account
for the reduction in bipolar cell response, the loss of function in
RGCs is greater than would be predicted, suggesting that the loss
of Tyro3 also has a direct effect upon RGC function.

What might be the mechanism by which the loss of Tyro3
results in photoreceptor dysfunction? It has long been known
that disruption of the Tyro3-related receptor, Mertk, results
in degeneration of photoreceptors and ultimately blindness,
due to the failure of RPE cells to appropriately phagocytose
the outer discs of the photoreceptors (D’Cruz et al., 2000).
More recently, it was shown that Tyro3 is a genetic modifier
of this process (Vollrath et al., 2015). Although the effect
of Tyro3 deletion on retinal structure had been investigated
in these studies, to our knowledge, this study is the first to
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assess the function of the retina in these mice. Specifically,
we did not find a change in outer retinal thickness in the
Tyro3 KO mouse, as might be expected with aberrant RPE
phagocytosis of photoreceptor outer segments. It therefore
seems probable that the loss of Tyro3 in the RPE may
result in subtle deficits which cannot be identified solely
through structural analysis. Indeed, our data confirm previously
published evidence that Tyro3 deletion does not result in major
changes to retinal structure (Prasad et al., 2006). The alternative
hypothesis of course is that the loss of Tyro3 has direct
effects upon photoreceptors, potentially through ionic channels
that influence the dark current. However, we find no light
sensitivity deficit in photoreceptors, suggesting the G-protein
cascade is not affected. To formally determine the cause of
photoreceptor dysfunction, cell specific deletion of Tyro3 or
immunohistochemical quantification of the photoreceptors and
RPE would be required.

In addition to the functional deficit in photoreceptors, we
identified a second, independent disruption of RGC function. As
it was not measured, we cannot rule out that the decrease in RGC
function was influenced by an increase in intraocular pressure
within the Tyro3 deficient mice (Bui et al., 2013). However, we
believe the decrease in RGC function in the absence of Tyro3
is direct as it was accompanied by a loss of RGCs, a phenotype
which has previously been shown to correlate with decreased
RGC response amplitude (Hare et al., 2001). Surprisingly, the loss
of RGCs was moderate and not observed throughout the GCL
but confined to the peripheral retina. We observed that Tyro3
deficient mice had 11% fewer RGCs in the peripheral retina but
no loss of RGCs in the central retina. The question then arises
as to whether this moderate RGC loss would result in such a
large reduction in the ERG amplitude. Certainly, in other models,
moderate RGC loss can lead to a reduction in ERG amplitude
(Liu et al., 2014), but not to the extent we observed in this study.

FIGURE 3 | Dysregulation of retinal function is accompanied by a loss of RGCs. The density of retinal ganglion cells was determined in retinal cross-sections and in
retinal flat-mounts. (A) Schematic of retinal cross-section identifying the region of interest. Representative images of retinal cross-sections derived from WT (B) and
Tyro3 KO (C) mice stained for Rbpms (red) and Hoechst (blue) are shown. Significantly fewer Rbpms+ve RGCs were observed in the Tyro3 KO (n = 8) mice
compared with WT mice (n = 6) (D; p = 0.02). (E) Schematic representation of flat-mounted retinas identifying the two regions of interest. Representative images of
flat-mounted sections derived from the peripheral region of WT (F), and Tyro3 KO (G) mice stained for Rbpms (red) and Hoechst (blue) are shown. No difference was
observed in Rbpms+ve RGCs in the central retina between Tyro3 KO and WT mice (H). However, significantly fewer Rbpms+ve RGCs were found in the peripheral
retinas derived from Tyro3 KO mice compared with WT mice (I; p = 0.01). Results are presented as mean ± SEM; p-value of mean differences were calculated using
a two tailed Student’s t-test. Scale bars represent 50 µm.
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It therefore seems probable that the functional deficit in the
RGCs pSTR we have observed in our Tyro3 deficient mice is only
partially explained by the loss of RGCs.

In addition to the loss of RGCs, we have identified that Tyro3
is a critical regulator of RGC dendrite morphology, particularly
in the central retina. Tyro3 deficient animals had substantially
fewer RGC dendrites than WT mice, with the largest differences
observed in the IPL sublaminae nearest the GCL, where the
dendrites of ON-RGCs are known to stratify. It is striking that the
largest loss of dendrites was in the central retina which showed
no detectable reduction in RGC densities, indicating that the
dendritic phenotype cannot be attributed to cell loss.

A role for Tyro3 in neuronal dendrites has previously been
proposed. Prieto et al. (2007) have shown that Tyro3 is enriched
in the dendrites of glutamatergic neurons of the hippocampus,
and suggested Tyro3 may play a role in synaptic plasticity

(Prieto et al., 2007). Although we have not directly addressed the
mechanism by which dendrite density is reduced in the absence
of Tyro3, the functional consequences are profound. As discussed
above, the loss of RGCs is unlikely, in isolation, to account for the
extent of RGC dysfunction detected by ERGs. It is reasonable to
suggest that the reduction in the number of dendrites, which was
greater than 50% in the central retina, contributes substantially to
the disruption of retinal function.

Notably, we have identified regional differences in both RGC
survival and dendritic loss. In the RPE, Tyro3 has been previously
shown to have a gradient of expression from higher expression
in the central retina to lower in the periphery (Vollrath et al.,
2015). Such expression gradients could also extend to other
regions of the retina, including the GCL. The existence of a
gradient, however, cannot completely account for the difference
between the moderate loss of RGCs which was confined to

FIGURE 4 | Loss of Tyro3 results in fewer RGC dendrites in the IPL. The density of dendrites within the inner plexiform layer (IPL) was assessed in the retinas of
Tyro3 KO (n = 8) and WT mice (n = 6). Dendrites were visualized with fluorescent immunohistochemistry against Map2 (green). Boundaries of the inner plexiform layer
(IPL) were defined by the nuclei layers counter-stained with Hoechst (blue). Cross-sectional representative images (A,B) and a schematic of the region of interest are
shown (C). Representative, z-axial images of WT and Tyro3 KO Map2 staining are shown (D,E), highlighting the ganglion cell layer (GCL) and ON- OFF-dendritic
regions. Flattened, transverse images from whole mount retinae from both WT and Tyro3 KO mice from the central (F,G) and peripheral region are shown (I,J).
Dendrite counts were expressed relative to the depth of the IPL, defined by the nuclei borders. Significantly fewer Map2+ve dendrites were found in the IPL in the
central (H, p < 0.0001) and peripheral (K, p < 0.0001) retina of Tyro3 KO mice compared to WT controls. Numerical results are presented as mean ± SEM,
statistical significance was calculated using repeated measures ANOVA. Scale bars = 50 µm.
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the peripheral retina, and the reduction in dendrites, which
although more substantial in the central retina, does extend to
the peripheral retina. One possibility is that Axl, another TAM
receptor, may be able to compensate for Tyro3 in supporting
RGC survival, but not in promoting dendrite morphology. It
has been shown previously that double Axl and Tyro3 knockout
mice have disrupted gonadotropin-releasing hormone, neuron
survival (Pierce et al., 2008), and that Axl was expressed by RGCs
(Lindqvist et al., 2010). In contrast to Tyro3, however, Axl is not
known to be expressed in the dendrites of neurons, suggesting
the possibility that Axl could compensate for Tyro3 in supporting
RGC survival, but not in promoting dendrite density. Whether or
not Axl can in this instance compensate for the loss of Tyro3 and,
moreover, whether Axl itself is subject to regional differences in
expression within the retina, will require further investigation to
formally determine.

How could Tyro3 be affecting RGC dendrites? Another
receptor tyrosine kinase, TrkB, is critical for activity dependent
lamina pruning of the IPL during development (Liu et al., 2007;
Grishanin et al., 2008). Liu et al. (2007) showed that TrkB is
crucial for activity dependent ON-RGC dendrite establishment,
and in the absence of visual stimulation, the addition of BDNF,
the cognate ligand of TrkB, can rescue IPL stratification. Tyro3
could potentially be acting in a similar manner to TrkB, with a
role in activity dependent ON-RGC establishment within the IPL.
In addition to a role in enhancing RGC survival, Tyro3 could
also be acting in an activity dependent, ligand-induced signal
transducing manner to regulate dendritic stratification in the IPL.
This is interesting as it could mean that different subpopulations
have been lost or enriched in the Tyro3 deficient mice, ultimately
with implications for function. Whether Tyro3 has a role in just
dendrites of the retina, or also more extensively within the CNS,
remains to be determined. As Tyro3 has previously been shown
to be expressed in the dendrites of other neurons (Prieto et al.,
2007), it seems likely that this affect would extend beyond the
retina, and the dendritic density in high Tyro3 expressing areas
of the brain would also be dysregulated.

Moreover, the identification of a loss of RGCs and a change
in dendritic morphology may be important in interpreting our
prior findings, whereby we have previously identified that Tyro3
deficient mice had a transient delay in myelination, but a chronic
reduction in myelin thickness in both the optic nerve and
corpus callosum (Akkermann et al., 2017; Blades et al., 2018).
As both neurons and oligodendrocytes express Tyro3, we could
not formally attribute this myelin phenotype to a particular cell
type. However, a decrease in dendritic density and a reduction
in RGC functional output could plausibly result in decreased
activity dependent myelination and contribute to our previously
reported thinner myelin phenotype.

An important future extension to this study will be to
understand which of the TAM ligands are essential in driving
this process. Tyro3 is activated by both Gas6 and Pros1,
and both are expressed in RGCs (Lindqvist et al., 2010).
Furthermore, it has been established that both ligands function
in the RPE to drive normal phagocytosis of photoreceptor
outer discs (Burstyn-Cohen et al., 2012). In addition, both
ligands are neuroprotective in multiple degenerative models

(Yagami et al., 2002; Liu et al., 2003; Zhong et al., 2010), raising
the possibility that signaling via the TAM receptors could provide
a novel target for therapeutic development in eye diseases such as
glaucoma. Future studies examining the effect of Tyro3 deficiency
upon outcome in eye disease models will be critical.

We show that the loss of Tyro3 results in a reduction
in photoreceptor function and an independent disruption of
RGC function. The disruption in normal RGC function is
associated with a loss of a subset of RGCs in the mouse
retina. In addition, we have identified a novel role for Tyro3
in either the establishment or maintenance of RGCs dendrites.
Investigating the pathways and mechanisms in which Tyro3
regulates RGC survival and morphology could inform new
therapeutic approaches in retinal diseases.
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FIGURE S1 | Sensitivity and timing of electroretinogram components in Tyro3 KO
and wildtype mice. Dark-adapted full-field ERGs were performed to examine
retinal function in WT and Tyro3 KO mice (n = 10/genotype), enabling sensitivity
and timing of various retinal cell classes to be quantified. Tyro3 deficient mice
showed no significant reductions in the photoreceptor sensitivity (A) and bipolar
cell sensitivity (B) to light compared to WT mice. The peak time of the retinal GC
driven positive scotopic threshold response (C) was similar to the WT group. In
contrast, a small but significant decrease in response timing of the oscillatory
potentials, reflecting inhibitory pathways (amacrine cells) was observed in the
retina of Tyro3 KO mice compared to WT controls (D; p = 0.04). Results are
presented as mean ± SEM; p-value of mean differences were calculated using a
two-tailed, unpaired Student’s t-test.

FIGURE S2 | The reduction in RGC function is independent of the reduction in
photoreceptor function. In order to determine whether the loss of bipolar cell
function and RGC function as assessed by ERG component amplitude could be
attributed to the loss of photoreceptor function, we used previously determined
gain relationship calculations between components in C57Bl/6 mice

(Nguyen et al., 2013). The reduction in function of cell classes in Tyro3 mice is
shown relative (% ± SEM) to the WT group. Gray boxes represent the 95%
confidence interval (CI) of the gain relationship between photoreceptors and
downstream cell types. Functional losses are considered independent of upstream
functional losses if they fall outside the CI.

FIGURE S3 | Tyro3 mRNA is expressed in RGCs. The expression of the Tyro3
gene in purified primary mouse RGCs was quantified using reverse
transcription-quantitative polymerase chain reaction (qPCR). (A) The purity of the
RGC preparation was assessed using the expression of the key RGC gene
(Rbpms) in purified cells derived from WT mice (n = 5–8, N = 2) compared with
whole retina. A greater than four-fold enrichment of Rbpms mRNA in purified cells
was observed, although some contamination with RPE cells was also detected.
(B) Tyro3 mRNA expression is enriched in purified RGCs compared with
the whole retina.

FIGURE S4 | Optical coherence tomography. The retinas of WT and Tyro3 KO
mice were imaged using optical coherence tomography (OCT)
(n = 10 mice/genotype) (A) ganglion cell-inner plexiform layer (GC-IPL), (B) the
inner nuclear layer (INL), (C) the outer plexiform layer (OPL), (D) the outer nuclear
layer (ONL), (E) the outer segment of the photoreceptor layer (OUTER), and (F) the
retinal pigment epithelium (RPE) were quantified. No significant differences were
observed in the thicknesses of the layers described (A–F). Results are presented
as mean ± SEM; p-value of mean differences were calculated using a two tailed
Student’s t-test.

REFERENCES
Akkermann, R., Aprico, A., Perera, A. A., Bujalka, H., Cole, A. E., Xiao, J., et al.

(2017). The TAM receptor Tyro3 regulates myelination in the central nervous
system. Glia 65, 581–591. doi: 10.1002/glia.23113

Binder, M. D., Cate, H. S., Prieto, A. L., Kemper, D., Butzkueven, H., Gresle, M. M.,
et al. (2008). Gas6 deficiency increases oligodendrocyte loss and microglial
activation in response to cuprizone-induced demyelination. J. Neurosci. 28,
5195–5206. doi: 10.1523/jneurosci.1180-08.2008

Blades, F., Aprico, A., Akkermann, R., Ellis, S., Binder, M. D., and Kilpatrick, T. J.
(2018). The TAM receptor TYRO3 is a critical regulator of myelin thickness in
the central nervous system. Glia 66, 2209–2220. doi: 10.1002/glia.23481

Bui, B. V., and Fortune, B. (2004). Ganglion cell contributions to the rat full-field
electroretinogram. J. Physiol. 555, 153–173. doi: 10.1113/jphysiol.2003.052738

Bui, B. V., He, Z., Vingrys, A. J., Nguyen, C. T. O., Wong, V. H. Y., and Fortune,
B. (2013). Using the electroretinogram to understand how intraocular pressure
elevation affects the rat retina. J. Ophthalmol. 2013, 262467–262467.

Burstyn-Cohen, T., Lew, E. D., Través, P. G., Burrola, P. G., Hash, J. C., and Lemke,
G. (2012). Genetic dissection of TAM receptor-ligand interaction in retinal
pigment epithelial cell phagocytosis. Neuron 76, 1123–1132. doi: 10.1016/j.
neuron.2012.10.015

Christensen, I., Lu, B., Yang, N., Huang, K., Wang, P., and Tian, N. (2019).
The susceptibility of retinal ganglion cells to glutamatergic excitotoxicity is
type-specific. Front. Neurosci. 13:219. doi: 10.3389/fnins.2019.00219

D’Cruz, P. M., Yasumura, D., Weir, J., Matthes, M. T., Abderrahim, H., Lavail,
M. M., et al. (2000). Mutation of the receptor tyrosine kinase gene Mertk in the
retinal dystrophic RCS rat. Hum. Mol. Genet. 9, 645–651. doi: 10.1093/hmg/9.
4.645

Della Santina, L., Inman, D. M., Lupien, C. B., Horner, P. J., and Wong, R. O.
(2013). Differential progression of structural and functional alterations in
distinct retinal ganglion cell types in a mouse model of glaucoma. J. Neurosci.
33, 17444–17457. doi: 10.1523/jneurosci.5461-12.2013

Famiglietti, E., and Kolb, H. (1976). Structural basis for ON-and OFF-center
responses in retinal ganglion cells. Science 194, 193–195. doi: 10.1126/science.
959847

Fulton, A. B., and Rushton, W. A. (1978). The human rod ERG: correlation with
psychophysical responses in light and dark adaptation. Vis. Res. 18, 793–800.
doi: 10.1016/0042-6989(78)90119-0

Grishanin, R. N., Yang, H., Liu, X., Donohue-Rolfe, K., Nune, G. C., Zang, K., et al.
(2008). Retinal TrkB receptors regulate neural development in the inner, but not
outer, retina. Mol. Cell. Neurosci. 38, 431–443. doi: 10.1016/j.mcn.2008.04.004

Hare, W. A., Ton, H., Ruiz, G., Feldmann, B., Wijono, M., and Woldemussie,
E. (2001). Characterization of retinal injury using ERG measures obtained
with both conventional and multifocal methods in chronic ocular hypertensive
primates. Investig. Ophthalmol. Visual Sci. 42, 127–136.

Hood, D. C., and Birch, D. G. (1992). A computational model of the amplitude
and implicit time of the b-wave of the human ERG. Visual Neurosci. 8, 107–126.
doi: 10.1017/s0952523800009275

Joselevitch, C. (2008). Human retinal circuitry and physiology. Psychol. Neurosci.
1:141. doi: 10.3922/j.psns.2008.2.008

Khatib, T., and Martin, K. (2017). Protecting retinal ganglion cells. Eye 31, 218–224.
doi: 10.1038/eye.2016.299

Kim, D. Y., Yu, J., Mui, R. K., Niibori, R., Taufique, H. B., Aslam, R., et al. (2017).
The tyrosine kinase receptor Tyro3 enhances lifespan and neuropeptide Y
(Npy) neuron survival in the mouse anorexia (anx) mutation.Dis. ModelsMech.
10, 581–595. doi: 10.1242/dmm.027433

Lamb, T., and Pugh, E. N. Jr. (1992). A quantitative account of the activation steps
involved in phototransduction in amphibian photoreceptors. J. Physiol. 449,
719–758. doi: 10.1113/jphysiol.1992.sp019111

Lew, E. D., Oh, J., Burrola, P. G., Lax, I., Zagórska, A., Través, P.G., et al.
(2014). Differential TAM receptor–ligand–phospholipid interactions delimit
differential TAM bioactivities. Elife 3:e03385. doi: 10.7554/eLife.03385

Lindqvist, N., Lönngren, U., Agudo, M., Näpänkangas, U., Vidal-Sanz, M., and
Hallböök, F. (2010). Multiple receptor tyrosine kinases are expressed in adult
rat retinal ganglion cells as revealed by single-cell degenerate primer polymerase
chain reaction.Upsala J.Med. Sci. 115, 65–80. doi: 10.3109/03009731003597119

Liu, D., Guo, H., Griffin, J. H., Fernández, J. A., and Zlokovic, B. V. (2003).
Protein S confers neuronal protection during ischemic/hypoxic injury in mice.
Circulation 107, 1791–1796. doi: 10.1161/01.cir.0000058460.34453.5a

Liu, X., Grishanin, R. N., Tolwani, R. J., Rentería, R. C., Xu, B., Reichardt, L. F.,
et al. (2007). Brain-derived neurotrophic factor and TrkB modulate visual
experience-dependent refinement of neuronal pathways in retina. J. Neurosci.
27, 7256–7267. doi: 10.1523/jneurosci.0779-07.2007

Liu, Y., Mcdowell, C. M., Zhang, Z., Tebow, H. E., Wordinger, R. J., and Clark,
A. F. (2014). Monitoring retinal morphologic and functional changes in mice
following optic nerve crush. Investig. Ophthalmol. Visual Sci. 55, 3766–3774.

Livak, K.J., and Schmittgen, T. D. (2001). Analysis of relative gene expression
data using real-time quantitative PCR and the 2−11CT method. Methods 25,
402–408. doi: 10.1006/meth.2001.1262

Lu, Q., Gore, M., Zhang, Q., Camenisch, T., Boast, S., Casagranda, F., et al. (1999).
Tyro-3 family receptors are essential regulators of mammalian spermatogenesis.
Nature 398, 723–728. doi: 10.1038/19554

Frontiers in Neuroscience | www.frontiersin.org 11 August 2020 | Volume 14 | Article 840140

https://www.frontiersin.org/articles/10.3389/fnins.2020.00840/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnins.2020.00840/full#supplementary-material
https://doi.org/10.1002/glia.23113
https://doi.org/10.1523/jneurosci.1180-08.2008
https://doi.org/10.1002/glia.23481
https://doi.org/10.1113/jphysiol.2003.052738
https://doi.org/10.1016/j.neuron.2012.10.015
https://doi.org/10.1016/j.neuron.2012.10.015
https://doi.org/10.3389/fnins.2019.00219
https://doi.org/10.1093/hmg/9.4.645
https://doi.org/10.1093/hmg/9.4.645
https://doi.org/10.1523/jneurosci.5461-12.2013
https://doi.org/10.1126/science.959847
https://doi.org/10.1126/science.959847
https://doi.org/10.1016/0042-6989(78)90119-0
https://doi.org/10.1016/j.mcn.2008.04.004
https://doi.org/10.1017/s0952523800009275
https://doi.org/10.3922/j.psns.2008.2.008
https://doi.org/10.1038/eye.2016.299
https://doi.org/10.1242/dmm.027433
https://doi.org/10.1113/jphysiol.1992.sp019111
https://doi.org/10.7554/eLife.03385
https://doi.org/10.3109/03009731003597119
https://doi.org/10.1161/01.cir.0000058460.34453.5a
https://doi.org/10.1523/jneurosci.0779-07.2007
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1038/19554
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-14-00840 August 12, 2020 Time: 19:55 # 12

Blades et al. Tyro3 in the Retina

Lu, Q., and Lemke, G. (2001). Homeostatic regulation of the immune system
by receptor tyrosine kinases of the tyro 3 family. Science 293, 306–311. doi:
10.1126/science.1061663

Nelson, R., Famiglietti, E. Jr., and Kolb, H. (1978). Intracellular staining reveals
different levels of stratification for on-and off-center ganglion cells in cat retina.
J. Neurophysiol. 41, 472–483. doi: 10.1152/jn.1978.41.2.472

Nguyen, C. T., Tsai, T. I., He, Z., Vingrys, A. J., Lee, P. Y., and Bui, B. V. (2016).
Simultaneous recording of electroretinography and visual evoked potentials in
anesthetized rats. JoVE 113:e54158.

Nguyen, C. T., Vingrys, A. J., Wong, V. H., and Bui, B. V. (2013). Identifying
cell class specific losses from serially generated electroretinogram components.
BioMed Res. Int. 2013:796362.

Parinot, C., and Nandrot, E. F. (2016). “A comprehensive review of mutations in
the MERTK proto-oncogene,” in Retinal Degenerative Diseases, eds J. D. Ash,
R. E. Anderson, M. M. LaVail, C. B. Rickman, and J. G. Hollyfield (Cham:
Springer), 259–265. doi: 10.1007/978-3-319-17121-0_35

Pierce, A., Bliesner, B., Xu, M., Nielsen-Preiss, S., Lemke, G., Tobet, S., et al. (2008).
Axl and Tyro3 modulate female reproduction by influencing gonadotropin-
releasing hormone neuron survival and migration. Mol. Endocrinol. 22,
2481–2495. doi: 10.1210/me.2008-0169

Prasad, D., Rothlin, C. V., Burrola, P., Burstyn-Cohen, T., Lu, Q., De Frutos, P. G.,
et al. (2006). TAM receptor function in the retinal pigment epithelium. Mol.
Cell. Neurosci. 33, 96–108.

Prieto, A. L., O’dell, S., Varnum, B., and Lai, C. (2007). Localization and signaling
of the receptor protein tyrosine kinase Tyro3 in cortical and hippocampal
neurons. Neuroscience 150, 319–334. doi: 10.1016/j.neuroscience.2007.09.047

Puyang, Z., Gong, H.-Q., He, S.-G., Troy, J. B., Liu, X., and Liang, P.-J. (2017).
Different functional susceptibilities of mouse retinal ganglion cell subtypes to
optic nerve crush injury. Exp. Eye Res. 162, 97–103. doi: 10.1016/j.exer.2017.
06.014

Rheaume, B. A., Jereen, A., Bolisetty, M., Sajid, M. S., Yang, Y., Renna, K., et al.
(2018). Single cell transcriptome profiling of retinal ganglion cells identifies
cellular subtypes. Nat. Commun. 9, 1–17.

Rodriguez, A. R., De Sevilla Müller, L. P., and Brecha, N. C. (2014). The RNA
binding protein RBPMS is a selective marker of ganglion cells in the mammalian
retina. J. Comp. Neurol. 522, 1411–1443. doi: 10.1002/cne.23521

Sanes, J. R., and Masland, R. H. (2015). The types of retinal ganglion cells: current
status and implications for neuronal classification. Annu. Rev. Neurosci. 38,
221–246. doi: 10.1146/annurev-neuro-071714-034120

Saszik, S. M., Robson, J. G., and Frishman, L. J. (2002). The scotopic threshold
response of the dark-adapted electroretinogram of the mouse. J. Physiol. 543,
899–916. doi: 10.1113/jphysiol.2002.019703

Tondo, G., Perani, D., and Comi, C. (2019). TAM receptor pathways at
the crossroads of neuroinflammation and neurodegeneration. Dis. Mark.
2019:2387614.

Turner, D. L., and Cepko, C. L. (1987). A common progenitor for neurons and glia
persists in rat retina late in development. Nature 328, 131–136. doi: 10.1038/
328131a0

Turner, D. L., Snyder, E. Y., and Cepko, C. L. (1990). Lineage-independent
determination of cell type in the embryonic mouse retina. Neuron 4, 833–845.
doi: 10.1016/0896-6273(90)90136-4

Untergasser, A., Cutcutache, I., Koressaar, T., Ye, J., Faircloth, B. C., Remm,
M., et al. (2012). Primer3—new capabilities and interfaces. Nucleic Acids Res.
40:e115. doi: 10.1093/nar/gks596

Vollrath, D., Yasumura, D., Benchorin, G., Matthes, M. T., Feng, W.,
Nguyen, N. M., et al. (2015). Tyro3 modulates Mertk-associated retinal
degeneration. PLoS Genet. 11:e1005723. doi: 10.1371/journal.pgen.100
5723

Winzeler, A., and Wang, J. T. (2013). Purification and culture of retinal ganglion
cells from rodents. Cold Spring Harb. Protoc. 2013, 643–652.

Yagami, T., Ueda, K., Asakura, K., Sakaeda, T., Nakazato, H., Kuroda, T.,
et al. (2002). Gas6 rescues cortical neurons from amyloid β protein-induced
apoptosis. Neuropharmacology 43, 1289–1296. doi: 10.1016/s0028-3908(02)
00333-7

Zalis, M. C., Johansson, S., and Englund-Johansson, U. (2017).
Immunocytochemical profiling of cultured mouse primary retinal
cells. J. Histochem. Cytochem. 65, 223–239. doi: 10.1369/002215541668
9675

Zhao, D., Nguyen, C. T., Wong, V. H., Lim, J. K., He, Z., Jobling, A. I.,
et al. (2017). Characterization of the circumlimbal suture model of chronic
IOP elevation in mice and assessment of changes in gene expression of
stretch sensitive channels. Front. Neurosci. 11:41. doi: 10.3389/fnins.2017.
00041

Zhong, Z., Wang, Y., Guo, H., Sagare, A., Fernández, J. A., Bell, R. D., et al.
(2010). Protein S protects neurons from excitotoxic injury by activating
the TAM receptor Tyro3–phosphatidylinositol 3-kinase–akt pathway through
its sex hormone-binding globulin-like region. J. Neurosci. 30, 15521–15534.
doi: 10.1523/jneurosci.4437-10.2010

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Blades, Wong, Nguyen, Bui, Kilpatrick and Binder. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Neuroscience | www.frontiersin.org 12 August 2020 | Volume 14 | Article 840141

https://doi.org/10.1126/science.1061663
https://doi.org/10.1126/science.1061663
https://doi.org/10.1152/jn.1978.41.2.472
https://doi.org/10.1007/978-3-319-17121-0_35
https://doi.org/10.1210/me.2008-0169
https://doi.org/10.1016/j.neuroscience.2007.09.047
https://doi.org/10.1016/j.exer.2017.06.014
https://doi.org/10.1016/j.exer.2017.06.014
https://doi.org/10.1002/cne.23521
https://doi.org/10.1146/annurev-neuro-071714-034120
https://doi.org/10.1113/jphysiol.2002.019703
https://doi.org/10.1038/328131a0
https://doi.org/10.1038/328131a0
https://doi.org/10.1016/0896-6273(90)90136-4
https://doi.org/10.1093/nar/gks596
https://doi.org/10.1371/journal.pgen.1005723
https://doi.org/10.1371/journal.pgen.1005723
https://doi.org/10.1016/s0028-3908(02)00333-7
https://doi.org/10.1016/s0028-3908(02)00333-7
https://doi.org/10.1369/0022155416689675
https://doi.org/10.1369/0022155416689675
https://doi.org/10.3389/fnins.2017.00041
https://doi.org/10.3389/fnins.2017.00041
https://doi.org/10.1523/jneurosci.4437-10.2010
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-14-00760 August 28, 2020 Time: 15:50 # 1

ORIGINAL RESEARCH
published: 31 August 2020

doi: 10.3389/fnins.2020.00760

Edited by:
Monica Liliana Acosta,

The University of Auckland,
New Zealand

Reviewed by:
Rocío Salceda,

National Autonomous University
of Mexico, Mexico

Riccardo Carlo Natoli,
Australian National University,

Australia
Jacqueline Chua,

Singapore Eye Research Institute
(SERI), Singapore

Alvaro Rendon,
Inserm, France

*Correspondence:
Maria Egle De Stefano

egle.destefano@uniroma1.it

Specialty section:
This article was submitted to

Neurodegeneration,
a section of the journal

Frontiers in Neuroscience

Received: 25 April 2020
Accepted: 29 June 2020

Published: 31 August 2020

Citation:
Persiconi I, Cosmi F,

Guadagno NA, Lupo G and
De Stefano ME (2020) Dystrophin Is

Required for the Proper Timing
in Retinal Histogenesis: A Thorough

Investigation on the mdx Mouse
Model of Duchenne Muscular

Dystrophy. Front. Neurosci. 14:760.
doi: 10.3389/fnins.2020.00760

Dystrophin Is Required for the Proper
Timing in Retinal Histogenesis: A
Thorough Investigation on the mdx
Mouse Model of Duchenne Muscular
Dystrophy
Irene Persiconi1,2, Francesca Cosmi1, Noemi Antonella Guadagno2, Giuseppe Lupo1 and
Maria Egle De Stefano1,3,4*

1 Department of Biology and Biotechnology “Charles Darwin”, Sapienza University of Rome, Rome, Italy, 2 Department
of Biosciences, University of Oslo, Oslo, Norway, 3 Laboratory Affiliated to Istituto Pasteur Italia-Fondazione Cenci Bolognetti,
Sapienza University of Rome, Rome, Italy, 4 Center for Research in Neurobiology “Daniel Bovet”, Sapienza University
of Rome, Rome, Italy

Duchenne muscular dystrophy (DMD) is a lethal X-linked muscular disease caused by
defective expression of the cytoskeletal protein dystrophin (Dp427). Selected autonomic
and central neurons, including retinal neurons, express Dp427 and/or dystrophin shorter
isoforms. Because of this, DMD patients may also experience different forms of cognitive
impairment, neurological and autonomic disorders, and specific visual defects. DMD-
related damages to the nervous system are established during development, suggesting
a role for all dystrophin isoforms in neural circuit development and differentiation;
however, to date, their function in retinogenesis has never been investigated. In this
large-scale study, we analyzed whether the lack of Dp427 affects late retinogenesis in
the mdx mouse, the most well studied animal model of DMD. Retinal gene expression
and layer maturation, as well as neural cell proliferation, apoptosis, and differentiation,
were evaluated in E18 and/or P0, P5, P10, and adult mice. In mdx mice, expression
of Capn3, Id3 (E18-P5), and Dtnb (P5) genes, encoding proteins involved in different
aspects of retina development and synaptogenesis (e.g., Calpain 3, DNA-binding
protein inhibitor-3, and β-dystrobrevin, respectively), was transiently reduced compared
to age-matched wild type mice. Concomitantly, a difference in the time required for
the retinal ganglion cell layer to reach appropriate thickness was observed (P0–P5).
Immunolabeling for specific cell markers also evidenced a significant dysregulation
in the number of GABAergic amacrine cells (P5–P10), a transient decrease in the
area immunopositive for the Vesicular Glutamate Transporter 1 (VGluT1) during ribbon
synapse maturation (P10) and a reduction in the number of calretinin+ retinal ganglion
cells (RGCs) (adults). Finally, the number of proliferating retinal progenitor cells (P5–
P10) and apoptotic cells (P10) was reduced. These results support the hypothesis of
a role for Dp427 during late retinogenesis different from those proposed in consolidated
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neural circuits. In particular, Dp427 may be involved in shaping specific steps of retina
differentiation. Notably, although most of the above described quantitative alterations
recover over time, the number of calretinin+ RGCs is reduced only in the mature retina.
This suggests that alterations subtler than the timing of retinal maturation may occur, a
hypothesis that demands further in-depth functional studies.

Keywords: Duchenne muscular dystrophy, mdx mice, dystrophin, retinogenesis, retinal ganglion cells, GABA,
amacrine cells

INTRODUCTION

Duchenne muscular dystrophy (DMD) is a severe X-linked
myodegenerative disease caused by defective expression of
full-length dystrophin, a cortical cytoskeletal protein with a
molecular mass of 427 kDa (Dp427) (Koenig et al., 1987; Blake
et al., 2002; Mercuri et al., 2019). The DMD gene also encodes
a number of shorter dystrophin isoforms, named accordingly
to their molecular mass (Dp260, Dp140, Dp116, and Dp7),
which are transcribed because of independent internal promoter
activities and/or alternative splicing (Blake et al., 1999, 2002).
Within cells, Dp427 and its short isoforms are associated
with a large glycoproteic complex, the central core of which
is dystroglycan (DG). One main function of the dystrophin-
DG complex (DGC) is to bridge extracellular matrix (ECM)
proteins to the cortical actin cytoskeleton, a connection which
mechanically stabilizes cytoskeletal proteins, maintains in place
signaling molecules, and protects the plasma membrane from
ruptures (Davies and Nowak, 2006). Although this role is
well established in muscles, where Dp427 is highly expressed
and is the only isoform present, other and more diversified
functions have been highlighted in different cell types, such as
specific populations of autonomic, brain, and retina neurons,
which may also express short isoforms (De Stefano et al., 1997;
Wersinger et al., 2011; Waite et al., 2012). In the mature nervous
system of both humans and rodents, Dp427, some of its short
isoforms (Dp260, Dp140, Dp71), and DGC components have
been described in association to GABAergic (Knuesel et al.,
1999; Vaillend and Billard, 2002; Vaillend and Chaussenot,
2017), cholinergic (Zaccaria et al., 2000; Di Angelantonio
et al., 2011), and glutamatergic (Miranda et al., 2011) synapses,
along axons and within growth cones (Lombardi et al., 2017).
Because of this diversified localization, it is generally believed
that dystrophins/DGC contribute, more or less directly, to
the stabilization of ionic channels (Gee et al., 1998; Connors
et al., 2004; Leonoudakis et al., 2004), neurotransmitter receptors
(Knuesel et al., 1999), neurotrophic factor receptors (Lombardi
et al., 2008, 2017), and proteins involved in intracellular signaling
pathways (Spence et al., 2004; Constantin, 2014; Lombardi et al.,
2017; Fragapane et al., 2020).

In DMD, lack of Dp427 is the cause of a progressive
degeneration and physiological impairment of all muscle types
(Chu et al., 2002; Wallace and McNally, 2009); however,
DMD patients also experience a high incidence of significant
neurological disorders (Mehler, 2000; Anderson et al., 2002;
Cyrulnik and Hinton, 2008; Hinton et al., 2009; Waite et al., 2009;

Ricotti et al., 2016b), the severity of which depends on the
type, number, and location of mutations within the DMD gene
(Doorenweerd et al., 2017). In addition, the more severe the
pathology, the more pronounced is the onset of visual defects
(Ricotti et al., 2016a), such as impaired red-green color vision
(Costa et al., 2007), loss of contrast sensitivity (Costa et al.,
2011; Barboni et al., 2013), negative scotopic electroretinogram
(ERG), and unbalanced a-b wave amplitude ratios (Cibis et al.,
1993; Pillers et al., 1993, 1999; Fitzgerald et al., 1994; Sigesmund
et al., 1994). This abnormal signal transmission is generated at
the level of both rod and cone photoreceptors and their post-
synaptic ON bipolar cells, in the outer plexiform layer (OPL)
of the retina (Stockton and Slaughter, 1989; Fitzgerald et al.,
1994; Barboni et al., 2013). Supporting this hypothesis, first
immunohistochemical and ultrastructural studies on the retina
of different species, including human, localized the dystrophin
isoform Dp260 and DGC components in pre-synaptic terminals
of photoreceptors (Drenckhahn et al., 1996; Schmitz and
Drenckhahn, 1997; Ueda et al., 1997a,b; Koulen et al., 1998; Blank
et al., 1999; Jastrow et al., 2006; Omori et al., 2012). However,
in more recent years, a revision of dystrophin isoforms (Dp427,
Dp260, Dp140, and Dp71) localization in the mouse retina has
demonstrated that Dp427 is expressed in both outer nuclear layer
(ONL), along with the most abundant Dp260 and Dp140, and
inner nuclear layer (INL), where the other two isoforms are less
represented. In particular, both Dp427 mRNA and protein were
detected within ON bipolar cells, some amacrine cells (ACs), and,
possibly, OFF bipolar cells (Wersinger et al., 2011).

The mdx mouse, the most well studied animal model of
DMD, which lacks the sole Dp427 isoform, also displays
specific neurophysiological abnormalities (Coccurello et al.,
2002; Vaillend et al., 2004; Chaussenot et al., 2015; Miranda
et al., 2015; Vaillend and Chaussenot, 2017). These, however,
are milder compared to those described in DMD patients,
due to the unaffected expression of all other dystrophin
isoforms, which are considered more crucial than the Dp427
in brain physiopathology. As a matter of fact, some brain
functions are decreased in animal models as the mdx3Cv

mouse (X linked muscular dystrophy 3, Verne Chapman),
a mdx mouse variant generated with N-ethylnitrosourea
chemical mutagenesis and carrying a point mutation in intron
65 of the DMD gene, which abrogates the expression of
all shorter dystrophin isoforms (Im et al., 1996; Willmann
et al., 2009). Similar considerations can be drawn for the
aforementioned visual defects (Tsai et al., 2016), which are
either absent or less severe in mdx mice compared to DMD
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patients and mdx3Cv mice (Costa et al., 2007; Costa et al., 2011;
Tsai et al., 2016; Bucher et al., 2019). However, upstream to
all these considerations is the developmental manifestation
of the dystrophin isoforms in the nervous system, which
can vary among species, and their co-expression with genes
implicated in neurodevelopmental disorders (Doorenweerd
et al., 2017). Therefore, DMD can also be considered as a
neurodevelopmental disease, since nervous system alterations
are established before birth and apparently do not progress
after it. Nevertheless, a delay in post-natal development during
the first 4 years of life, and a pronounced cerebral atrophy
in adult individuals, were reported (Yoshioka et al., 1980;
Pane et al., 2013).

Although Dp260 and Dp140 apparently play a prominent
functional role in the adult retina, early steps in retinal
development and differentiation could mainly depend on Dp427.
This idea stems from studies on rodent retinas reporting a
significant pre-natal expression of Dp427 alone (Rodius et al.,
1997; Bucher et al., 2019). Accordingly, studies on the autonomic
and central nervous system of mdx mice reported defects
in axonal growth and regeneration (Zaccaria et al., 2000;
Lombardi et al., 2008, 2017), in adult hippocampal neurogenesis
(Deng et al., 2009), and in neuronal survival, migration, and
differentiation (Sbriccoli et al., 1995; Carretta et al., 2001; De
Stefano et al., 2005; Lombardi et al., 2008).

To date, it is not known whether full length dystrophin,
despite its minor role in adult retina physiology compared to
Dp260 and Dp140 + Dp71, may have some specific function
in retinal development, when it is the more abundant, if
not the only, isoform expressed. In this large-scale study we
analyzed whether the lack of Dp427 would affect some aspects
of late retinogenesis, by analyzing retinal gene expression,
layer organization, neural stem cell proliferation, apoptosis, and
differentiation.

MATERIALS AND METHODS

Animals
Wild type (C57BL/10) and genetically dystrophic
(C57BL/10ScSn-Dmdmdx/J) mice (The Jackson Laboratory,
Bar Harbor, ME, United States) of embryonic day 18 (E18),
postnatal days 0 (P0), 5 (P5), 10 (P10), and 6–7 weeks were
used. At pre- (E18) and early post-natal stages (P0–P10), the
majority of the retinal cell types initiate and complete their
differentiation, outnumbered cells die by apoptosis and the
retinal layers are formed. In mice, this cohort of events, to which
we refer as “late retinogenesis,” occurs at stages in mice that
correspond to developmental weeks 14–28 of the human retina
(Aldiri et al., 2017). The mdx mouse is the most widely used
animal model for DMD, characterized by a naturally occurring
nonsense point mutation (C-to-T transition) in exon 23, which
aborts full-length dystrophin expression, but preserves that of
short dystrophin isoforms (Sicinski et al., 1989). This model is
characterized by the typical muscular degeneration, although
milder than humans as occurring in waves, and diversified brain
abnormalities (Anderson et al., 2002).

All studies were carried out in accordance with The Code
of Ethics of the EU Directive 2010/63/EU. All efforts were
made to minimize animal suffering, reduce the number of
animals used, and utilize alternatives to in vivo techniques. The
experimental procedures and protocols were approved by the
Ethical Committee for Animal Research of the Italian Ministry
of Public Health. Mice were housed in cages (maximum five per
cage) and were maintained on a 12 h light-dark cycle with free
access to food and water.

Paraffin Embedding and Morphometric
Analysis
P0 (n = 4), P5 (n = 3), P10 (n = 3), and 6–7-week-old (n = 3)
wild type and mdx mice were deeply anesthetized with isoflurane
and killed by decapitation. Mice used for each time point were
obtained from different litters. Eyes were quickly removed on ice,
fixed by immersion, for 48 h at 4◦C, in 2% paraformaldehyde
and 1.5% glutaraldehyde in 0.1 M phosphate buffer (PB), pH
7.4, and then paraffin embedded. Briefly, eyes were dehydrated
at RT through an ascending series of ethyl alcohols (50%, for
30 min, 70%, for 30 min, 80%, for 30 min, 95%, for 30 min, and
100%, for 1 h), cleared in benzene (30 min at RT), impregnated
in a solution 1:1 of benzene and paraffin (30 min at 60◦C),
followed by 3 × 30 min steps in pure paraffin, at 60◦C, and
finally embedded in solid paraffin blocks. Eyes were cut, along
a nasal-temporal (N-T) horizontal plane, at an LKB Bromma
Rotary-One microtome (LKB, Bromma, Sweden) in 10 µm-
thick sections, collected on Menzel Superfrost Charged Slides
(Menzel, Braunschweig, Germany). After rehydration through
a series of descending ethyl alcohols (100, 70, and 50%) and
distilled water, sections were stained (3 min at RT) in a 0.5%
solution of cresyl violet, rinsed in distilled water, dehydrated with
a series of ascending ethyl alcohol (50, 70, 80, and 100%) and
xylene, let dry, and coverslipped with Eukitt mounting medium.
Sections were viewed at an AxioScop2 light microscope (Carl
Zeiss, Jena, Germany), equipped with an AxioCam MRc5 video
camera, photographed at a 63x magnification and processed with
the AxioVision 4.8.2 SP3 software.

Thickness of both outer segment (OS) and inner segment (IS)
of photoreceptors, ONL, OPL, INL, inner plexiform layer (IPL),
and ganglion cell layer (GCL) was measured, by using the Image
J software. Measurements were taken at the posterior part of the
eye bulb, on sections where the exit of the optic nerve was visible.
More specifically, two pictures were taken at both sides of the
optic nerve exit; the distance of the photographic field from the
optic nerve stalk varied depending on the size of eye, ranging
from 20 to 100 µm. Four to six serial sections, 100 µm apart, were
chosen, for a total of 8–12 photographic field/eye. This region is
the same that will be taken into consideration for the following
quantitative analyses on sections immunolabeled for the different
cell specific markers.

Immunofluorescence
P0 (n = 3–4), P5 (n = 3–5), P10 (n = 3–4), and 6–7-week-old
(n = 3–4) wild type and mdx mice were deeply anesthetized
with isoflurane and killed by decapitation. Eye were quickly
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removed on ice and fixed by immersion, for 48 h at 4◦C, in
4% paraformaldehyde and 4% sucrose in 0.1M PB. After a
48 h cryoprotection in 30% sucrose in 0.9% NaCl, eyes were
embedded in OCT compound, quickly frozen and cut, along a
N-T horizontal plane, at a Leica cryostat (Leica Microsystems,
Wetzlar, Germany) in 10 µm-thick sections, collected on charged
glass slides. To block antibody non-specific binding sites, sections
were incubated, for 1 h at RT, in 1% Bovine Serum Albumin
(BSA), 10% normal goat serum (NGS), and 0.5% Triton X-
100 in phosphate buffered saline (PBS), and then, overnight,
at 4◦C, with one of the primary antibodies (listed in Table 1)
diluted in 1% BSA, 1% NGS, and 0.2% Triton X-100 in PBS.
An antigen retrieval step was performed before the glutamine
synthetase immunostaining; briefly, sections were incubated
(25 min at 60◦C) in 10 mM sodium citrate and 0.05% Tween
20 (pH 6), rinsed in the same solution at RT and afterward
in PBS, for 5 min. Following primary antibody incubation,
sections were rinsed (3 × 10 min) in PBS, incubated with both
the Cy3-conjugated goat anti-rabbit IgG secondary antibody
(Jackson Immunoresearch Laboratories, Inc., West Grove, PA,
United States) and the Hoechst nuclear staining (Invitrogen,
Ltd., Inchinnan Business Park, Paisley, United Kingdom), diluted
1:1000 and 1:40000, respectively, in 1% BSA, 1% NGS, and 0.2%
Triton X-100 in PBS, for 1 h at RT. After a rinse (3 × 10 min)
in PBS, sections were coverslipped with the ProLong Gold
Antifade Reagent (Invitrogen). Negative controls were obtained
by omitting the primary antibody. Sections were viewed and
photographed at 40x, 63x immersion-oil, and 100x immersion-
oil magnifications at a ZEISS AxioScop2 light microscope. To
optimize image resolution, each field was first photographed at
the level of best focus plane, then two other images were taken
one step above and below this plane, and finally the three pictures
were merged together by using the ImageJ Software.

Recoverin and VGluT1 immunopositive cells were viewed at
a ZEISS LSM780 confocal microscope, using a 63x immersion-
oil objective. Each section was scanned in 0.5 µm thick optical
sections; the series range was determined by setting the upper and

TABLE 1 | Primary antibodies used for immunofluorescence.

Antibody Dilution Company

Rabbit anti-PKC-α (BC) 1:300 Abcam (Cambridge,
United Kingdom)

Rabbit anti-VGluT1
(ribbon-synapses)

1:500 Abcam

Rabbit anti-GABA (GABAergic AC) 1:80 Abcam

Rabbit anti-Glutamine Synthetase
(Müller cell)

1:100 Abcam

Rabbit anti-Cleaved Caspase-3
(apoptotic cell)

1:300 Cell Signaling (Beverly, MA,
United States)

Rabbit anti-calbindin (HC) 1:1000 Merck Millipore (Billerica,
MA, United States)

Rabbit anti-recoverin
(photoreceptors)

1:1000 Merck Millipore

Rabbit anti-Tyrosine Hydroxylase
(dopaminergic AC)

1:100 Merck Millipore

Rabbit anti-calretinin (RGC) 1:500 Swant (Marly, Switzerland)

the lower thresholds with the Z/Y position for spatial image series
setting. Final images are shown as a transparency of all layers
merged together.

EdU Cell Proliferation Assay
Mice were intraperitoneally injected with 25 mg/kg of
5-ethynyl-2′-deoxyuridine (EdU), a thymidine analog
optimal for labeling proliferating cells in the nervous system
(Chehrehasa et al., 2009; Zeng et al., 2010). P5 (n = 5–6)
and P10 (n = 3–4) mice were injected 1 day before sacrifice
(P4 and P9, respectively); differently, proliferating cells in P0
mice were revealed by injecting pregnant mothers (n = 3)
at the 18th day of gestation. For each time point, mice were
obtained from different litters. Mice were deeply anesthetized
with isoflurane and killed by decapitation. Eye were quickly
removed on ice, embedded in OCT compound without
fixation, frozen and cut, along a N-T horizontal plane, at
a Leica cryostat into 10 µm-thick sections, collected on
charged glass slides. EdU labeling was revealed by using the
Click-ITTM EdU Cell Proliferation Kit for Imaging, Alexa
FluorTM 488 dye (Invitrogen, cat. n. C10337), according to
manufacturer’s instructions. Briefly, sections were fixed with
4% paraformaldehyde in PBS (10 min at RT), rinsed in PBS,
permeabilized with 0.5% Triton X-100 in PBS (20 min at RT),
rinsed again, and then incubated with the Click-IT reaction
cocktail (30 min at RT). After a rinse with 3% BSA in PBS,
sections were incubated with Hoechst nuclear stain, rinsed
in PBS, and coverslipped with the ProLong Gold Antifade
Reagent. EDU+ cells were viewed under a ZEISS LSM780
confocal microscope using a 63x immersion-oil objective, as
previously described.

Quantitative Analysis
Quantitative analysis of immunofluorescent cells was carried
out on pictures taken with 40x or 63x objectives, depending
on the type of cell analyzed. The images were taken in the
posterior part of the retina, at the level of the optic nerve
exit. A variable number of serial sections were photographed
for each eye, depending on the size of the eye, the plane
of cut, and the quality of the sections: P0, 3–6 sections; P5,
4–11 sections; P10, 3–11 sections; 6–7 weeks, 5–10 sections.
However, chosen sections were at least 100 µm apart, which
allowed us to avoid the risk of counting the same cell twice.
One picture was taken at each side of the optic nerve exit, the
linear length of the framed portion of the retina was measured,
and only immunopositive cells bearing a clear nuclear staining
were counted. Total cell numbers were normalized to 1 mm
of linear length. Differently, due to their scattered distribution,
the number of apoptotic cells, identified as immunopositive
for cleaved caspase-3 (CC-3), were counted along the entire
perimeter of the retina of each section.

Quantification of cell structures immunopositive for recoverin
and VGluT1 was, instead, performed by measuring the mean
fluorescence intensity (MFI) and the total fluorescent area (FA)/a
region of interest (ROI), using the ImageJ software.

Quantitative analysis of EdU+ cells was made on confocal
images taken along the entire length of the retina, dividing the
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counted cells into three categories: cells counted in the posterior
(close to the optic nerve), middle, and anterior part (close to the
ciliary body) of the eye. Eye sections for quantitative analysis were
chosen at the level of optic nerve exit; for each image, EdU+ cells
were counted within a selected ROI and final cell number was
normalized to 40,000 µm2.

RT-PCR and Real Time RT-PCR
Pools of E18 mouse retinas were used to verify the pre-natal
expression of Dp427 in wild type mice. At this aim, RT-PCR
with primer pairs specific for wild type and mutant dp427 was
performed using the Qiagen One-Step RT-PCR kit and total
RNA purified as described below, according to manufacturer
instructions. After 30 PCR cycles, 20 microliters of each reaction
were run in a 1.5% agarose gel. Primer sequences are reported
in Supplementary Table S1 and were previously described, along
with PCR cycling conditions (Rando et al., 2000).

For real time RT-PCR, E18 (n = 3–6), P0 (n = 3), P5 (n = 3–6),
P10 (n = 3–6), and 6–7-week-old (n = 3) wild type and mdx
mice were killed by decapitation, previous deep anesthesia with
isoflurane for P0-adult mice. For each time point, mice were
obtained from different litters. Eye were quickly removed on ice
and retinas were gently dissected in HBSS, rapidly frozen, and
stored at −80◦C until use. Total RNA was isolated from frozen
retinal tissues using the RNeasy Micro Kit (Qiagen, Hilden,
Germany), according to manufacturer’s instructions, followed
by quantification with a NanoDrop 2000 spectrophotometer
(Thermo Scientific, Milan, Italy). The 260/280 and 260/230
ratios were also determined, with values usually in the range of
2, indicating clean RNA preparations. Purified total RNA was
then reverse-transcribed using the Qiagen QuantiTect Reverse
Transcription Kit and amplified on a Rotor-Gene Q (Qiagen),
using the Qiagen QuantiFast SYBR Green PCR Kit. Primer pairs
used for real time RT-PCR assays were purchased from Qiagen
or designed using PRIMER31 and are listed in Supplementary
Table S1. Relative gene expression levels in different samples were
determined as previously described (Carucci et al., 2017), using
Eef1a1 as a reference gene.

Electrophoresis and Immunoblotting
P0, P5, and P10 wild type and mdx mice were deeply anesthetized
with isoflurane (Merial, Milan, Italy) and killed by decapitation.
Retinas were quickly removed on ice, frozen in dry ice, and
stored at−80◦C until use. Each retina was homogenized in 20 µl
of ice-cold RIPA buffer (50 mM Tris/HCl at pH 7.6, 150 mM
NaCl, 1 mM ethylenediaminetetraacetic acid [EDTA], 1% sodium
dodecyl sulfate [SDS], 1% Triton X-100, 1X protease inhibitor
cocktail [Sigma-Aldrich], 1 mM phenylmethylsulphonyl fluoride
[PMSF], 0.2 mM Na3VO4, and 1 mM NaF) and sonicated
for 30 s at 30 kHz with a UP100H Ultrasonic Processor (Dr.
Hielsher GmbH, Teltow, Germany). Tissue homogenates were
centrifuged at 18407 g (rmax 8.4) for 10 min at 4◦C, and a
measured aliquot of the supernatant was used to determine
protein concentration by using the Micro BCA kit (Pierce,
Rockford, IL, United States). Loading buffer (4X: 200 mM

1http://primer3.ut.ee

Tris/HCl pH 6.8, 4% SDS, 30% glycerol, 4% β-mercaptoethanol,
and 4% blue bromophenol) was added to the homogenates
up to the 1X final concentration; homogenates were, then,
heated for 5 min at 95◦C and kept at −20◦C until use. Sixty
micrograms of proteins were loaded on a 4% sodium dodecyl
sulphate-polyacrylamide gel and separated by electrophoresis
(SDS-PAGE). HyperPAGE Pre-stained Protein Markers (AbCam,
Cambridge, United Kingdom) of precisely sized recombinant
proteins (245, 180, 135, 100, 75, 63, 48, 35, 25, 20, 17, 11 kDa)
were used as molecular weight standards. After electrophoresis,
proteins were transferred onto a nitrocellulose membrane and
proper protein transfer was verified by ponceau S staining
(3% ponceau S, 30% trichloroacetic acid in distilled H2O) for
15 min. After a rinse in distilled H2O followed by TTBS
(20 mM Tris/HCl, pH 7.5, 500 mM NaCl, 0.05% Tween
20), membranes were incubated, for 2 h at RT, with a non-
specific binding site blocking solution made of 5% defatted
dry milk (DM) in TTBS, rinsed again in TTBS, and then
incubated overnight at 4◦C with the mouse anti-dystrophin rod
domain (Dys1) (Novocastra Laboratories, Newcastle upon Tyne,
United Kingdom) primary antibody, diluted 1:10 in 3% bovine
serum albumin (BSA) and 0.05% NaN3 in TTBS. Following
another rinse in TTBS, membranes were incubated (1 h at RT)
with a peroxidase-conjugated goat anti-mouse IgG secondary
antibody (Promega Italia, Milan, Italy), diluted 1:15000 in 2.5%
DM in TTBS. Antibody-antigen binding sites were detected by
enhanced chemiluminescence (ECL) West Pico Plus Substrate
(Immunological Science, Rome, Italy). The immunopositive
bands were visualized by exposure of the membrane to X-OMAT
film plates (Kodak).

Statistical Analysis
Morphometric analyses conducted on paraffin sections were
analyzed by two-way ANOVA test with Sidak post hoc correction
and expressed as the mean ± standard error of the mean (SEM).
Differences were considered statistically significant for p ≤ 0.05.

For all quantitative analyses (immunofluorescence, cell
proliferation), data were analyzed by either one-way ANOVA
test Tukey post hoc or two-way ANOVA test with Sidak post hoc
correction, and expressed as the mean ± SEM. Differences were
considered statistically significant for p ≤ 0.05, but expression
changes with p < 0.1 are also highlighted in Figure 12.

Data relative to gene expression were analyzed by two tailed
Student’s t-test and expressed as the mean relative expression
levels ± SEM following normalization to wild type samples.
Differences were considered statistically significant for p ≤ 0.05.

RESULTS

Morphometric Analysis Reveals
Transitory Alterations, at Early Post-natal
Stages, in the Thickness of the GCL of
mdx Mice Compared to Wild Type
In order to uncover whether the lack of Dp427 affects the
gross anatomical architecture of the retina, we measured the
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thickness of the six main retinal layers on serial, cresyl violet-
stained paraffin sections of P0, P5, P10, and 6–7-week old
wild type and mdx mice (Figure 1, left). At birth (P0), retinal
layering is still developing (Nguyen-Ba-Charvet and Chédotal,
2014; Taylor et al., 2015), and only the maturing GCL and
IPL, along with a large undifferentiated neuroblastic cell layer
(NBL), were evident (Figure 1A). At this stage, the GCL in
mdx mouse retinas was significantly thicker (p ≤ 0.01) than
that in wild type mice (Figure 1A, right). At P5, this result
was reversed, as GCL thickness became significantly thinner
(p ≤ 0.01) in the dystrophic retinas compared to wild type
(Figure 1B, right), mainly because of thickening of the GCL in
this genotype (Figures 1A,B, right). According to the literature
(Taylor et al., 2015), at this stage, signs of separation between the
INL and the ONL emerge within the NBL, and a primordium
of the IS of photoreceptors could also be measured (Figure 1B,
left). Despite these selective differences at P0 and P5, total
retinal thickness was not different between the two genotypes
(Figures 1A,B, right). Between P10 (Figure 1C, left) and 6–
7 weeks (Figure 1D, left) of age, retinas of both genotypes
underwent a marked maturation, with all layers progressively
increasing in both thicknesses and neural cell organization. At
both ages, no significant differences were seen in the thickness of
the whole retina, or the single layers, between the two genotypes
(Figures 1C,D, right).

The Number of Calretinin+ RGCs and
GABA+ ACs in Adult and P10 mdx Mice,
Respectively, Is Significantly Reduced
Compared to Wild Type
In order to establish whether the lack of Dp427 in mdx mice
affects the progressive differentiation of the retinal cell types, we
performed a quantitative analysis by immunolabeling for cell-
specific markers serial, N-T horizontal retina cryosections
obtained from P0 to 6–7-week old mice. Cell counts
were performed in the posterior retina, at the level of the
optic nerve head.

The Number of Cells Immunopositive for Recoverin
(Photoreceptors), Calbindin (Horizontal Cells), Protein
Kinase-α (Bipolar Cells), and Glutamine Synthase
(Müller Cells) Is Similar Between Wild Type and mdx
Mice
The first order retinal neuron is represented by the rod
and cone photoreceptors. Cones differentiate during
embryonic development (around E14), while about 73% of
the postnatal progenitor cells differentiate into rods (P0)
(Young, 1985; Heavner and Pevny, 2012). For photoreceptor
pan-immunolabeling, we used an antibody directed against
recoverin (RCV), a Ca2+-binding protein (CaBP) mainly
located in the OS of photoreceptors (Senin et al., 2002; Sharma
et al., 2003). RCV immunofluorescence significantly increased
during post-natal retinal maturation, with few cells observed
at P0, most probably representing the cone population, with
photoreceptors becoming progressively immunopositive
throughout the following post-natal stages (Figures 2A,D).

Possible differences in photoreceptor differentiation between
wild type and mdx mice were analyzed by counting the number
of RCV+ cells in P0 and P5 mice, when cells were distant
enough to be recognized individually (Figures 2B,C). At P10
and 6–7 weeks, RCV+ cells were so numerous and packed
together that this approach was substituted by the analysis
of both RCV MFI and RCV FA/ROI ratio (Figures 2E,F).
Throughout these postnatal stages, no differences between the
two genotypes were observed, neither in the number of RCV+
cells (Figure 2B) nor in the RCV MFI and FA/ROI (Figure 2E).
In addition, both genotypes showed a similar increase in the
number of RCV+ cells between P0 and P5 (Figure 2C), whereas
RCV fluorescence intensity remained stable between P10 and
6–7 weeks (Figure 2F).

Horizontal cells (HCs) differentiate between the end of
embryonic life and P4–P5 (Nguyen-Ba-Charvet and Chédotal,
2014), a time at which active photoreceptors influence HC
migration in the outer portion of the INL and the consequent
formation of the OPL (Raven et al., 2007; Heavner and
Pevny, 2012). According to this, by immunofluorescence
for Calbindin (CALB), a CaBP highly expressed in HCs,
we observed a progressive organization and maturation of
these neurons within the appropriate retinal layers between
P0 and 6–7 weeks, with no evident differences between
the two genotypes (Figure 3A). Cell counting revealed no
differences in the number of CALB+ cells between wild type
and mdx mice, at any of the ages considered (Figure 3B).
The number of immunopositive cells significantly decreased
(p ≤ 0.01) in P10 and adult mice with respect to the
P0 and P5 mice (Figure 3C), with no differences between
the two genotypes.

Bipolar cells (BCs) represent the second order retinal neurons,
which are subdivided in two major subclasses, referred to as
ON- and OFF-BCs. Because their full differentiation occurs
after birth, we were able to perform a quantitative analysis
starting by P5. The BCs marker chosen was the alpha isoform
of protein kinase C (PKC-α), a Ser/Thr protein kinase mainly
expressed by rod BCs (Figure 4A), although a minority of
ACs and cone photoreceptors are also PKC-α+ (Fukuda et al.,
1994). A clear pattern of differentiation from P5 to adult
mice was seen by PKC-α immunolabeling; cell bodies and
dendrites of mature BCs clearly localized at the INL/OPL
levels, while their axons projected toward the GCL and ended
within the IPL (Figure 4A). As for HCs, no gross anatomical
differences were observed between the two genotypes. Likewise,
quantitative analysis did not reveal differences either in the
number of PKC-α+ between age-matched wild type and mdx
mice (Figure 4B), or in the time course of cell maturation,
which was characterized by a steady and significant increase
in the number of PKC-α+ BCs from P5 to 6–7-week old
mice (Figure 4C).

Müller cells are the predominant glial cells in the retina
and one of the last cell types to differentiate (Young, 1985;
Heavner and Pevny, 2012), in the second wave of retinogenesis
(P0–P7), and were identified by their exclusive and intense
expression of glutamine synthase (GS) (Vardimon et al., 1993).
Numerous GS+ cell bodies were detectable from P10: one
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FIGURE 1 | Morphometric analysis of wild type and mdx mouse retinas at different postnatal days reveals a transitory alteration in the thickness of the GCL of
dystrophic mice. Representative cresyl violet-stained horizontal (N-T) retina paraffin sections of P0 (A), P5 (B), P10, (C) and 6–7-week-old (D) wild type (wt) and mdx
mice (left), and comparative morphometric analysis of the thickness of the retinal layers (right). Measures are made in the posterior retina, at the level of the optic
nerve exit (black boxes in the eye drawing). Data are analyzed by two-way ANOVA test Sidak post hoc and represented as the mean ± SEM. ∗∗p ≤ 0.01 (mdx vs.
wt); ##p ≤ 0.01 (P5 vs. P0 of the same genotype). n = 3–4 independent experiments/postnatal date. Scale bar: 50 µm. IS, inner segment of photoreceptor; OS,
outer segment of photoreceptors; NBL, neuroblastic cell layer; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform
layer; GCL, ganglion cell layer.
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FIGURE 2 | Lack of Dp427 does not alter neither the number of recoverin-immunopositive photoreceptors nor the recoverin fluorescence intensity. (A,D)
Representative images of horizontal (N–T) retina cryosections of P0, P5, P10, and 6–7-week-old wild type (wt) and mdx mice immunolabeled for recoverin (RCV), a
pan-photoreceptor cell marker. Nuclei are stained in blue (Hoechst). (B,C) Comparative quantitative analysis of the number of RCV+ cells/mm of retina between wt
and mdx age-matched mice (B) and across post-natal days within the same genotype (C). (E,F) Comparative quantitative analysis between wt and mdx
age-matched mice (E) and across post-natal days within the same genotype (F) based on both mean fluorescent intensity (MFI) (normalized against the background)
and percentage of RCV fluorescent area (FA)/ROI area, measured by the ImageJ software. Both cell counts (B,C) and measures of the fluorescence intensity (E,F)
are made in the posterior retina (black boxes in the eye drawing). Data are analyzed by two-way ANOVA test Sidak post hoc and represented as the mean ± SEM.
∗∗p ≤ 0.01, ∗∗∗p ≤ 0.001 (P5 vs. P0 in C). n = 3–5 independent experiments. Scale bar: 50 µm; insets: 10 µm. OS, outer segment of photoreceptors; IS, inner
segment of photoreceptors; NBL, neuroblastic cell layer; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer;
GCL, ganglion cell layer.
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FIGURE 3 | Lack of Dp427 does not alter the number of calbindin-immunopositive horizontal cells. (A) Representative images of horizontal (N–T) retina cryosections
of P0, P5, P10, and 6–7-week-old wild type (wt) and mdx mice immunolabeled for calbindin (CALB). Nuclei are stained in blue (Hoechst). (B,C) Quantitative analysis
of the number of CALB+ cells/mm of retina between wt and mdx age-matched mice (B) and across post-natal days within the same genotype (C). Cell counts are
made in the posterior retina (black boxes in the eye drawing). Data are analyzed by either two-way ANOVA test Sidak post hoc (B) or one-way ANOVA test Tukey
post hoc (C) and represented as the mean ± SEM. ∗p ≤ 0.05, ∗∗p ≤ 0.01 (vs. P0); ##p ≤ 0.01 (vs. P5). n = 3–5 independent experiments. Scale bar: 50 µm; insets:
10 µm. OS, outer segment of photoreceptors; IS, inner segment of photoreceptors; NBL, neuroblastic cell layer; ONL, outer nuclear layer; OPL, outer plexiform
layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer.
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FIGURE 4 | Lack of Dp427 does not alter the number of protein kinase-α-immunopositive bipolar cells. (A) Representative images of horizontal (N–T) retina
cryosections of P5, P10, and 6–7-week-old wild type (wt) and mdx mice immunolabeled for PKC-α. Nuclei are stained in blue (Hoechst). (B,C) Comparative
quantitative analysis of the number of PKC-α+ cells/mm of retina between wt and mdx age-matched mice (B) and across post-natal days within the same genotype
(C). Cell counts are made in the posterior retina (black boxes in the eye drawing). Data are analyzed by either two-way ANOVA test Sidak post hoc (B) or one-way
ANOVA test Tukey post hoc (C) and represented as the mean ± SEM. n = 3–5 independent experiments. ###p ≤ 0.001 (vs. P5); §§p ≤ 0.01, §§§p ≤ 0.001 (vs. P10).
Scale bar: 50 µm; insets: 10 µm. OS, outer segment of photoreceptors; IS, inner segment of photoreceptors; NBL, neuroblastic cell layer; ONL, outer nuclear layer;
OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer.
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subset of small cells, clustered together, occupied the INL, while
another subset of large cells, more distant from each other, were
located in the GCL (Figure 5A). By 6–7 weeks, Müller cells
spanned the entire retina, from the outermost portion of the
ONL to the GCL (Figure 5A). No differences were observed,
between the two genotypes, in both pattern of differentiation

and cell distribution. Likewise, no differences were detected in
the number of GS+ cells between age-matched wild type and
mdx mice (Figure 5B), nor in the time course of cell number
refinement within each genotype. In this case, in both wild type
and mdx mouse retinas, GS+ cell bodies significantly decreased
between P10 and 6–7 weeks (Figure 5C).

FIGURE 5 | Lack of Dp427 does not alter the number of glutamine synthase-immunopositive Müller cells. (A) Representative images of horizontal (N–T) retina
cryosections of P10 and 6–7-week-old wild type (wt) and mdx mice immunolabeled for glutamine synthase (GS). Nuclei are stained in blue (Hoechst). (B,C)
Comparative quantitative analysis of the number of GS+ cells/mm of retina between wt and mdx age-matched mice (B) and across post-natal days within the same
genotype (C). Cell counts are made in the posterior retina (black boxes in the eye drawing). Data are analyzed by two-way ANOVA test Sidak post hoc and
represented as the mean ± SEM. §§§p ≤ 0.001 (vs. P10). n = 3 independent experiments. Scale bar: 50 µm; insets: 10 µm. OS, outer segment of photoreceptors;
IS, inner segment of photoreceptors; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer.
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Wild Type and mdx Mouse Retinas Show No Major
Differences in Immunofluorescence Intensity for the
Vesicular Glutamate Transporter 1 at the Ribbon
Synapse Level
In order to complete the analysis on the differentiation pattern
of the photoreceptor-BCs binomial, the rate of maturation of
ribbon synapses was evaluated by analyzing the stage-dependent
changes in the intensity of immunolabeling for the vesicular
glutamate transporter 1 (VGluT1) (Figure 6). As reported in the
introduction, Dp427, Dp260, and DGC components are localized
in the OPL in both pre- and postsynaptic compartments.
Presynaptic DGC and extracellular matrix protein partners are
determinant for proper ribbon synapse formation (Sato et al.,
2008; Omori et al., 2012). However, because of their folded
structure, immunolabeling of ribbon synapses is challenging.
Therefore, this first evaluation was only intended to uncover
possible gross differences in the timing of synapse formation and
topographical organization.

In both wild type and mdx mice, VGluT1 immunopositivity
was localized as a neat line of closely packed dots and structures
within the OPL, clearly detectable by P5 (Figure 6A). No obvious
differences were observed in the distribution of immunolabeling.
Maturation of ribbon synapses was inferred by the progressive
increase in both the intensity of immunolabeling and the size
of the immunopositive area (Figure 6A), measured as VGluT1
MFI and FA/ROI ratio, respectively (Figures 6B,C). No statistical
differences were seen in VGluT1 MFI between age-matched wild
type and mdx mice; nonetheless, a significantly lower (p ≤ 0.05)
VGluT1 FA/ROI ratio was recorded in P10 mdx mice compared
to wild type (Figure 6B). Within each genotype, the VGluT1
MFI and FA/ROI ratio increased significantly from P5 toward 6–
7 weeks, with a similar trend between wild type and mdx mice
(Figure 6C). However, a more accurate study, also involving
electron microscopy, will be needed to investigate these synaptic
structures in detail.

The Number of Calretinin+ RGCs in the Adult mdx
Mouse Retina Is Significantly Reduced Compared to
Wild Type
Mouse RGCs are subdivided in about 40 subtypes, diversified by
either functional properties or transcriptomics (Laboissonniere
et al., 2019). This diversification is also characterized by the
expression of a number of cell markers, among which three
CaBPs: calretinin (CR), parvalbumin, and CALB (Lee et al., 2019;
Kovács-Öller et al., 2020). Nearly all RGCs express CaBPs, alone
or in combination; however, for this first quantitative analysis,
we chose CR as the representative marker (Figure 7), based
on its stronger intensity of immunolabeling and higher number
of CR+ cells described in the dorso-central area of the retina
(Kovács-Öller et al., 2020). CR immunolabeling neatly decorated
the innermost layer of the retina, with both cell size and layered
organization of immunopositive cell bodies and fibers increasing
throughout ages (Figure 7A). Quantitative analysis revealed a
significant reduction (p ≤ 0.05) in the number of CR+ cells in
the GCL of 6–7-week-old mdx mice, compared to wild type,
although no differences were observed throughout the early post-
natal period (Figure 7B). Between P0 and P10, the number of

CR+ cells changed accordingly in wild type and mdx mice, as the
number of immunopositive cells counted at birth (P0) decreased
significantly (p ≤ 0.001) by P5 and remained stable at P10.
Notably, although the amount of CR+ cells was similar in P10
and adult wild type retinas, it decreased significantly (p≤ 0.05) in
adult mdx mice compared to both wild type adult and P10 mdx
mice (Figures 7B,C).

The Number of GABAergic ACs in P5 and P10 mdx
Mice Is Significantly, but Transiently, Deregulated
Compared to Wild Type
In the mammalian retina ACs can be subdivided in at least 28
subtypes, based on their morphologies, sublaminar position, and
physiological properties (MacNeil and Masland, 1998; Masland,
2001). In spite of their diversified neurochemical signature, the
major neurotransmitter used by ACs is GABA (Brecha et al.,
1988; Kosaka et al., 1988; Vaney, 1990; Masland, 2001). ACs
are normally distributed within the INL, although an interesting
class of GABAergic “starburst” ACs (SACs) was identified
displaced in the GCL (Pérez De Sevilla Müller et al., 2007;
Taylor and Smith, 2012).

In this study, we focused the quantitative analysis of ACs
on both the most represented GABAergic phenotype and the
dopaminergic phenotype. Numerous GABA+ ACs were clearly
detectable by P5, distributed between the INL and GCL, a
subdivision which became clearer during the following stages of
retinogenesis (Figure 8A). At P10, and more clearly at 6–7 weeks,
the prominent dendritic arborization sharply stratified within the
ON and OFF sublaminae of the IPL (Figure 8A). Although this
precise organization was present in both wild type and mdx mice,
a quantitative analysis conducted separately for the ACs localized
in the GCL and those placed in the INL uncovered a discrepancy
between the two genotypes in the number of displaced GABA+
ACs located in the GCL at P5 and P10 (Figure 8B). More
specifically, in P5 mdx mice, the number of GABA+ cells was
significantly higher (p ≤ 0.001) compared to wild type, and
became significantly (p ≤ 0.05) lower at P10 (Figure 8B). The
number of GABA+ ACs in the INL, instead, did not differ
between age-matched mice of the two genotypes (Figure 8B).
Postnatal changes in AC number within each genotype were
also similar and showed a progressive significant decrease in the
number of GABA+ cells, in both INL and GCL. In mdx mice,
however, ACs in the GCL began to decrease earlier than in wild
type mice, possibly due to the increased number of ACs detected
in the GCL at P5 (Figure 8C).

Dopaminergic ACs are interplexiform neurons with multiple
modulatory effects in different species (Jensen and Daw, 1984;
Piccolino et al., 1987; Gustincich et al., 1997). We quantified
this type of ACs by immunolabeling for tyrosine hydroxylase
(TH), the rate limiting enzyme for catecholamine synthesis.
Dopaminergic ACs are not numerous (26 ± 5.7 cells/mm2)
(Gustincich et al., 1997) and in our cryosections appeared
as single units in the INL, starting by P10. Therefore, their
number calculated per linear mm was extremely low; however,
no differences were observed between wild type and mdx
mice (not shown).
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FIGURE 6 | Lack of Dp427 determines a transitory reduction in the area occupied by VGluT1 immunofluorescence in P10 mdx mice compared to wild type.
(A) Representative images of horizontal (N–T) retina cryosections of P5, P10, and 6–7-week-old wild type (wt) and mdx mice immunolabeled for the vesicular
glutamate transporter 1 (VGluT1). Nuclei are stained in blue (Hoechst). (B,C) Comparative quantitative analyses between wt and mdx age-matched mice (B) and
across post-natal days within the same genotype (C). VGluT1+ cells are quantified as both mean fluorescent intensity (MFI) (normalized against the background) and
percentage of VGluT1 fluorescent area (FA)/ROI area, measured by the Image J software. Measures were made in the posterior region of the retina (black boxes in
the eye drawing). Data are analyzed by either two-way ANOVA test Sidak post hoc (B) or one-way ANOVA test Tukey post hoc (C) and represented as the
mean ± SEM. ∗p ≤ 0.05 (mdx vs. wt); ##p ≤ 0.01, ###p ≤ 0.001 (vs. P5); §§p ≤ 0.01, §§§p ≤ 0.001 (vs. P10). n = 3 independent experiments. Scale bar: 50 µm;
insets = 10 µm. OS, outer segment of photoreceptors; IS, inner segment of photoreceptors; NBL, neuroblastic cell layer; ONL, outer nuclear layer; OPL, outer
plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer.
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FIGURE 7 | Lack of Dp427 determines a reduction in calretinin-immunopositive retinal ganglion cells in 6–7-week-old mdx mice. (A) Representative images of
horizontal (N–T) retina cryosections of P0, P5, P10, and 6–7-week-old wild type (wt) and mdx mice immunolabeled for calretinin (CR). Nuclei are stained in blue
(Hoechst). (B,C) Comparative quantitative analysis of the number of CR+ cells/mm of retina between wt and mdx age-matched mice (B) and across post-natal days
within the same genotype (C). Cell counts are made in the posterior retina (black boxes in the eye drawing). Data are analyzed by either two-way ANOVA test Sidak
post hoc (B) or one-way ANOVA test Tukey post hoc (C) and represented as the mean ± SEM. ∗p ≤ 0.05 (mdx vs. wt), ∗∗∗p ≤ 0.001 (vs. P0); #p ≤ 0.05 (vs. P5);
§§p ≤ 0.01 (vs. P10). n = 3–5 independent experiments. Scale bar: 50 µm; insets: 10 µm. OS, outer segment of photoreceptors; IS, inner segment of
photoreceptors; NBL, neuroblastic cell layer; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion
cell layer.
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FIGURE 8 | Lack of Dp427 determines transitory alterations in the number of GABA-immunopositive amacrine cells in P5 and P10 mdx mice compared to wild type.
(A) Representative images of horizontal (N–T) retina cryosections of P5, P10, and 6–7-week-old wild type (wt) and mdx mice immunolabeled for GABA. Nuclei are
stained in blue (Hoechst). (B,C) Comparative quantitative analysis of the number of GABA+ cells/mm of retina between wt and mdx age-matched mice (B) and
across post-natal days within the same genotype (C). The counts of immunopositive amacrine cells residing in the INL and of those located in the GCL have been
kept separate. Counts are made in the posterior region of the retina (black boxes in the eye drawing). Data are analyzed by either two-way ANOVA test Sidak
post hoc (B) or one-way ANOVA test Tukey post hoc (C) and represented as the mean ± SEM. ∗p ≤ 0.05, ∗∗∗p ≤ 0.001 (mdx vs. wt); ##p ≤ 0.01, ###p ≤ 0.001 (vs.
P5); §p ≤ 0.05, §§§p ≤ 0.001 (vs. P10). n = 3–5 independent experiments. Scale bar: 50 µm; insets: 10 µm. OS, outer segment of photoreceptors; IS, inner
segment of photoreceptors; NBL, neuroblastic cell layer; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer;
GCL, ganglion cell layer.
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The Number of Proliferating Retinal
Progenitor Cells in P5 and P10 mdx Mice
Is Reduced Compared to Age-Matched
Wild Type Mice
In mdx mice, lack of Dp427 affects differentiation, migration, and
survival of several central and autonomic neuronal populations
(Sbriccoli et al., 1995; Carretta et al., 2001; De Stefano et al.,
2005; Lombardi et al., 2008) and induce a deregulation of
the proliferation/differentiation ratio in adult hippocampal
neurogenesis (Deng et al., 2009). To understand whether the lack
of Dp427 could also affect proliferation and migration of retinal
progenitor cells (RPCs), we quantified the number of dividing
cells, labeled with AlexaFluor-tagged EdU, in anterior (A, close
to the ciliary body), middle (M), and posterior (P) regions of the
retina, performing this analysis in sections cut at the level of the
optic nerve head. At first, we analyzed the relative distribution of
EdU+ cells within the three selected regions in P0, P5, and P10
mice, finding a similar pattern in the two genotypes (Figure 9).
In particular, at P0, the number of EdU+ cells/ROI, which largely
occupy the NBL, was similar throughout the three regions. At P5,

this number significantly (p≤ 0.001) and progressively decreased
from the A region toward the most posteriors ones (A > M > P).
The decrease of EdU+ cells between M and P regions was also
significant (p ≤ 0.05). P10 mouse retinas were characterized by
a drastic decrease in the number of proliferating cells along the
entire retina; the number of EdU+ cells in the A region was still
significantly higher (p> 0.001) compared to the M and P regions,
while no differences were observed between these two in each
genotype (Figure 9).

We then compared the number of EdU+ cells counted in each
specific region between age matched wild type and mdx mice
(Figure 10). The results showed that at P5 and P10, the number
of proliferating cells in all three regions (A, M, and P) of the
mdx mouse retina was significantly lower (p ≤ 0.05 – p ≤ 0.001)
compared to wild type (Figures 10A–C, top graphs), as also
evident from the corresponding representative photographic
fields (Figures 10A–C, left). No differences were, instead,
detected at P0 (Figures 10A–C, top graphs). Furthermore,
all regions showed a stage-dependent decrease of EdU+ cells
between P0 and P10 in both genotypes (Figures 10A–C, bottom
graphs). Of note, we detected a limited, but significant increase

FIGURE 9 | The pattern of distribution of EdU+ proliferative cells along the retinal perimeter does not differ between wild type and mdx mice. On the left side of the
figure, representative images of EdU+ cell (green) distribution along the entire perimeter of horizontal (N–T) retina cryosections of P0, P5, and P10 wild type (wt) and
mdx mice. Nuclei are stained in blue (Hoechst); c: cornea; l: lens. On the right side, comparative quantitative analysis of the number of EdU+ proliferating cells/region
of interest (ROI), distinct by regions: anterior, middle and posterior retina. Data are analyzed by one-way ANOVA test Tukey post hoc and represented as the
mean ± SEM. ∗∗∗p ≤ 0.001 (vs. anterior region); #p ≤ 0.05 (vs. middle region). n = 3–6 independent experiments. Scale bar: 200 µm.
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FIGURE 10 | Lack of Dp427 reduces the number of EdU+ proliferating cells in P5 and P10 mdx mice compared to wild type. On the left side, representative images
of EdU+ cell (green) distribution in the anterior (A), central (B), and posterior (C) regions of the retina of P0, P5, and P10 wild type (wt) and mdx mice; nuclei are
stained in blue (Hoechst). At P0–P5, proliferating cells mostly occupy the neuroblastic cell layer. On the right side, comparative analyses of the number of EdU+

proliferating cells/region of interest (ROI) between wt and mdx age-matched mice (top graphs) and across post-natal days within the same genotype (bottom
graphs). Data are analyzed by either two-way ANOVA test Sidak post hoc (top graphs) or one-way ANOVA test Tukey post hoc (bottom graphs) and represented as
the mean ± SEM. ∗p ≤ 0.05, ∗∗p ≤ 0.01, ∗∗∗p ≤ 0.001 (mdx vs. wt; P5, P10 vs. P0); #p ≤ 0.05, ##p ≤ 0.01, ###p ≤ 0.001 (P10 vs. P5). n = 3–6 independent
experiments. Scale bar: 100 µm.
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(p ≤ 0.05) of EdU+ cells in the A region of the retina in P5 wild
type mice compared to P0, which was not present in mdx mice
(Figure 10A, bottom graph).

The Number of Apoptotic Cells Is
Reduced in P10 mdx Mouse Retina
Compared to Wild Type
Another important physiological aspect to be taken into
consideration is the occurrence of programmed apoptotic cell
death that, in the mammalian retina, reaches the highest rate
between P5 and P10 (Vecino et al., 2004). We, therefore,
quantified the number of cells immunopositive for the cleaved
caspase 3 (CC-3), a classic apoptotic cell marker, at P0, P5,
and P10 (Figure 11A). In each section the count was made on
the whole retina. The number of apoptotic cells between aged-
matched wild type and mdx mice was not different at P0 and
P5, while it was significantly lower in P10 dystrophic rodents
compared to wild type (Figure 11B). Analysis of the number
of apoptotic cells within each genotype showed an expected
significant increase of dying cells between P0 and P5–P10 mice
(Figure 11C). This, however, was followed by a significant
decrease in the number of apoptotic events between P5 and P10
in mdx, but not in wild type mice, in agreement with a different
number of apoptotic cells observed in P10 wild type and mdx
mouse retinas (Figure 11C).

The Gene Expression Levels of Dtnb
(β-Dystrobrevin), Capn3 (calpain3), and
Id3 (Inhibitor of DNA Binding 3) Are
Significantly Reduced in E18, P0, and P5
mdx Mouse Retina Compared to Wild
Type
We finally sought to identify whether mdx mice could bear
gene expression changes. To this aim, we employed real-time
RT-PCR on dissected retinal tissues to compare, in wild type
and mdx mice, the relative transcript levels of a cohort of
genes involved in critical aspects of retinal development, such
as cell specification, stress response, neuroprotection, apoptosis,
cytoskeletal dynamics, and cell signaling (Supplementary
Table S1). To identify transcriptional changes that may
precede alternations in the postnatal retina, this analysis was
also performed on E18 mice. Among the genes taken into
consideration, we observed a significant downregulation of
Capn3 and Id3 gene expression in E18, P0, and P5 mdx mouse
retinas compared to wild type. At P5, we also detected a transient
downregulation of Dtnb, which encodes for one of the proteins
associated to the DGC (p ≤ 0.05) (Figure 12). No changes in
the expression levels of these genes in wild type and mdx mouse
retinas were found at later stages (P10 and 6–7 weeks) (Figure 12
and Supplementary Table S1).

DISCUSSION

An aspect of DMD pathophysiology is the manifestation, in
both patients and animal models, of a variety of cognitive

dysfunctions, behavioral and neurological disorders, neuron
physiology abnormalities, and sensory defects (Mehler, 2000;
Anderson et al., 2002; Chen et al., 2002; Cyrulnik and Hinton,
2008; Hinton et al., 2009; Waite et al., 2009; Ricotti et al., 2016b;
Lombardi et al., 2017). Type, complexity and severity of the
clinical picture relies not only on the lack of Dp427 but also
on the lack of some or all its short isoforms (Doorenweerd
et al., 2017). However, independently of whether one or
more dystrophin isoforms underlie a specific phenotype, it
is nowadays clear that nervous system disabilities in DMD
originate from developmental dysfunctions, the progression of
which is difficult to ascertain because of early death of patients
(Doorenweerd et al., 2017).

Late Retinogenesis in mdx Mice Is
Characterized by Transient Alterations in
the Progression of AC Maturation and
VGluT1 Expression, Which May Concur
to the Final Reduction in the Number of
RGCs
Altered electroretinogram, reduced spatial luminance contrast
and red-green color vision impairment have been described
in both DMD patients and mice with DMD gene deletions
downstream of exon 30 (lacking all dystrophin isoforms)
(D’Souza et al., 1995; Costa et al., 2007; Costa et al., 2011; Barboni
et al., 2013). These defects are absent or much reduced in adult
mdx mice, the animal model used in this study, characterized
by one single mutation in the exon 23 of the DMD gene and,
therefore, lacking the sole Dp427 (Costa et al., 2007, 2011; Tsai
et al., 2016; Bucher et al., 2019). For several years, our interest has
been focused on the neurodevelopmental aspects of DMD, and
specifically on the role that full length dystrophin plays in neuron
physiology. In particular, we have previously reported, in mdx
mice, reduced sensitivity of sympathetic neurons to nerve growth
factor (Lombardi et al., 2008, 2017), a slowdown in axonal growth
during development and regeneration after injury because of
altered growth cone dynamics (Lombardi et al., 2017), increased
neuronal loss in association with the natural occurring cell death
(De Stefano et al., 2005), and reduction and/or alteration of
peripheral sympathetic innervation (De Stefano et al., 2005;
Lombardi et al., 2008). This brought us to investigate an aspect of
vision physiology in DMD different from those so far analyzed,
i.e., whether, despite the absence of gross visual defects in mdx
mice, lack of Dp427 may alter, temporarily or permanently,
specific aspects of late retinogenesis.

Expression of Dp427 has been demonstrated in the retina of
human and several animal models (Wersinger et al., 2011), but
to our knowledge only a few studies have analyzed its expression
during development (E19 rats; E14 chick) (Rodius et al., 1997;
Blank et al., 2002) and early post-natal days (P1 mice) (Bucher
et al., 2019). We confirmed the expression of Dp427 at E18 by RT-
PCR and at the early postnatal days considered in this work (P0,
P5, and P10) by a Western immunoblot analysis (Supplementary
Figure S1). In agreement with the available literature, in the
wild type mouse retina, Dp427 mRNA was expressed since E18,
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FIGURE 11 | Lack of Dp427 determines a reduction in the number of cleaved caspase-3-immunopositive apoptotic cells during retinogenesis of P10 mdx mice
compared to wild type. (A) Representative images of horizontal (N–T) retina cryosections of P0, P5, and P10 wild type (wt) and mdx mice immunolabeled for cleaved
caspase-3 (CC-3). Nuclei are stained in blue (Hoechst). (B,C) Comparative quantitative analysis of the number of CC-3+ cells/section between wt and mdx
age-matched mice (B) and across post-natal days within the same genotype (C). Counts are made along the entire retinal perimeter. Data are analyzed by either
two-way ANOVA test Sidak post hoc (B) or one-way ANOVA test Tukey post hoc (C) and represented as the mean ± SEM. ∗p ≤ 0.05, ∗∗p ≤ 0.01, ∗∗∗p ≤ 0.001
(mdx vs. wt; P5, P10 vs. P0); #p ≤ 0.05 (P10 vs. P5). n = 3–5 independent experiments. Scale bar: 50 µm; insets: 10 µm. OS, outer segment of photoreceptors; IS,
inner segment of photoreceptors; NBL, neuroblastic cell layer; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer;
GCL, ganglion cell layer.
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FIGURE 12 | Lack of Dp-427 affects Capn3, Id3, and Dntb gene expression
during pre- and post-natal retinogenesis. Retinal gene expression of Capn3,
Id3, and Dntb, evaluated by real time RT-PCR, is significantly reduced in E18
(Capn3, Id3) and P0–P5 (all three genes) in mdx mice compared to wild type
(wt). Data are analyzed by the two-tails Student’s t-test and represented as
the mean ± SEM. &p < 0.06; ∗p ≤ 0.05, ∗∗p ≤ 0.01 (mdx vs. wt). n = 3–6
independent experiments.

and after birth its protein levels increased from P0 to P10; as
expected, Dp427 was absent in mdx mouse retina homogenates
(Supplementary Figure S1).

Retinogenesis is characterized by the migration of
neuroepithelial progenitor cells, which go through a series
of symmetric and asymmetric divisions, finely regulated in
both space and time. In phase with cell cycle, progenitor cell
migration follows different trajectories, depending on cell type
commitment. A key aspect of this process is the interkinetic
nuclear migration, according to which nuclei move in along
the apico-basal axis (radial migration), dividing when they are
close to the apical side and undergoing S phase in proximity
to the basal one. Once post-mitotic, nuclei reach the final
position in the appropriate retinal lamina and cells initiate
differentiation. Details can be found in extensive reviews on
retinogenesis (Baye and Link, 2008; Amini et al., 2017). Our
first histological analysis showed no gross alterations, between
wild type and mdx mice, concerning retina lamination, except
for a temporary but significant difference in the thickness
of the GCL at P0 and P5. The enlargement of the GCL at
P0 in mdx mice compared to wild type may suggest that the
differentiation process of this type of neurons, which is the
first to be born during embryonic development (Heavner and
Pevny, 2012; Amini et al., 2017), might be somehow altered
in the dystrophic phenotype. Neuroblasts may prematurely
stop earlier cell division, engulf in the basal side of the retina,
and the development of their dendritic arborizations might
be delayed. Supporting this hypothesis is the reversal of this
phenotype at P5, when the thickness of the GCL in wild type
mice increases, following the correct time schedule of cell
differentiation. RGCs, however, are not the only cell type within
this retinal layer, as ACs are also present and may contribute
directly to these differences between the two genotypes. As a
matter of fact, RGCs do not express Dp427, which instead has
been described in both ACs, which are born concomitantly to
RGCs, and BCs, which are born between P0 and P7 (Wersinger
et al., 2011). By affecting the linkage of ECM proteins and actin
cytoskeleton through the weakening of the DGC, in these types
of retinal neurons the absence of Dp427 could interfere with
the stabilization of membrane receptors for neurotransmitters
(Knuesel et al., 1999; Zaccaria et al., 2000; Del Signore et al.,
2002) and for other molecular cues (Lombardi et al., 2008, 2017),
and/or alter appropriate cytoskeletal dynamics (Lombardi et al.,
2017), as demonstrated for other central and autonomic neurons.
These events may hamper one or more aspects related to AC and
BC differentiation, among which structural and/or functional
synaptic connectivity. As both cell types make contact on RGCs,
this may in turn affect proper timing of RGC differentiation
and/or survival, as discussed below.

A characterization of late retinogenesis through a progressive
(from P0 to 6–7 weeks) quantitative analysis of the number of
different retinal cell types is in line with these first observations.
Overall, the time course of expression of all the cell markers
used to identify specific cell types does not differ between wild
type and mdx mice. In both genotypes, cell markers appear
at the appropriate pre- or post-natal days, and the number
of immunopositive cells either increases (commonly neuron
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maturing after birth concomitantly with eye enlargement) or
decreases (neurons born before birth, when eyes are smaller),
according to what is expected from literature data on visual map
construction and refinement (Cayouette et al., 2006; Centanin
and Wittbrodt, 2014; Nguyen-Ba-Charvet and Chédotal, 2014).
This suggests that the time of commitment of the different
RPCs into a specific cell type, a highly complex and diversified
process (Cayouette et al., 2006; Goolsby et al., 2012; Centanin
and Wittbrodt, 2014; Hoon et al., 2014; Amini et al., 2017), is not
influenced by the absence of Dp427. Nonetheless, we observed
a few intriguing differences between the two genotypes in the
number of GABA+ ACs and CR+ RGCs. In particular, we report
a significantly higher number of GABAergic ACs in P5 mdx
mouse GCL compared to wild type, whereas this same parameter
becomes significantly lower in P10 mdx mice. In these mutants,
also the percentage of VGluT1 FA/ROI, a marker for ribbon
synapse formation (Sherry et al., 2003), is lower compared to
wild type. In the meanwhile, although no changes in the number
of RGCs immunopositive to CR are revealed between the two
genotypes at early postnatal days (when eyes are still closed),
significantly less CR+ cells are present in the GCL of adult mdx
mice compared to wild type. On the one hand, these results
are in accord with all the studies identifying important roles for
isoforms other than Dp427 in adult retina physiology, but on the
other hand, they suggest that full length dystrophin may be more
involved in modulating specific transitions during retinogenesis,
which might induce changes too subtle to be revealed if not
specifically addressed. Our hypothesis is that early and, possibly,
temporary alterations to the connectivity between ACs-RGCs,
ACs-BCs, and ACs-ACs, due to pre- and post-synaptic lack of
Dp427, might affect some aspects of early and late retinogenesis.

As said before, photoreceptors, BCs and ACs of wild type
mice express Dp427 at both pre- and post-synaptic sites
(Wersinger et al., 2011). In particular, it has been demonstrated
that the Dp427-DGC, along with specific ECM proteins (i.e.,
pikachurin), is required for the proper synaptic connections
between photoreceptors and BCs (Sato et al., 2008; Omori et al.,
2012). During retinogenesis, lack of Dp427 may cause a delay
in the maturation and organization of ribbon synapses between
photoreceptors and BCs. This delay, although not harming per
se, might adversely affect other aspects of retinal connectivity.
In particular, it is known that both pre- (E17–E21) and early
post-natal (P0–P11) phases of retinogenesis of the most diverse
animal models, are shaped by an intrinsic pattern of spontaneous
and rhythmic bursting activity, which rapidly spreads across
the retina in waves (Galli and Maffei, 1988; Maffei and Galli-
Resta, 1990; Sernagor and Mehta, 2001; Firth et al., 2005;
Xu et al., 2011). This wave activity is crucial for the proper
Hebbian refinement of RGC visual connections (Goodman and
Shatz, 1993; Wong, 1999; Sernagor and Mehta, 2001; Xu et al.,
2011) and is mainly driven by two excitatory neurotransmitters:
acetylcholine (ACh) and GABA, both released (or co-released)
by startburst (displaced) ACs (Bansal et al., 2000; Feller, 2002;
Sernagor et al., 2003; Firth et al., 2005; Leitch et al., 2005;
Hennig et al., 2009). During the late stage of retinal waves (in
mice, P11–P21), ACh is replaced by glutamate released by BCs
(Firth et al., 2005), cholinergic neurotransmission switches from

nicotinic receptors (nAChRs) to muscarinic receptors activity
(Zhou and Zhao, 2000), and GABA activity shifts from excitatory
to inhibitory (Sernagor et al., 2003; Leitch et al., 2005). The
balance between excitatory and inhibitory inputs onto RGC
dendrites operates the final refinements of visual paths (Soto
et al., 2011). In the IPL, however, the network established by
ACs is dense and complex, as one cell can establish synaptic
contacts on the presynaptic terminals of BCs contacting RGCs
(presynaptic inputs), on RGCs dendrites (postsynaptic input),
and on other ACs (serial inputs) (Lee and Zhou, 2006; Franke
and Baden, 2017; Jia et al., 2020). In particular, the crosstalk
between ACs controlling distinct receptive fields provides a
fine mechanism for feature-specific local (<150 µm) control of
global (>1 mm) retinal activity (Jia et al., 2020). Wave activity
is abolished by administration of nAChR antagonists (Feller,
2002) and is absent in mice knock out for the β2 subunit
of nAChR (Bansal et al., 2000; McLaughlin et al., 2003). β2
knock out mice also lack refinement of the retinocollicular
projections, which persists after the glutamate-dependent period
of retinogenesis (Bansal et al., 2000; McLaughlin et al., 2003).
We previously demonstrated that, in autonomic neurons of
the superior cervical ganglion of mdx mice, lack of Dp427
affects clustering and membrane stabilization of post-synaptic
nAChRs containing α3β2/ β4 subunits (Zaccaria et al., 2000;
Del Signore et al., 2002) and determines a decrease in the fast
intra-ganglionic transmission through this specific receptor sub-
family (Di Angelantonio et al., 2011). In addition, a decrease in
the response to a post-training nicotine challenge in a passive
avoidance paradigm has been reported, reinforcing the idea of a
role of the Dp427-DGC complex in the stabilization of certain
sub-class of nAChRs (Coccurello et al., 2002). A similar role
of Dp427 has also been demonstrated for GABAA receptors in
both cerebellum and hippocampus (Knuesel et al., 1999; Vaillend
and Billard, 2002). Therefore, our results may suggest that, in
mdx mice, dysfunction of β2-containing nAChR and/or GABAA
receptors during wave activity may induce some impairment in
the cholinergic and GABAergic connectivity of ACs–ACs, ACs–
BCs, and BCs–ACs couplings. This, in turn, could affect RGC
plasticity, leading to a reduction in the number of CR+ mature
neurons sometime between P10 and 6–7-week-old mdx mice. We
cannot exclude, however, an effect also on the small population
of displaced ACs, the 71% of which has been reported to be
CR+ (May et al., 2008). An interesting aspect, which deserves
to be investigated, is how this CR+ cell decrease reflects in RGC
projections to higher visual centers, information which will help
in settling the matter on whether this reduction is concrete and/or
functionally invalidating.

Lack of Dp427 May Be Responsible for
the Observed Reduction in RPC
Proliferation During Late Retinogenesis
Dp427 in muscle stem cells is an important regulator of
cell polarity and asymmetric division, and its absence in
DMD patients disrupts intracellular localization of cell polarity
factors, with consequent reduction in asymmetric divisions,
loss of polarity, impaired mitotic spindles, and prolonged cell
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FIGURE 13 | Schematic drawing depicting the main suggested alterations in mdx mouse retina during post-natal retinogenesis and adulthood. ACs, amacrine Cells;
CR, calretinin; CC-3, cleaved caspase-3; GABA, gamma aminobutyric acid; GCL, Ganglion Cell Layer; INL, inner nuclear layer; IPL, inner plexiform layer; IS, inner
segment of photoreceptors; NBL, neuroblastic cell layer; ONL, outer nuclear layer; OPL, outer plexiform layer; OS, outer segment of photoreceptors; RGCs, Retinal
Ganglion Cells; VGluT1, Vesicular Glutamate Transporter 1; wt, wild type.
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divisions (Dumont et al., 2015). Similarly, the brain of DMD
patients is characterized by several abnormalities consequent to
altered neuronal migration, orientation, and polarity (Mehler,
2000). These may result from intrinsic alterations in neural
progenitor cells, due to defective cytoskeletal dynamics and
of its connectivity to ECM proteins, reduced stabilization of
intracellular signaling pathways, and/or alteration in Ca2+ influx
(Mehler, 2000). Studies on hippocampal adult neurogenesis in
mdx mice have further evidenced prolonged cell proliferation
and consequent suppression of neuronal differentiation (Deng
et al., 2009). In this study we explored for the first time the
role of Dp427 on RPC proliferation during late retinogenesis.
Our results demonstrate that although the anterior (high) to
posterior (low) gradient of proliferating cells (EdU+) along the
entire retina is similar between the two genotypes, their number
is always significantly lower in P5 and P10 mdx mice compared
to wild type. To date, it is not known whether RPCs express
Dp427 independently from the type of neuron they will generate
and remains an interesting aspect to investigate. However, our
results indicate that absence of Dp427 may affect the timing
and/or the number of cell divisions during retinogenesis. Once
again, this would possibly rely on the altered cytoskeleton-DGC-
ECM coupling, which affects cytoskeletal dynamics, delocalizes
intracellular factors important for proper instructive signaling,
and ultimately may end in altered cell migration and/or
polarization, or interkinetic nuclear translocation, terminating
cell divisions earlier than in the wild type. We observed a
similar deregulation also for the apoptotic process, which was
significantly reduced in P10 mdx mice compared to wild type.
In the retina, apoptosis has several key functions, among
which elimination of neurons that fail to make functional
synaptic contacts with their targets, and dismissal of transient
cell populations playing an important function only during
a particular developmental stage (Vecino et al., 2004; Vecino
and Acera, 2015). Considering the significant and prolonged
reduction in cell proliferation observed in dystrophic mice, a
lower apoptotic rate in the final period of this peculiar neuronal
pruning would probably represent a physiological consequence
or, as discussed in the following section, the result of changes in
the expression of genes involved in the apoptotic process.

A graphical summary of the main results so far discussed is
depicted in Figure 13.

Lack of Dp427 Affects the Expression of
Genes Related to Retinal Development
As previously demonstrated in autonomic neurons of the
superior cervical ganglion (Licursi et al., 2012), lack of
Dp427 determines direct and/or indirect modulation of selected
transcriptional networks. The panel of genes investigated in
the present study was focused on those encoding proteins
important in ocular development and cell signaling, as well
as proteins related to the DGC. Among them, three genes
were temporarily downregulated in mdx mice compared to
wild type during late retinogenesis: Dtnb, Capn3, and Id3, all
coherent with the instructive role we suppose Dp427 plays
during retinogenesis.

Dtnb is part of the DGC and, in the retina, is highly expressed
by photoreceptors, where it concentrates in the presynaptic
compartment of the ribbon synapses, according to the Dp427-
DGC localization (Ueda et al., 2000). Therefore, the observed
reduction in Dtnb gene expression may reflect a temporary
altered pattern of DGC aggregation at synaptic level, which is also
in agreement with the hypothesis of a delay in ribbon synapse
maturation deduced by the VGluT1 immunofluorescence data.
The absence of alteration in photoreceptor-HC transmission in
adult mdx mice (Costa et al., 2007; Costa et al., 2011; Tsai
et al., 2016; Bucher et al., 2019) would suggest that these
alterations may be confined to the first stages of synapse
formations, as compensated later on by the intervention of
the other two dystrophin isoforms (Dp260, Dp140). Capn3
is a proteolytic enzyme activated during neuronal cell death
(Nakajima et al., 2006) that interacts indirectly with the DGC.
Capn3 mutations have been found in the limb girdle muscular
dystrophy (LGMD) type 2A (Kramerova et al., 2004). As for
Dtnb, the reduction in Capn3 expression observed in E18, P0,
and P5 mdx mice is coherent with a destabilization of the
DGC in late retinogenesis and with the observed reduction in
apoptotic cells. Finally, Id3 is a member of the Id helix-loop-
helix protein family that has been described as a positive regulator
of cell proliferation during development (Norton et al., 1998;
Kee and Bronner-Fraser, 2005). Id3 has been detected in RGCs
and ACs of the post-natal and adult mouse retina, where it
plays diversified roles, including the regulation of multipotent
stem cells proliferation, and of terminal differentiation and
maintenance of RGCs and ACs (Yeung and Yip, 2005). Therefore,
the reduction in Id3 gene expression observed in E18, P0, and
P5 mdx mice is coherent with the reduction in cell proliferation
observed at P5 and P10, as well as with the alterations in AC
differentiation during late retinogenesis and the reduction in
RGCs in adult animals.

CONCLUSION

In conclusion, our data on the mdx mouse late retinogenesis
show that lack of Dp427 alone does not induce major anatomical
alterations, retinal cell disorganization, or extensive cell loss;
this is in agreement with the literature data reporting on visual
alterations in DMD patients and animal models. In fact, it
is common opinion that among all the dystrophin isoforms
expressed by retinal neurons, Dp427 is the most dispensable
when analyzing processes as scotopic, contrast, and green-red
color vision. However, by studying the pattern of lamination
(histological analysis), cell proliferation (EdU labeling), apoptosis
(CC-3 immunolabeling), neuronal differentiation (cell-specific
marker immunolabeling) and gene expression during late
retinogenesis (P0–11) and in adult mice, it appears clear
that Dp427 is mainly, though not exclusively, involved in
neurodevelopmental processes, as also reported for other central
and autonomic neurons. Neural alterations during development,
though, may be compensated during growth or underlie adult
physiological dysfunctions, and this makes the difference on the
role that Dp427 plays in different regions of the nervous systems.
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In this study, only a reduction in the number of CR+ RGCs is
observed in adult mdx mice, while all other dissimilarities with
respect to the wild type, seen during retinogenesis, appear to
stabilize to normal levels. This leaves open the question, an object
of future studies, of whether mdx mice present alterations in the
ultrastructural organization of intraretinal synapses and/or in the
topography of RGC projections to the superior colliculus.
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The neurosensory retina emerges as a prominent site of Alzheimer’s disease (AD)
pathology. As a CNS extension of the brain, the neuro retina is easily accessible for
noninvasive, high-resolution imaging. Studies have shown that along with cognitive
decline, patients with mild cognitive impairment (MCI) and AD often suffer from visual
impairments, abnormal electroretinogram patterns, and circadian rhythm disturbances
that can, at least in part, be attributed to retinal damage. Over a decade ago,
our group identified the main pathological hallmark of AD, amyloid β-protein (Aβ)
plaques, in the retina of patients including early-stage clinical cases. Subsequent
histological, biochemical and in vivo retinal imaging studies in animal models and
in humans corroborated these findings and further revealed other signs of AD
neuropathology in the retina. Among these signs, hyperphosphorylated tau, neuronal
degeneration, retinal thinning, vascular abnormalities and gliosis were documented.
Further, linear correlations between the severity of retinal and brain Aβ concentrations
and plaque pathology were described. More recently, extensive retinal pericyte loss
along with vascular platelet-derived growth factor receptor-β deficiency were discovered
in postmortem retinas of MCI and AD patients. This progressive loss was closely
associated with increased retinal vascular amyloidosis and predicted cerebral amyloid
angiopathy scores. These studies brought excitement to the field of retinal exploration in
AD. Indeed, many questions still remain open, such as queries related to the temporal
progression of AD-related pathology in the retina compared to the brain, the relations
between retinal and cerebral changes and whether retinal signs can predict cognitive
decline. The extent to which AD affects the retina, including the susceptibility of certain
topographical regions and cell types, is currently under intense investigation. Advances
in retinal amyloid imaging, hyperspectral imaging, optical coherence tomography, and
OCT-angiography encourage the use of such modalities to achieve more accurate,
patient- and user-friendly, noninvasive detection and monitoring of AD. In this review, we
summarize the current status in the field while addressing the many unknowns regarding
Alzheimer’s retinopathy.

Keywords: neurological disease, neurodegenerative disorder, retina, ocular pathology, retinal imaging, optical
imaging, amyloid-β plaques, hyperphosphorylated tau
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INTRODUCTION

Alzheimer’s disease (AD) is the most common age-related
neurodegenerative disorder affecting over 50 million people
worldwide (Hickman et al., 2016; Patterson, 2018). With no
cure and limited options for early unambiguous and noninvasive
diagnosis, this devastating and invariably fatal disease remains a
major medical, sociological and economical challenge around the
globe (Patterson, 2018; Alzheimer’s Association, 2019).

Patients with Alzheimer’s dementia typically exhibit
symptoms of cognitive decline including disorientation,
short-term memory loss, confusion, and socio-behavioral
impairments. Beyond psycho-cognitive dysfunctions, these
patients often experience visual abnormalities such as diminished
color and contrast vision and narrowing of the visual field, as
well as disruptions of circadian rhythms manifesting as sleep
disturbances (Petersen et al., 1999; Perrin et al., 2009; Wang and
Holtzman, 2020). Some of these visual dysfunctions and sleep
irregularities have been documented early in the prodromal
phase of AD in patients with mild cognitive impairment (MCI).

The neuropathological hallmarks of AD – amyloid β-protein
(Aβ) plaques and neurofibrillary tangles (NFTs) comprised of
hyperphosphorylated pTau protein – are well established and
characterized in the brains of AD patients (Goedert et al., 1989;
Hardy and Selkoe, 2002; Selkoe, 2004, 2008; Perrin et al., 2009;
Goedert, 2015; Avila et al., 2016). These hallmark pathologies are
hypothesized to induce and amplify inflammation and vascular
abnormalities, drive synaptic and neuronal loss, and eventually
lead to clinical AD-dementia (Choi et al., 2014; Ontiveros-Torres
et al., 2016). The preclinical phase of AD-related pathological
buildup is an insidious process which can take up to 20 years
(Perrin et al., 2009; Bateman et al., 2012; Dubois et al., 2015; Bilgel
et al., 2016; De Strooper and Karran, 2016; Dubois, 2018; Douglas
and Scharre, 2019). Intervention during this preclinical stage,
before definitive clinical symptoms appear and when synaptic
and neuronal damage is still limited, should hold promise for
increased therapeutic efficacy.

Notably, a recent research framework by the National Institute
on Aging and Alzheimer’s Association (NIA-AA) classifies
AD as compared with other neurodegenerative diseases based
on molecular biomarker detection (Jack et al., 2018). The
pathobiological phases of AD in living patients, irrespective
of cognitive status, are determined on a continuum beginning
with Alzheimer’s pathologic change and progressing to full
AD by molecular biomarkers: Aβ deposition (A), pathologic
tau (T), and neurodegeneration [AT(N)]. Accordingly, [N] is
not specific to AD and the presence of (A) is necessary
to define Alzheimer’s continuum (Jack et al., 2018; Gauthier
and Rosa-Neto, 2019). Indeed, together with other genetic,
longitudinal brain imaging, physiological, and pathological
studies, this framework emphasizes that Aβ and tau pathologies
are required to define AD. Moreover, as efforts to develop
and evaluate other potential AD biomarkers intensify, including
those measuring vascular changes, inflammation and synaptic
loss (Chen et al., 2018; Baldacci et al., 2020), the AT(N)
system remains flexible to incorporate novel biomarkers upon
future availability.

In addition to the pathology described above, examination
of postmortem AD brains demonstrated the existence and
propagation of intra- and extracellular, soluble and synaptotoxic
forms of Aβ oligomers (Selkoe, 2008; Meli et al., 2014; Li
et al., 2020) and pTau assemblies (Takeda et al., 2015; Klein
et al., 2019). Other key features of AD neuropathology
include cerebral amyloid angiopathy (CAA) (Vinters, 1987)
and neuroinflammation – the latter usually involving
prolonged activation of microglia and astrocytes, release
of pro-inflammatory cytokines and chemokines, as well as
infiltration of peripheral immune cells [reviewed in Wyss-Coray
(2006)]. In recent decades, cumulative evidence supporting
the neuroprotective effects of certain immune cell types and
inflammatory mediators have caused a historic shift in the view of
neuroinflammation away from the common, merely detrimental
one (Zuroff et al., 2017; Deczkowska et al., 2018; Schwartz
et al., 2020). In this regard, studies showed that subtypes of
bone marrow (BM)-isolated peripheral innate immune cells
(e.g., BM-derived CD115+Ly6ChiCD45hi monocytes) can be
recruited to the diseased brain of AD-model mice. Interestingly,
the recruited cells were shown to directly facilitate Aβ clearance,
reduce chronic and detrimental inflammation including scar
tissue proteins, and induce synaptogenesis and neurogenesis
(Simard et al., 2006; Butovsky et al., 2007; Koronyo-Hamaoui
et al., 2009; Lebson et al., 2010; Bernstein et al., 2014; Koronyo
et al., 2015; Rentsendorj et al., 2018; Koronyo-Hamaoui et al.,
2019; Li et al., 2020). These and other promising multi-targeted
immunomodulatory strategies of harnessing peripheral immune
cells to fight neurodegeneration are currently being developed
and tested in various preclinical and clinical trials across the
world (Frenkel et al., 2005; Butovsky et al., 2006; Bakalash et al.,
2011; Kunis et al., 2013; Villeda et al., 2014; Koronyo et al., 2015;
Baruch et al., 2016; Koronyo-Hamaoui et al., 2019; Rosenzweig
et al., 2019; Li et al., 2020). Despite these advances, limitations
persist due to the lack of readily available in vivo approaches
to noninvasively and accurately monitor therapeutic efficacy,
motivating scientists to search for new tools that can be widely
deployed in the clinical setting.

Indeed, in recent years there has been tremendous progress
in the development of AD diagnostic imaging biomarkers,
including FDA-approved brain amyloid imaging via positron
emission tomography (PET), as well as tau, surrogate markers
of inflammation such as TSPO, and synaptic PET imaging
(Rabinovici et al., 2007; Schilling et al., 2016; Chen et al., 2018;
Edison et al., 2018; Narayanaswami et al., 2018; Chandra et al.,
2019; Werry et al., 2019). In addition, structural, functional and
metabolic brain imaging are instrumental in evaluating neuronal
damage in patients (Johnson K.A. et al., 2012). Yet, most of these
methods are not suitable for repeated population screening in the
preclinical stages. They are either limited by the use of unsafe
ionizing isotopes (radioactivity), high costs, low availability,
and/or limited resolution or specificity (Perrin et al., 2009; Ono
and Saji, 2011; Johnson J.K. et al., 2012; Johnson K.A. et al., 2012;
Koronyo et al., 2012; Mathis et al., 2012; Doraiswamy et al., 2014;
James et al., 2015; Kalia and Lang, 2015; Hart et al., 2016; Heurling
et al., 2016; Tiepolt et al., 2016; Doustar et al., 2017; Hampel et al.,
2018; Baldacci et al., 2020). As it relates to amyloid PET imaging,
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available tracers and modalities do not allow for detection of early
small or soluble forms of Aβ accumulation (Lockhart et al., 2007;
Ng et al., 2007; Johnson K.A. et al., 2012).

Milestone advances in the development and evaluation of
plasma (Aβ1−42 and neurofilament light concentrations) and
CSF biomarkers (Aβ1−42, total-tau, p-tau concentrations) have
also revolutionized the prospect of early diagnosis for AD
(Hampel et al., 2018; Baldacci et al., 2020). In general, both
categories of fluid biomarkers have proven superior to the
majority of currently available brain scanning tools with regards
to sensitivity, accessibility and cost-effectiveness. Yet, CSF
extraction remains an invasive approach and plasma markers are
subject to interference from other bodily organs and peripheral
metabolic processes, and therefore may not be able to solely
represent the underlying neuropathological events occurring
in the brain (Johnson K.A. et al., 2012). These challenges
provide great incentive to explore other diagnostic methods for
deployment in the general population, perhaps through another
CNS tissue – the retina.

Serving as the innermost layer of the eyeball, the main role
of the retina in visual perception is the conversion of light
signals into decodable neuronal impulses for transmission to the
brain. It consists of the light-sensitive neurosensory retina and
retinal pigment epithelium (RPE). Structurally, the neural retina
contains several distinct layers: the innermost inner limiting
membrane (ILM), nerve fiber layer (NFL), ganglion cell layer
(GCL), inner plexiform layer (IPL), inner nuclear layer (INL),
outer plexiform layer (OPL), outer nuclear layer (ONL), outer
limiting membrane (OLM), and the outermost photoreceptor
layer (PRL) (see left panel in Figure 1). The five types of neurons
for visual perception in the retina are photoreceptors, bipolar
cells, ganglion cells, horizontal cells, and amacrine cells. The two
types of photoreceptor cells, rods and cones, are the primary
light-sensing cells. Rods are responsible for sensing dim light,
while cones provide color vision. Amacrine cells and bipolar cells
are the two intermediate neurons that pass visual information
to the ganglion cells, which then transmit signals to the brain.
Similar to the brain, the retina also possesses different types
of supporting glial cells: Müller cells, astrocytes, and microglia.
Müller cells and astrocytes are the two types of macroglia in the
retina and provide support to neurons, while microglial cells act
like tissue macrophages. Blood is supplied to the retina via the
central retinal artery, which enters the optic nerve and supports
the inner neural retina, and via choroid blood vessels, which
nourish the RPE and outer neural retina.

The retina is the only CNS tissue not shielded by bone,
allowing for noninvasive imaging and providing a unique
perspective into the brain. A developmental outgrowth of
the embryonic diencephalon, the retina fittingly shares many
structural and functional features with the brain including
a blood barrier and populations of neurons and glial cells,
which secrete proteins related to the amyloid cascade (e.g.
BACE1, γ-secretase, ApoE, clusterin) (Morin et al., 1993;
Purves and Fitzpatrick, 2001; Johnson et al., 2002; Byerly and
Blackshaw, 2009; Maude et al., 2009; Cai et al., 2012; Li et al.,
2016; Trost et al., 2016; Vecino et al., 2016). The retina is
physically connected to the brain via axons of the optic nerve

(Figure 1A), which facilitate vesicular transport of synthesized
AβPP, potentially to and from retinal ganglion cells (RGCs)
(Morin et al., 1993). Further, brain and retinal microvasculatures
are morphologically and physiologically similar (Patton et al.,
2005). Overall, the close relationship between these two CNS
tissues and their anatomical sub-structures as well as the
feasibility of noninvasive retinal imaging may provide a window
into better understanding of processes in the CNS such as healthy
aging and neurodegeneration.

Mounting evidence demonstrate AD-related retinal pathology
in AD patients and animal models. Recent studies documented
parallels between the brain and retinal pathology found both
in AD patients and animal models (Koronyo-Hamaoui et al.,
2011; Koronyo et al., 2012; Shi et al., 2014; Hart et al., 2016;
Doustar et al., 2017; Koronyo et al., 2017; Koronyo-Hamaoui
et al., 2020). While early examinations of postmortem eyes
isolated from AD patients revealed loss of optic nerve integrity
and RGC degeneration (Hinton et al., 1986; Blanks et al., 1989;
Sadun and Bassi, 1990; Blanks et al., 1996a,b), it was not until
2010 that Koronyo-Hamaoui and colleagues were able to identify
the existence of pathological hallmarks, Aβ deposits, in retinas
isolated from these patients (Koronyo-Hamaoui et al., 2011).
These findings were also true for MCI and other early-stage
AD cases. Subsequent studies confirmed the original results and
further identified pTau, characterized retinal plaque subtypes, as
well as demonstrated neuronal degeneration and elevated levels
of Aβ alloforms, astrogliosis and microgliosis (Alexandrov et al.,
2011; Koronyo-Hamaoui et al., 2011; Koronyo et al., 2012, 2017;
Schön et al., 2012; Tsai et al., 2014; Hart et al., 2016; La Morgia
et al., 2016; den Haan et al., 2018; Hampel et al., 2018; Grimaldi
et al., 2019; Schultz et al., 2020; Shi et al., 2020). In this review,
we describe key pathological processes that were found in the
AD retina (illustrated in Figure 1), with a focus on characteristic
Aβ and tau accumulation and emerging retinal amyloid imaging
modalities, which provide promise for advancing noninvasive
methods for early disease diagnosis and monitoring.

RETINAL Aβ PATHOLOGY IN
ALZHEIMER’S PATIENTS

One decade ago, and more than a century following the
identification of Aβ plaques in the postmortem brain of the
first person diagnosed with AD, Auguste Deter, AD-specific
pathological hallmarks were shown for the first time in the human
retina (Koronyo-Hamaoui et al., 2011). In this original study,
Aβ plaques were identified in all flatmount retinas isolated from
13 cases with definite and probable AD, as confirmed by both
brain pathology and clinical reports (Figures 2A–C’). Retinal
Aβ-plaque pathology in these patients was in stark contrast
to minimal to no pathology found in the retina of age- and
gender-matched cognitively normal individuals (Figures 2B–C’)
(Koronyo-Hamaoui et al., 2011; La Morgia et al., 2016; Koronyo
et al., 2017).

This and two subsequent studies on human cohorts of over
50 patients and control donor eyes, examining retinal flatmounts
and cross-sections with Aβ-specific monoclonal antibodies
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FIGURE 1 | Schematic illustration of retinal pathology in AD patients. A comparison between cognitively normal control and AD retinas along a continuum. AD
attributed retinal pathology includes accumulation of Aβ and phosphorylated-tau proteins, degeneration and subsequent thinning, and an inflammatory response. AD
retinal vessels display substantial thinning and pericyte loss alongside Aβ protein deposition. Modified illustration from Advances in Retinal Imaging: Retinal Amyloid
Imaging (Koronyo-Hamaoui et al., 2020) with permission from Springer Nature via Copyright Clearance Center. Aβ, Amyloid-β protein; CTRL, control; GCL, ganglion
cell layer; ILM, inner limiting membrane; INL, inner nuclear layer; IPL, inner plexiform layer; mRGCs, melanopsin-containing retinal ganglion cells; NFL, nerve fiber
layer; NFT, neurofibrillary tangles; OPL, outer plexiform layer; ONL, outer nuclear layer; OLM, outer limiting membrane; PRL, photoreceptor layer; RGCs, retinal
ganglion cells; pTau, hyperphosphorylated tau.

FIGURE 2 | Increased retinal Aβ42 deposition correlates with cerebral amyloid plaque burden in Alzheimer’s patients. (A) Representative micrographs from an AD
brain and (B) flat-mount retinas from a cognitively normal (CN) subject and (C) AD patient stained with anti-Aβ42 mAb (12F4). Although smaller in size, retinal Aβ

plaques are similar in morphology to brain plaques. Scale bar: 20 µm. (C) High-magnification images reveal diffuse, compact, and “classical” mature plaque
morphology of retinal Aβ aggregates. Scale bar: 10 µm. (D) Quantitation of retinal Aβ42 plaque burden, measured by 12F4 immunoreactive area, in AD patients
(n = 8) and sex-/age-matched CN control subjects (n = 7). Data shown as group mean ± SEM. **P < 0.01, unpaired 2-tailed Student’s t-test. (E,F) Pearson’s
correlation coefficient tests between retinal Aβ42 plaque load (12F4-immunoreactivity) and mean cerebral neuritic plaque burden (e; r = 0.87, P = 0.0048, n = 8;
severity score of Gallyas silver staining) or regional plaque burden either in the entorhinal (F; black symbols; r = 0.84, P = 0.0092, n = 8) or primary visual cortex (F;
orange symbols; r = 0.84, P = 0.0097, n = 8). Reproduced from Koronyo et al. (2017) with permission of ASCI via Copyright Clearance Center.
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FIGURE 3 | Ultrastructure of Aβ deposits in AD retina identified by transmission electron microscopy (TEM). (A–B’) Representative TEM images of retinal
cross-sections from definite AD patients showing (A) ultrastructure of Aβ plaque (pl), fibrils (fib) and protofibrils (pfib) near a blood vessel (bv). Scale bar: 1 µm. (A’)
High-magnification image showing Aβ fibrils, protofibrils and Aβ deposits (abd). Scale bar: 50 nm. (B) Aβ plaque-like deposits (pl; demarcated by red line), near
basement membrane (bm) of a blood vessel (bv). Scale bar: 0.5 µm. (B) High magnification image of region marked by red asterisk in (B) showing dense Aβ

deposition with structural similarity to annular oligomers (red arrowhead). Scale bar: 40 nm. All sections were prestained with anti-Aβ42 mAb (12F4) and
peroxidase-based system and DAB substrate chromogen. Reproduced from Koronyo et al. (2017) with permission of ASCI via Copyright Clearance Center.

(12F4, 11A5-B10, 6E10, 4G8), anti-Aβ dyes (i.e., Curcumin,
Thioflavin-S, Congo-Red) and Gallyas silver stain, showed that
all neuropathologically confirmed AD patients exhibited Aβ

deposits in the retina (Koronyo-Hamaoui et al., 2011; La
Morgia et al., 2016; Koronyo et al., 2017). Interestingly, through
scanning of retinal flatmounts, the team discovered a non-
uniform manifestation of Aβ deposits across the human retina.
Plaques were more often detected in peripheral regions, especially
in the superior and inferior quadrants (Koronyo et al., 2017).

A quantitative histological analysis of whole-mount retinas
in a subset of confirmed AD patients compared to age- and
sex-matched cognitively normal controls revealed a significant
4.7-fold increase in Aβ42-containing retinal plaque burden in
patients (Figure 2D; Koronyo et al., 2017). Another group, using
a sample of retinas isolated from 10 neuropathologically and
clinically confirmed AD and 10 control patients, demonstrated
a significant 2.7-fold increase in the number of retinal Aβ42
plaques that were also found to be larger in volume relative to
deposits detected in normal control tissue (Grimaldi et al., 2019).
Importantly, although retinal Aβ plaques are typically smaller

in size compared to brain plaques, their burden in the retina
significantly correlated with severity of plaque pathology in the
brain (Figures 2E,F; Koronyo et al., 2017). In particular, retinal
amyloid deposits were more strongly correlated with plaque
burden in the primary visual cortex and the entorhinal cortex
(Figure 2F; Koronyo et al., 2017).

Transmission electron microscopy (TEM) analysis of
(12F4+)Aβ42-positive immunoreactivity in retinal tissues from
AD patients revealed the ultrastructure of Aβ in plaques, fibrils,
protofibrils and annular oligomer-like forms (Figures 3A–B’;
Koronyo et al., 2017). Gallyas silver stain further exposed
the existence of retinal neuritic-like plaques. While marked
increases in retinal Aβ pathology were noted in AD patients
as compared with age-matched cognitively normal individuals,
retinal plaques in patients frequently appeared in clusters and
preferentially in the mid- and far-peripheral regions (La Morgia
et al., 2016; Koronyo et al., 2017). These findings suggest that
regional and geometric differences in plaque density should
be considered when examining retinal tissue from patients.
Moreover, the use of traditional histological techniques in
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retinal cross sections of limited regions could account for
the few studies unable to consistently detect Aβ in the AD
retina (Schön et al., 2012; Ho et al., 2014). This challenge
emphasizes the necessity to standardize approaches for analyzing
AD-related pathology across diverse topographical regions of
the human retina. Indeed, following untraditional histological
protocols developed by Koronyo and colleagues, three additional
independent groups were able to detect Aβ deposits in the retina
of confirmed AD patients (Tsai et al., 2014; den Haan et al., 2018;
Grimaldi et al., 2019).

Prior examinations of normal aged eyes demonstrated Aβ

immunoreactivity in the sub-retinal pigment epithelium (RPE)
(Loffler et al., 1995) as well as toxic Aβ oligomers in drusen
in the macular RPE of aged and AMD patients (Johnson et al.,
2002; Anderson et al., 2004; Luibl et al., 2006). As it relates
to AD, an early biochemical evaluation of Aβ40 and Aβ42
alloforms in retinal tissues of patients showed their existence
in the human AD retina, albeit without comparing to levels in
control retinas nor assessing correlation with respective brain
levels (Alexandrov et al., 2011). Importantly, a recent study
corroborated these findings of amyloidogenic Aβ40 and Aβ42
alloforms in the retina of AD patients (Schultz et al., 2020). The
study measured Aβ40 and Aβ42 levels in retinal and hippocampal
tissues of human cohorts with neurodegenerative diseases and
compared between ApoE ε4 carriers and non-carriers (Schultz
et al., 2020). Results from this study showed higher levels of
retinal and hippocampal Aβ40 and Aβ42 in individuals with AD-
related pathological changes and ApoE ε4 carriers. Further, levels
of both alloforms in the retina correlated with their counterparts
in the hippocampus, as well as with NFT and Aβ plaque burden
severity (Schultz et al., 2020).

A recent histological study confirmed the presence of retinal
plaques in 6 AD patients and 6 healthy controls, including
finding similar sized 12F4+Aβ42-containing deposits, and gave
additional insight into the spatial distribution and subtypes
of Aβ aggregates in the human retina (den Haan et al.,
2018). Aβ-positive immunoreactivity and deposits were found
in various cell layers in postmortem retinas of AD patients,
particularly the INL; deposits were found within horizontal,
amacrine, and Müller cells (den Haan et al., 2018). Analyses
of retinal pathology in AD donors indicated that Aβ deposits
were more abundant in the inner retinal layers, concentrating
in the NFL and GCL (Koronyo et al., 2017). Aβ42 was
present in both fibrillar and proto-fibrillar forms, confirmed
with TEM and Birefringence (apple-green) of Congo red-
stained retinas under polarized light (Koronyo et al., 2017).
More recently, Aβ40 was quantified and mapped in a larger
cohort of postmortem human AD retinas (n = 47), showing
significant increases in both retinal vascular and abluminal
Aβ40 in AD patients as compared with matched controls (Shi
et al., 2020). Retinal Aβ40 was especially abundant in the
inner retinal layers of the central retina. Increased Aβ40 in the
retina of AD patients as compared with cognitively normal
individuals was further validated by biochemical ELISA analysis
(Shi et al., 2020).

Overall, these growing studies confirm the presence of disease-
associated Aβ species in the human retina and highlight the

striking similarities between retinal and cerebral vulnerability to
hallmark AD pathologies.

RETINAL TAUOPATHY IN ALZHEIMER’S
PATIENTS

Another key characteristic sign of AD neuropathology that
strongly reflects neuronal injury and cognitive decline is
abnormal tau, specifically hyperphosphorylated tau and its
inclusion in NFTs (Iqbal et al., 2009; Buckley et al., 2017;
Hanseeuw et al., 2019). The physiological distribution pattern of
total non-phosphorylated tau expression in the human retina was
first described in 1995 (Loffler et al., 1995). According to this
report and subsequent studies, tau is predominantly expressed in
the inner retinal layers, most intensely along three distinct bands
in the IPL, more diffusely in the OPL and somatodendritically
in the INL (Loffler et al., 1995; Leger et al., 2011). Tau is also
localized, albeit weakly, in other inner retinal layers such as the
GCL and NFL as well as in photoreceptors of the human retina
(Loffler et al., 1995; Leger et al., 2011).

Initial post-mortem examinations of late-stage AD retinas
did not reveal neurofibrillary inclusions, neuritic plaques or
amyloid angiopathy, despite histological observations of GCL
degeneration, reduced NFL thickness and optic nerve axonal
atrophy (Hinton et al., 1986; Blanks et al., 1989). While a
limited number of studies have been unable to histopathologically
detect abnormal tau accumulation in retinas of patients (Ho
et al., 2014; Williams et al., 2017), the first evidence of disease-
associated tau hyperphosphorylation in post-mortem retinas of
confirmed AD cases was reported by Schön and colleagues in
2012 (Figures 4A,B; Schön et al., 2012). Results from this study
were corroborated thereafter by other groups (den Haan et al.,
2018; Grimaldi et al., 2019). Different pTau species, recognized
by phosphorylation site-specific antibodies such as AT8 (pSer202,
pThr205), AT100 (pThr212 and pSer214), and AT270 (pThr181),
were primarily found in the inner retinal layers, particularly the
plexiform layers, INL, and GCL of AD patients, thus closely
mirroring the physiological expression pattern of normal tau
(Schön et al., 2012; den Haan et al., 2018). Interestingly, a recent
independent report on a quantitative histomorphometric analysis
of post-mortem tissue revealed that these particular retinal layers
undergo significant pathological atrophy in AD compared to
non-demented control cases (Asanad et al., 2019b). Geometric
analysis of postmortem retinal tissue from 6 control cases and
6 AD patients showed more intense AT8-immunoreactivity in
superior than in medial retinal regions (den Haan et al., 2018).
Qualitative observations from the same study also showed a
positive gradient away from the optic nerve and toward the
periphery. Despite the presence of pTau in all 6 AD retinas, no
significant difference was found in retinal pTau area coverage
between the two diagnostic groups, likely due to 2 outliers in
control cases. Importantly, a novel and significant association
was also found between retinal AT8 burden and cerebral amyloid
plaque but not NFT severity (den Haan et al., 2018).

Hyperphosphorylation of tau has been shown to drive the
formation of fibrillar tau inclusions and neurofibrillary tangles,
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FIGURE 4 | Evidence of hyperphosphorylated pTau inclusions in AD retina. (A–E) Representative micrograph images of retinal cross-sections from AD patients
following (A,B) immunostaining with AT8 mAb against phospho-tau (Ser202, Thr205), revealing intracellular pTau aggregates in both inner and outer nuclear layers
(INL and ONL), and plexiform layers (IPL and OPL). Scale bars: 10 µm; (C,D) Higher magnification images of inner retina stained with Gallyas silver showing
neurofibrillary tangle (NFT)-like structures in ganglion cell layer (GCL). (E) Immuofluorescence staining of AT100 mAb against phospho-tau (Thr212, Ser214) showing
punctate aggregates and intracellular inclusions in INL. Images and data of panels (A,B) are adapted from Schön et al. (2012). Images and data of panels c-d are
reproduced from Koronyo et al. (2017) with permission of ASCI via Copyright Clearance Center.

leading to disruptions in axonal transport as well as metabolic
and oxidative stress, and is closely associated with neuronal
death (Iqbal et al., 2009). Although several histological staining
approaches have been utilized to confirm the presence of fibrillar
inclusions of pTau in human AD retinas, thus far many have
been unsuccessful (Schön et al., 2012; den Haan et al., 2018).
To date, only one study using Gallyas silver staining detected
NFT-like structures in postmortem retinas of definitive AD
patients (Figures 4C,D; Koronyo et al., 2017). As mentioned
above, there is an apparent gap in results obtained from different
groups, possibly driven by the lack of standardized experimental
procedures. For instance, the same antibodies against pTau
reported to produce negative results by one group (Schön
et al., 2012) detected pTau staining patterns similar to AT8-
immunoreactivity in a later study (den Haan et al., 2018). Still,
by utilizing AT100 antibody, two independent groups detected
similar patterns of pTau in postmortem retinas from AD patients
(Figure 4E; den Haan et al., 2018; Grimaldi et al., 2019).
Future investigations would therefore be necessary to confirm the
presence or absence of disease-associated tau conformers in the
retinas of AD patients.

Moreover, it is still unclear whether abnormal
hyperphosphorylation of tau and/or formation of intracellular
tangles have similar detrimental consequences in the retinas
of patients as those observed in the brain. Analyses of retinal
changes in AD transgenic mice support this putative association
and will be discussed in the following sections. According to data
from clinical studies and meta-analyses, levels of total tau and
pTau in the CSF remain among the most reliable and sensitive
biomarkers for both AD diagnosis and longitudinal monitoring
of disease progression (Ibach et al., 2006; Welge et al., 2009;
AlzBiomarker Database, 2018). Several lines of evidence indicate
that CSF tau levels are significantly increased in AD patients
(AlzBiomarker Database, 2018). Intriguingly, CSF total tau and

pTau-181 concentrations were shown to correlate with retinal
changes measured by fluorescent lifetime ophthalmoscopy, a
technique suggested to detect the metabolic alterations of tissue
represented by fluorescence decay of endogenous fluorophores
(Jentsch et al., 2015). Nevertheless, the co-localization of
pTau (den Haan et al., 2018; Grimaldi et al., 2019) and sites
of neuronal loss in the retina (Koronyo et al., 2017; Asanad
et al., 2019b; Grimaldi et al., 2019) are indicative of similar
physiological vulnerabilities to pTau accumulation in both the
retina and brain.

Retinal disorders such as glaucoma and age-related macular
degeneration (AMD) share a number of common features with
AD retinal pathology including progressive deposition of protein
aggregates, reactive gliosis and pro-inflammatory responses,
metabolic dysfunction, oxidative stress, and retinal atrophy
(Quigley, 1999; Naskar et al., 2002; Gupta et al., 2006; Guo et al.,
2007; Tezel, 2011). In 2008, examination of retinal tauopathy in
surgically removed tissue from human glaucoma cases revealed
intense localization of AT8-positive pTau in horizontal cells
residing in the OPL (Ibach et al., 2006; Gupta et al., 2008).
It is hypothesized that the lateral arrangement of horizontal
cell processes may predispose them to retinal stretch injury
caused by glaucoma-related elevated intraocular pressure (IOP).
Although no association was found between high IOP and
dementia (Cesareo et al., 2015), it remains to be seen whether
similar changes occur due to AD-associated ocular abnormalities.
However, increased retinal pTau accumulation and atrophy
following injury or due to other neurodegenerative disorders
reveal the vulnerability of this neural tissue compartment
to structural, functional, and neuropathological abnormalities
(Green et al., 2010; Leger et al., 2011; Kim et al., 2017; Satue et al.,
2017; Behbehani et al., 2018; Kim et al., 2019).

Aging remains the principal risk factor in AD and is tightly
associated with several visual impairments. To date, only two
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studies have investigated the relationship between aging and total
tau expression in the human retina. An early semi-quantitative
analysis found no difference between tau immunoreactivity
in post-mortem retinas from young and old healthy subjects,
although age ranges were not clearly outlined (Loffler et al.,
1995). Another study, examining retinas from enucleated eyes
of patients with prior history of ocular disorders, reported a
positive correlation between aging and total tau levels in RGCs in
a subset of patients, while unable to find evidence of pTau (Leger
et al., 2011). Such reports further showcase the disparity in these
findings and reiterate the need for replication of these studies.
Notably, the effects of aging on the abnormal accumulation
of pTau in retinas of healthy individuals and/or patients also
remains unexplored.

As it relates to tau imaging in the retina, there are currently
no live imaging tools to specifically detect tau aggregates
in the human retina. Preliminary results from a study that
utilized spectral domain optical coherence tomography (SD-
OCT) and fundus autofluorescein (FAF) to visualize pathological
tau aggregates in a cohort of PET-confirmed Alzheimer’s patients
(Kayabasi, 2018) hints at the possibility of noninvasive live
imaging and monitoring of neuropathological changes in the
retina of MCI and AD patients; however, the specificity of the
signal was not clear.

Overall, it is apparent that investigations of retinal
Aβ pathology and its relationship with cerebral amyloid
plaque burden in AD patients are mounting. However, our
understanding of retinal pTau accumulation and associations
with brain NFT severity is much more limited. To date, only a
few groups have successfully detected tau hyperphosphorylation
in post-mortem human retinas from AD patients, and only
one study has shown an association between retinal pTau
and cerebral amyloid load in a small number of AD patients.
Therefore, there is an urgent need for systematic and quantitative
analyses of retinal pTau in larger cohorts as well as assessment
of both the spatiotemporal and pathomechanistic properties of
AD-related tau species in the retina and their relationship with
brain disease and cognition.

ALZHEIMER’S DISEASE HALLMARKS IN
THE RETINA OF ANIMAL MODELS

In agreement with the above findings in patients, the pathological
hallmarks of AD were also described in numerous animal models
of AD (see a summary in Table 1). Both the soluble and
insoluble forms of Aβ were found in the retina of sporadic
models and transgenic mice harboring familial AD (FAD)
mutations (Ning et al., 2008; Dutescu et al., 2009; Liu et al.,
2009; Perez et al., 2009; Koronyo-Hamaoui et al., 2011; Koronyo
et al., 2012; Tsai et al., 2014; Du et al., 2015; Gupta et al.,
2016; Hart et al., 2016; Habiba et al., 2020). Intriguingly, early
manifestations of retinal Aβ plaques have also been detected prior
to their occurrence in the brain (Koronyo-Hamaoui et al., 2011).
Moreover, upon assessment of therapeutic response, researchers
found that positive effects of immunotherapy on cerebral Aβ-
plaque reduction were also reflected in the respective retinas

in transgenic animal models of AD (ADtg) (Liu et al., 2009;
Koronyo-Hamaoui et al., 2011; Koronyo et al., 2012; Yang et al.,
2013; He et al., 2014; Gao et al., 2015; Parthasarathy et al., 2015).
These studies illustrate the common retino-cerebral mechanisms
of neuroprotection in response to therapy, which encourages the
use of retinal imaging to noninvasively assess therapeutic efficacy
in real time.

ADtg animals typically express the transmembrane amyloid
precursor protein (APP), the source of Aβ protein, in
retinal neurons. Indeed, this protein has been found in the
retinas of ADtg drosophila, various ADtg mice (Tg2576,
hTgAPPtg/tg, APPSWE/PS11E9, and APPSWE/PS1M146L/L286V),
and the naturally occurring sporadic rodent strain Octodon degus
(O. degus) (Ning et al., 2008; Dutescu et al., 2009; Liu et al., 2009;
Ardiles et al., 2012; Du et al., 2015). Retinal cytoplasmic APP was
found to increase in ADtg models (Ning et al., 2008; Dutescu
et al., 2009), but decrease in the sporadic O. degus with aging (Du
et al., 2015). Ning and colleagues found APP immunoreactivity
increased with age in cells of the INL and GCL – but not the
ONL – as well as the neuropil of the IPL and OPL and the outer
segments (OS) and RPE (Ning et al., 2008).

ADtg rodent models, including Tg2576, APP/PS1,
3xTg, 5xFAD mice, TgF344-AD rat, and O. degus, show
cerebral accumulation of soluble and insoluble Aβ with age,
corresponding to AD-like progression (Dutescu et al., 2009;
Liu et al., 2009; Perez et al., 2009; Alexandrov et al., 2011;
Koronyo-Hamaoui et al., 2011; Williams et al., 2013; Edwards
et al., 2014; Park et al., 2014; Tsai et al., 2014; Du et al., 2015; More
and Vince, 2015; Parthasarathy et al., 2015; Pogue et al., 2015).
Alloforms of Aβ pathognomonic to AD (Aβ40 and particularly
Aβ42) were found to be elevated in the retinas of ADtg rodents
(Dutescu et al., 2009; Liu et al., 2009; Alexandrov et al., 2011;
Williams et al., 2013; Park et al., 2014; Tsai et al., 2014; Du
et al., 2015; Parthasarathy et al., 2015) and ADtg drosophila
(Greeve et al., 2004; Carmine-Simmen et al., 2009). In addition,
plaque and insoluble Aβ deposits were identified in retinas of
Tg2576, APPSWE/PS11E9, APPSWE/PS1M146L/L286V, 3xTg, and
5xFAD mice, and in O. degus (Ning et al., 2008; Dutescu et al.,
2009; Liu et al., 2009; Perez et al., 2009; Alexandrov et al., 2011;
Koronyo-Hamaoui et al., 2011; Koronyo et al., 2012; Williams
et al., 2013; Yang et al., 2013; Zhao et al., 2013; Edwards et al.,
2014; Du et al., 2015; More and Vince, 2015; Hadoux et al., 2019).

Tg2576 mouse retinas were cross-sectioned and analyzed for
plaque pathology, which was found in approximately 85% of
these transgenic mice but was absent in WT controls (Liu et al.,
2009; Williams et al., 2013). Plaques were mostly found in the
GCL, INL, and ONL (Liu et al., 2009; Williams et al., 2013). Yet,
one study was unable to detect retinal Aβ pathology in a Tg2576
mouse with cerebral Aβ (Dutescu et al., 2009).

5xFAD mice present an aggressive model of amyloidosis, with
several familial AD mutations that result in the overexpression
of Aβ42. Studies in this model have demonstrated the presence
of Aβ42 in ocular tissues including the retina as well as increases
in Aβ40 in the RPE (Park et al., 2014; Parthasarathy et al., 2015;
Hadoux et al., 2019). In the sporadic O. degus model of AD, Aβ

deposition appears to be progressive, accumulating first in the
GCL, NFL, INL and photoreceptors (Chang et al., 2020). Whole
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TABLE 1 | Alzheimer’s pathological hallmarks in retinas of animal models.

Hallmarks Animal species Models and Genotypes Retinal pathologies References

APP or Aβ related Drosophila AβPP, dBACE-AβPPL,
pGMR-Aβ42

Increased APP, Aβ,
Aβ42 toxicity

Finelli et al., 2004; Greeve et al., 2004; Carmine-Simmen
et al., 2009; Cutler et al., 2015

Mouse Tg2576, hTgAPPtg/tg,
APPSWE/PS11E9,
APPSWE/PS1M146L/L286V, 3xTg,
5xFAD, Tg-SwDI

Increased APP, Aβ

deposits, Aβ42, Aβ40,
vascular Aβ, Aβ

oligomers

Ning et al., 2008; Dutescu et al., 2009; Liu et al., 2009;
Perez et al., 2009; Alexandrov et al., 2011;
Koronyo-Hamaoui et al., 2011; Koronyo et al., 2012;
Williams et al., 2013; Yang et al., 2013; Zhao et al., 2013;
Edwards et al., 2014; He et al., 2014; Park et al., 2014;
Gao et al., 2015; More and Vince, 2015; Parthasarathy
et al., 2015; Pogue et al., 2015; Gupta et al., 2016;
Oliveira-Souza et al., 2017; Criscuolo et al., 2018; Hadoux
et al., 2019; Habiba et al., 2020; Sidiqi et al., 2020

O. degus Spontaneous Increased APP, Aβ, Aβ

oligomers
Inestrosa et al., 2005; Ardiles et al., 2012; Du et al., 2015

Rat TgF344-AD Increased Aβ Tsai et al., 2014

NFT or pTau related Drosophila hTau Accumulation of pTau Grammenoudi et al., 2006; Chouhan et al., 2016

Mouse Tg2576, APPSWE/PS11E9,
APPSWE/PS1M146L/L286V, 3xTg,
P301S, rTg4510

Accumulation of pTau,
NFT

Liu et al., 2009; Schön et al., 2012; Yang et al., 2013; Zhao
et al., 2013; Chiasseu et al., 2017; Grimaldi et al., 2018;
Harrison et al., 2019

O. degus Spontaneous Accumulation of pTau Du et al., 2015; Chang et al., 2020

APP, amyloid precursor protein; Aβ, amyloid-beta; pTau, phosphorylated Tau; NFT, neurofibrillary tangle; O. degus, Octodon Degus.

retinal histological examination via Aβ-specific staining revealed
the most plaque burden in the central retina (Inestrosa et al.,
2005; Du et al., 2015).

Importantly, Koronyo-Hamaoui et al. (2011) developed
the first approach to visualize retinal Aβ deposits in live
APPSWE/PS11E9 mice using curcumin as a specific Aβ-labeling
fluorophore and optical Micron rodent retinal imager (Phoenix
Technology Group, LLC). The identity of Aβ deposits detected
in vivo by curcumin was validated by subsequent ex vivo labeling
of the respective whole-mount retinas using anti-Aβ monoclonal
antibody. Notably, retinal plaques were observed prior to
detection in the corresponding brains (Koronyo-Hamaoui et al.,
2011). In addition, following intravenous injection of curcumin,
flatmount retinas from 2.5-month-old mice were isolated and
stained with 4G8 monoclonal antibody, further confirming that
the curcumin spots are the same Aβ-specific deposits (Koronyo-
Hamaoui et al., 2011). A recent study by Sidiqi and colleagues
corroborated the previous reports (Koronyo-Hamaoui et al.,
2011; Koronyo et al., 2012, 2017) and demonstrated via retinal
curcumin imaging in APPSWE/PS11E9 mice the accumulation
of retinal Aβ plaques with disease progression, which positively
correlated with Aβ load in the brain (Sidiqi et al., 2020). Cross-
sectional analysis of adult APP/PS1 ADtg mice retinas revealed
Aβ deposits in the innermost layers as well as in the choroid and
surrounding scleral tissue; WT controls showed only minimal to
no plaque deposition (Koronyo-Hamaoui et al., 2011). Studies
using the same ADtg model and Tg344F-AD rats (with the same
double transgenes) also validated these findings (Ning et al., 2008;
Liu et al., 2009; Perez et al., 2009; Tsai et al., 2014).

The initial discovery of tau in the adult mammalian retina
dates back to 1988. In this early study, tau was predominantly
found in horizontal cells residing in the OPL of adult rat
retinas (Tucker and Matus, 1988). On the other hand, disease-
associated pTau species were detected somatodendritically in
RGCs of a commonly studied double transgenic mouse model

of AD, known as the APPSWE/PS11E9 mouse (Yang et al.,
2013), and in the GCL to ONL of Tg2576 ADtg mice (Liu
et al., 2009). In line with these observations, intracellular
aggregates of pTau have also been detected in retinas of the
APPSWE/PS1M146L/L286V mouse model of AD (Zhao et al., 2013).
Further, recent analyses of young, pre-symptomatic 3xTg mouse
retinas showed retinal Aβ plaques and tau tangles in the RGC
layer (Grimaldi et al., 2018).

In the South American rodent O. degus, previously reported
to develop several spontaneous AD-like pathologies without
genetic manipulation, elevated levels of pTau were primarily
detected in the GCL to NFL regions of the retina in both
adult and aged animals (Du et al., 2015). In a subsequent
study by the same group, early punctate AT8 immunoreactivity
in the IPL was reported in young degus, compared with the
denser expression in IPL to NFL of juvenile and adult animals
(Chang et al., 2020). Interestingly, p(tau)-positive aggregates
both appeared and propagated to other inner retinal layers
earlier than Aβ deposits in these animals (Chang et al., 2020).
Similarly, retinal accumulation of total tau and epitope-specific
hyperphosphorylation were also reported to precede onset of
behavioral deficits and brain tauopathy as early as 3 months of
age in the 3xTg mouse model of AD (Chiasseu et al., 2017).

Several live imaging modalities have been developed and
optimized for detection of proteinaceous aggregates and
metabolic hyperspectral mapping of retinal tissue in rodent
models of AD (Koronyo-Hamaoui et al., 2011; Koronyo et al.,
2012, 2017; Schön et al., 2012; More and Vince, 2015; Sidiqi
et al., 2020). Using longitudinal scanning laser ophthalmology,
Schön et al. visualized and monitored pTau-containing RGCs
in the P301S mouse model of tauopathy from 2 to 6.5 months
of age and found a steady growth in pTau-positive cell counts
(Schön et al., 2012).

In the rTg(tauP301L)4510 tauopathy mouse model of
frontotemporal dementia (FTD), accumulation of both tau and
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pTau have been observed in RGCs as well as the IPL and INL
(Harrison et al., 2019). These areas are associated with reduced
neuronal density and optic nerve degeneration in these mice
(Harrison et al., 2019). In an experimental rat model of optic
nerve crush, injury-induced impaired autophagy was followed
by an increase in hyperphosphorylated tau (pSer396), which co-
localized with apoptotic markers in dying RGCs (Oku et al.,
2019). Silencing the tau gene exerted neuroprotective effects in
this model, indicating that tauopathy following retinal injury
similar to that observed in the brain plays an essential role in
neuronal atrophy (Oku et al., 2019).

AD-related tauopathies have also been investigated in a
limited number of non-murine animal models of aging or
AD. Selective expression of normal human tau in adult
drosophila retina leads to progressive loss of ERG responses
without a considerable effect on retinal structure or neuronal
density, although TEM analysis later revealed signs of tau-
induced retinal synaptotoxicity and abnormal photoreceptor
morphology (Chouhan et al., 2016). In the same study, human
Aβ expression in a separate group of flies caused an age-
dependent loss of retinal neurons without altering ERG signals
(Chouhan et al., 2016). In the UAS-Gal4 drosophila model of
AD, species of pTau, phosphorylated at different epitopes to
varying degrees and in a cell type-specific manner, have also
been detected in both the retina and brain (Grammenoudi
et al., 2006). In a small number of young and aged primates,
total tau expression in the outer retina was observed in the
OPL, ONL and inner segment of photoreceptors, whereas
AT8-positive pTau was localized predominantly in the OPL
and cones (Aboelnour et al., 2017). In older primates, pTau
staining in retinal cones also appeared stronger compared
with younger animals (Aboelnour et al., 2017). Altogether,
it is apparent that tau expression and pTau accumulation
may vary across several species commonly used to model
human AD, and future studies should aim to elucidate
these differences.

Together with these positive findings, it is important to note
that the expression pattern of both APP and tau transgenes in
the brain and retina of animal models of AD should not be
misinterpreted as a precise reflection of the human disease. The
layer and cellular burden of pathological Aβ and pTau aggregates
is most likely governed by the promoter-driven expression of
their corresponding transgenes. For instance, expression of the
aggregate-prone mutant tau species in the P301S tauopathy
mouse model is driven by the murine Thy1 promoter, which
leads to the development of pathology in selected CNS cell
types and consequently specific regions (Allen et al., 2002).
In the retina, Thy1 is uniquely expressed by RGCs (Schmid
et al., 1995) and therefore the intracellular aggregation of
hyperphosphorylated tau in these cells and their nerve fibers is
expected. This may underlie the common disparity in findings
from stereological studies attempting to characterize regional
and cellular susceptibility to AD pathology in CNS tissue from
human versus animal models. Recent developments as well as
ongoing efforts to fully characterize complete gene replacement
animal models will be invaluable in addressing such limitations
in several fields.

RETINAL DEGENERATION IN
ALZHEIMER’S DISEASE

In agreement with the observed distribution of retinal Aβ

deposits in AD patients, reports have indicated NFL thinning
and RGC degeneration in the GCL chiefly within the superior
quadrants of the retina (Blanks et al., 1989, 1996b; Berisha
et al., 2007; Lu et al., 2010; Liu et al., 2015; La Morgia et al.,
2016; Asanad et al., 2019b; Grimaldi et al., 2019). In vivo
OCT imaging of these patient retinas revealed degeneration in
multiple retinal layers (La Morgia et al., 2017). Reduced macular
thickness and volume, measured by OCT, was also found to
correlate with cognitive impairment in AD patients (Iseri et al.,
2006). The first study that evaluated melanopsin-containing
retinal ganglion cells (mRGCs), photoreceptors known to drive
circadian photoentrainment, in the postmortem retina of AD
patients described a significant mRGC degeneration reflected in
reduction of both dendritic density and cell number (La Morgia
et al., 2017). Notably, dendrite loss and cell death were closely
linked to Aβ pathology and were colocalized at sites of Aβ

deposits (La Morgia et al., 2016).
These findings were corroborated in another study, which

indicated a substantial loss of retinal cells at sites of Aβ deposition
(Figures 5A–D). When compared with age-matched cognitively
normal controls, 22-29% retinal neuronal degeneration was
detected by Nissl staining (n = 17 subjects) in the GCL, INL,
and ONL of AD patients (Figures 5B,C; Koronyo et al., 2017).
More recently, Asanad and colleagues analyzed retinal atrophy
morphometrically in the superior quadrants of postmortem
retinas from 8 AD and 11 age-matched controls (Asanad
et al., 2019b). Measurements were acquired along a distance of
4mm from the optic nerve on the supero-temporal (reaching
the macular region) and supero-nasal sides. Significant retinal
thinning was revealed in the NFL (∼40%), GCL (35%), IPL
(∼20%), and both nuclear layers (25%) in AD patients. In the
supero-temporal region, NFL thinning was more pronounced
closer to the optic nerve, whereas the other retinal layers showed
prominent thinning closer to the macula. However, all analyzed
retinal layers showed consistent thinning throughout the supero-
nasal retinal quadrant (Asanad et al., 2019b). Beyond these
changes, several studies have demonstrated accumulation of Aβ

in the lens of AD patients (Goldstein et al., 2003; Tian et al.,
2014) as well as reductions in the choroid coat – the vascular layer
of the eye – and offered insights into the retinal choroid as an
oculovascular biomarker for Alzheimer’s disease (Tsai et al., 2014;
Asanad et al., 2019a).

These findings are further supported by animal models
of AD (Frederikse and Ren, 2002; Yang et al., 2013; Park
et al., 2014; Tsai et al., 2014). In the hTgAPPtg/tg mouse
lens, markers of degeneration included nuclear disorganization,
organelle loss, cellular swelling, and shape irregularity (Frederikse
and Ren, 2002). In the 5xFAD mouse, Aβ deposits in the
retinal pigment epithelium, hypopigmentation, large vacuoles,
and Bruch membrane thickening with Drusen-like deposits were
observed (Park et al., 2014). Hypertrophy along with choroid
changes were also detected in the TgF344-AD rat (Tsai et al.,
2014). Further, in the APPSWE/PS11E9 mouse, RGC density was
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FIGURE 5 | Increased Aβ42-associated neuronal loss in post-mortem retinas of AD patients. (A) Representative images of post-mortem retinal cross-sections from
CN and AD cases, immunostained with anti-Aβ42 mAb (12F4) and labeled with peroxidase-based DAB (brown) and hematoxylin counterstain (violet). Intracellular
Aβ42-inclusions are observed in GCL, INL and ONL of AD retina. Scale bars: 20 µm. (B) Nissl staining of retinal cross-sections from a control subject and AD patient,
revealing cellular and retinal layer alterations in AD. (C) Quantitation of neuronal Nissl-positive total area in retinas of AD patients (n = 9) compared to
age-/sex-matched CN control subjects (n = 8). Data shown as group mean ± SEM. **P < 0.01, unpaired 2-tailed Student’s t-test (D) Qualitative geometric map of
increased retinal Aβ deposits (red shapes) and neuronal loss (green triangles) in AD patients. Panels a-c are reproduced from Koronyo et al. (2017) with permission of
ASCI via Copyright Clearance Center. Panel d is adapted from Hart et al. (2016) under terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/).

lower than in WT controls (Gao et al., 2015; Gupta et al., 2016)
and amacrine cell apoptosis was noted (Gao et al., 2015).

A recent finding in 3xTg mice indicated colocalization of
both retinal tau tangles and Aβ plaques with neurodegeneration
in the GCL (Grimaldi et al., 2018). In the same mouse
model, tau accumulation was associated with retinal neural
dysfunction, as measured by deficits in anterograde axonal
transport (Chiasseu et al., 2017).

Altogether, observations of retinal atrophy in layers
recognized as sites of proteinaceous deposition in both AD
patients and animal models of the disease illustrate the
vulnerability of retinal cell types to pathological processes
traditionally associated with the cerebral disease. In addition,
these findings further support the suitability of retinal thinning,
in combination with more specific markers, as a diagnostic and
monitoring tool for AD.

RETINAL VASCULAR PATHOLOGY IN
ALZHEIMER’S DISEASE

Cerebral amyloid angiopathy is defined as a cerebrovascular
disease characterized by intense deposition of Aβ in the walls of
cerebral arteries, arterioles, and capillaries, among other vascular
damage, and is commonly found in the brains of AD patients

(DeSimone et al., 2017). Aβ in CAA primarily consists of Aβ40
(Roher et al., 1993; Gravina et al., 1995). In macrovasculature,
CAA is composed of Aβ deposition in tunica media and
adventitia of leptomeningeal and cerebral parenchymal arteries
(Tian et al., 2004). The Aβ in CAA will eventually affect all
vascular layers and result in degeneration of smooth muscle
cells (Keable et al., 2016). CAA is prevalent in the elderly who
have developed lobar cerebral hemorrhage (ICH) (Keable et al.,
2016). Although CAA remains a distinct clinical entity from
dementia, previous studies have demonstrated that over 85% of
AD patients have of CAA of varying severity (Arvanitakis et al.,
2011; Viswanathan and Greenberg, 2011). The Aβ deposited in
the vascular walls triggers several ischemia-induced pathogenic
molecular pathways, such as oxidative stress, inflammation and
increased blood-brain barrier (BBB) permeability, leading to
further hemorrhagic complications (Ghiso et al., 2010). A study
based on parametric analysis of neuropathological data from
the National Alzheimer’s Coordinating Centers’ dataset suggested
that CAA was facilitating early stage dementia and the transition
to moderate dementia (Vidoni et al., 2016). In severe CAA cases,
Aβ deposition is usually followed by microaneurysms in cerebral
blood vessels (Vonsattel et al., 1991), a vascular pathology shared
by retinal vascular diseases such as diabetic retinopathy, which
can be easily examined by fundoscopy (Friberg et al., 1987;
Hellstedt et al., 1996).

Frontiers in Neuroscience | www.frontiersin.org 11 September 2020 | Volume 14 | Article 921179

http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-14-00921 September 15, 2020 Time: 17:19 # 12

Mirzaei et al. AD Manifestations in the Retina

As the retina is a developmental outgrowth of the
diencephalon (Purves, 2001; Erskine and Herrera, 2014), it
shares many vascular morphological and physiological features
with cerebral vessels (Patton et al., 2005; Crair and Mason, 2016).
For instance, the retina has a highly selective blood retinal barrier
(BRB), with many similar structural and functional properties
as the BBB, which modulates the influx of ions, proteins and
water, as well as limits the infiltration of circulating immune
cells (Cunha-Vaz et al., 2011). The recent identification of an
ocular glymphatic drainage system in rodents, clearing fluids
and metabolites such as Aβ from the retina and vitreous via an
aquaporin-4 (AQP4)-dependent pathway, is a sign of yet another
structural and physiological similarity shared by the brain and
retina (Wang et al., 2020). The same group also demonstrated
that this clearance route may be impaired in ocular conditions
associated with retinal damage such as glaucoma (Wang et al.,
2020). Whether similar glymphatic drainage occurs in the human
eye and the extent to which disruptions in this process contribute
to pathological changes in neurological diseases such as AD
remain to be investigated.

Numerous reports have broadly described vascular
dysfunctions in the AD retina, including increased tortuosity,
narrowed veins, decreased blood flow, microvascular network
damage, and compromised branching complexity (Berisha et al.,
2007; Frost et al., 2010, 2013; Cheung et al., 2014; Feke et al.,
2015; Williams et al., 2015; Einarsdottir et al., 2016; Abbasi, 2017;
Cabrera DeBuc et al., 2018; O’Bryhim et al., 2018), similar to
earlier findings in the brain (Smith et al., 1999; Bookheimer et al.,
2000; Kimbrough et al., 2015). Such studies have extensively
focused on live imaging of retinal blood flow dynamics of AD
patients, yet there is a significant lack of understanding regarding
the precise molecular and cellular mediators involved in retinal
vascular AD pathology, which could lead to the discovery
of potential intervention points of treatments and guide the
development of next-generation retinal imaging. Thus, more
in-depth investigations of the pathogenic mechanisms of retinal
vasculature in AD development are needed.

To this end, work by Koronyo-Hamaoui and colleagues
demonstrated the existence of different alloforms of Aβ deposits
in retinal vessels of MCI and AD patients in both perivascular
and within vessel walls including within the tunica media and
outside the basement membrane (Koronyo et al., 2017). These
findings were consistent with what is known regarding cerebral
vascular Aβ pathology (Vinters and Gilbert, 1983; Vinters, 1987;
Bennett, 2001; Bakker et al., 2016; Engelhardt et al., 2016). TEM
analysis confirmed the ultrastructures of retinal Aβ deposits,
often in close proximity to or within blood vessels, similar to
those found in the brain (Iadanza et al., 2016; Koronyo et al.,
2017; Shi et al., 2020). Retinal Aβ42 fibrils near a blood basal
membrane were approximately 10-15nm in width with typical
anti-parallel β-sheets (Koronyo et al., 2017). In the same human
study, the existence of retinal Aβ was verified by Congo red
staining under polarized light, by which the investigators revealed
positive Aβ fibrils along blood vessels (Koronyo et al., 2017).
According to an animal study with APP-overexpressing mice,
vascular amyloidosis resulted in increased rigidity of the blood
vessels and decreased blood flow in the brain (Kimbrough et al.,

2015). In addition, a recent clinical study has proposed that
cerebral vascular changes may propel other abnormalities in AD
pathogenesis (Besser et al., 2016).

Recent reports suggest that vascular pathology in AD brains
occurs very early during disease progression (Nikolakopoulou
et al., 2017). Yet, it is unclear how early vascular pathology can
be detected via retinal imaging and whether it may specifically
foretell AD development. Furthermore, the connections between
vascular pathology and Aβ accumulation and clearance in both
the brain and retina should be explored in future studies. To date,
several studies imply the potential of utilizing retinal vascular
biomarkers for early AD or pre-symptomatic stage screening
as well as for predicting cognitive decline (Vidal and Mavet,
1989; Gharbiya et al., 2014; Bulut et al., 2016; Cunha et al.,
2017; McGrory et al., 2017; Bulut et al., 2018; Jiang et al., 2018;
O’Bryhim et al., 2018; Jung et al., 2019).

A recent investigation by Shi and colleagues of retinal
vasculature in 62 AD and MCI patients and matched human
controls revealed early and progressive PDGFRβ deficiency and
pericyte loss along with intense retinal vascular Aβ accumulation
in AD (Shi et al., 2020). Using a modified retinal vascular isolation
technique (Figure 6A) in 12 AD patient and control donors, the
authors report a significant increase in various types of Aβ in AD
retinal microvasculature, and more importantly, accumulation of
Aβ in retinal pericytes together with pericyte loss (Figure 6B–
E’). The existence of Aβ in pericytes was validated by TEM,
which showed intense Aβ42 deposition in retinal pericytes as
well as in microvascular lumen and adjacent to microvasculature
(Figure 6F). Further, accumulation of Aβ in arterial tunica media
in the retina of several AD patients (Figures 6E,E’; Shi et al., 2020)
has implications related to lymphatic Aβ clearance pathways in
the human retina: a subject warranting future exploration.

In the same study, histological analysis based on
immunofluorescent staining or 3,3′-Diaminobenzidine staining
and the use of specific monoclonal antibodies recognizing diverse
Aβ epitopes revealed intense deposition of both Aβ42 and Aβ40 in
AD retinal vasculature (n = 28–36 human samples). In addition,
early loss of pericyte marker PDGFRβ was noted in longitudinal
and vertical retinal vessels of MCI and AD patients compared
to normal controls (n = 38). The dramatic loss of vascular
PDGFRβ expression significantly correlated with CAA (n = 14)
and Mini-Mental State Examination (MMSE) cognitive scores
(n = 10) in a subset of patients, suggesting that retinal pericyte
and PDGFRβ loss could predict the cerebral vascular disease
and cognitive function. Further TUNEL and cleaved caspase-3
staining demonstrated that apoptosis may be the dominant
pathway of retinal pericyte death in MCI and AD retina.

In the brain, the BBB plays an indispensable role in mediating
clearance of Aβ through its efflux in the cerebral vascular network
(Zlokovic et al., 1993; DeMattos et al., 2002; Banks et al., 2003;
Do et al., 2015; Zhao et al., 2015; Sweeney et al., 2018). The
BBB is established by endothelial cells forming vessel walls,
astrocyte end-feet, and pericytes in the basement membrane.
In comparison, the BRB is composed of tight junctions of
retinal endothelial and epithelial cells together with supporting
pericytes. Despite their organ-specific functions, the BBB and
BRB display very similar functions in transport and permeation
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FIGURE 6 | Identification of early and progressive PDGFRβ/pericyte loss, associated with vascular amyloidosis in AD retina. (A) Schematic diagram of retinal
vascular network isolation and immunofluorescence staining. (B,C) Representative fluorescent images showing Aβ42 (12F4 immunoreactivity in red), blood vessels
(lectin in green) and nuclei (DAPI in blue) in isolated retinal microvasculature networks from a cognitively normal (CN) control subject (B) and AD patient (C), with
higher Aβ42 deposits in AD retinal microvasculature and pericytes. (D) Higher magnification image of AD retina shows co-localization of Aβ42 and lectin-positive
vascular walls in yellow. (E,E’) Retinal cross-section from an AD patient immunostained with anti-Aβ40 (JRF/cAβ40/28) mAb and DAB labeling and hematoxylin
counterstain. Red arrow, also shown in higher magnification image (E’), points to vascular Aβ40 in tunica media, adventitia or intima. Scale bar: 20 µm. (F) TEM
image of retinal cross-section from an AD patient immunostained with anti-Aβ42 mAb (12F4) and peroxidase-based DAB, revealing the localization and ultrastructure
of vascular-associated deposits. Cytoplasmic Aβ42 deposits in pericytes are demarcated by yellow lines. Scale bar: 0.5 µm. Reproduced from Shi et al. (2020) under
terms of the Creative Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/).

characteristics (Steuer et al., 2005). A recent study has established
a correlation among BBB, ApoE ε4 and cognitive decline
regardless of AD pathology (Montagne et al., 2020). The recent
findings implicated pericytes in AD pathogenesis and future
investigations may shed light on the role of the BRB in AD.

Permeability of the BRB may be measured in live laboratory
animal models of retinal diseases by the extent of leakage
using fluorescent dyes with predefined molecular weight such
as fluorescein (Do carmo et al., 1998), Evans blue (Xu et al.,
2001) and others (Ivanova et al., 2019). In the clinical setting,
fundus fluorescein angiography (FFA) utilizing a fluorescent
dye and fundus camera has been an established method for
examining retinal vascular circulation and BRB damage (Marmor
and Ravin, 2011). Recently, a newly modified OCT method was
developed, the OCT-Leakage. By using a proprietary algorithm
to identify sites of decreased optical reflectivity, the system
quantifies and detects the correlation of retinal extracellular space
with degrees of retinal edema (Cunha-Vaz et al., 2016; Cunha-
Vaz, 2017). A live imaging study in 28 patients has demonstrated
agreement between OCT-Leakage and FFA in identifying sites
of impaired BRB in diabetes (Cunha-Vaz et al., 2017), providing
a new noninvasive low-cost alternative method to detect and
quantify BRB leakage.

Given that retinal vascular amyloidosis has been detected in
AD (Koronyo et al., 2017; Shi et al., 2020), future studies should
aim to examine if BRB permeability is also altered by disease,

and if this is a cause or effect of retinal vascular amyloidosis.
Indeed, a study using OCT angiography in patients revealed
increased fovea avascular zone and decreased foveal thickness in
eyes of AD patients (O’Bryhim et al., 2018), implying extensive
retinal microvascular damage in the AD retina. Accordingly,
recent human studies have demonstrated that retinal vascular
abnormalities can predict cognitive decline (Baker et al., 2007;
Cabrera DeBuc et al., 2018; Deal et al., 2018). Recent progress in
retinal amyloid imaging (Koronyo et al., 2017), pericyte imaging
by adaptive optics (Schallek et al., 2013) together with FFA
and the recently developed OCT-Leakage (Cunha-Vaz et al.,
2016) should allow for a comprehensive assessment of retinal
Aβ pathology and BRB damage, potentially revolutionizing AD
screening techniques.

RETINAL INFLAMMATION IN
ALZHEIMER’S DISEASE

Chronic, low-grade inflammation is a typical sign of Alzheimer’s
neuropathology (Akiyama et al., 2000). Neuroinflammation in
AD is linked with increased astrocyte and microglia reactivity
and neurotoxicity, Aβ and tau seeding and propagation, as
well as with microglia-mediated synaptic pruning (Cardona
et al., 2006; Wyss-Coray, 2006; Stevens et al., 2007; Fuhrmann
et al., 2010; Lee et al., 2010; Wyss-Coray and Rogers, 2012;
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Hong et al., 2016; Salter and Stevens, 2017; Ising et al., 2019;
Friker et al., 2020). As in the brain, some histological studies
have implicated inflammation in the retina of AD patients (Liew
et al., 1994; Blanks et al., 1996a; Grimaldi et al., 2018). This is
particularly interesting as the eye has historically been considered
an immune privileged site (Zhou and Caspi, 2010). In 1996,
Blanks and colleagues discovered increased GFAP expression in
retinal astrocytes and Müller cells in the GCL of AD retina,
suggesting astrogliosis occurs in the retina of these patients
(Blanks et al., 1996a). More recently, detrimental astrocyte and
microglial activation was observed along with Aβ plaques, tau
tangles, and neurodegeneration in postmortem retinal tissues of
6 AD patients as compared with 6 control subjects (Grimaldi
et al., 2019). Notably, molecular mediators of innate immunity
including interleukin-1β (IL-1β), complement component 3
(C3), osteopontin, and triggering receptor expressed on myeloid
cells 2 were found to be upregulated in retinal tissues of AD
patients (Grimaldi et al., 2019).

Although much work in larger retinal samples is needed
to investigate the nature and potential mechanisms of
retinal inflammation in human AD, various studies in
animal models of AD have also provided evidence and
insights into retinal inflammation in this disorder. Ning and
colleagues first established the correlation of neurodegeneration
and inflammation in the retina of ADtg mice (Ning et al.,
2008). Other studies have shown increased microgliosis and
astrocytosis, infiltration of lymphocytes and monocytes, and
upregulation of monocyte chemoattractant protein-1 (MCP-1)
in multiple layers of the retina and choroid (Ning et al., 2008;
Liu et al., 2009; Perez et al., 2009; Yang et al., 2013; Edwards
et al., 2014; Tsai et al., 2014; Antes et al., 2015; Gao et al., 2015;
Pogue et al., 2015). A recent study in 3xTg AD mice has further
described morphological changes in retinal microglia, including
increased microglial cell number, soma size, retraction and
reorientation of microglial processes, and change in cell locations
(Salobrar-Garcia et al., 2020).

In general, retinal inflammation is implicated in multiple
traditional retinal vascular and neurodegenerative disorders,
including diabetic retinopathy (Tang and Kern, 2011; Semeraro
et al., 2015; Rubsam et al., 2018), AMD (Knickelbein et al.,
2015; Kauppinen et al., 2016), and glaucoma (Vohra et al., 2013).
During the onset of disease pathogenesis, retinal inflammation
is usually triggered by an imbalance of pro- versus anti-
inflammatory molecules. This can be evoked by a wide spectrum
of pathogenic pathways, including overproduction of reactive
oxygen species, activation of NF-κB or protein kinase C pathways,
inflammasome or microglial activation, advanced glycation end
products, or shear pressure and leukocyte invasion due to retinal
microvascular damage. In this context, the recent discovery
of early retinal pericyte loss in MCI patients (Shi et al.,
2020) suggests an early BRB disturbance and perhaps retinal
microvascular leakage in AD pathogenesis that may be implicated
in retinal inflammation. Future studies should evaluate BRB
leakage and the potential relationship with imbalanced retinal
inflammatory pathway activation and brain inflammation in AD.
Findings from such studies could lead to the discovery of novel
retinal biomarkers to facilitate AD detection and monitoring.

FUNCTIONAL AND VISUAL CHANGES IN
ALZHEIMER’S DISEASE

As discussed above, the retina undergoes neuropathological
changes similar to the brain in AD patients. This is not surprising
given the developmental, physiological, and anatomical
similarities between the two tissue types, rendering them
vulnerable to AD-related neuronal and functional abnormalities
(Byerly and Blackshaw, 2009; London et al., 2013; Jindal, 2015).
A host of visual and ocular manifestations were reported
in both MCI and AD patients, particularly loss of contrast
sensitivity, color discrimination deficits, difficulties with depth
and motion perception, circadian rhythm irregularities, and
sleep disturbances (Sadun et al., 1987; Katz and Rimmer, 1989;
Trick et al., 1989; Cronin-Golomb et al., 1991; Cronin-Golomb,
1995; Lakshminarayanan et al., 1996; Cormack et al., 2000;
Rizzo et al., 2000; Pache et al., 2003; Ng et al., 2007; Armstrong,
2009; Salamone et al., 2009; Chang et al., 2014; Nolan et al.,
2014; Armstrong and Kergoat, 2015; Salobrar-Garcia et al.,
2015; Hart et al., 2016; Javaid et al., 2016; La Morgia et al., 2016;
Polo et al., 2017; Cerquera-Jaramillo et al., 2018; Colligris et al.,
2018; Risacher et al., 2020). Importantly, retinal changes in AD
patients such as RGC degeneration, reduced NFL thickness,
and decreased blood circulation were linked to specific visual
and ocular disturbances (Hinton et al., 1986; Blanks et al., 1989,
1996a,b; Parisi et al., 2001; Berisha et al., 2007; Paquet et al., 2007;
Kesler et al., 2011).

Alzheimer’s hallmark pathologies Aβ deposits and tauopathy
are found in retinal cell types and topographical regions shown
to undergo degeneration and physiological abnormalities in both
patients and transgenic animal models (Koronyo-Hamaoui et al.,
2011; Schön et al., 2012; La Morgia et al., 2016; Koronyo et al.,
2017; den Haan et al., 2018; Asanad et al., 2019b; Grimaldi et al.,
2019; Habiba et al., 2020; Shi et al., 2020). These findings provide
a link between AD-related retinal neuropathology and the visual
deficits reported in living patients. For instance, histological
examination of retinal tissue shows colocalization of pTau and
Aβ pathology in regions associated with RGC loss (Schön et al.,
2012; La Morgia et al., 2016; Koronyo et al., 2017; den Haan
et al., 2018; Asanad et al., 2019b; Grimaldi et al., 2019; Shi et al.,
2020). Specifically, degeneration of RGCs would undoubtedly
compromise their essential role in receiving sensory input from
photoreceptors via bipolar cells, and in early stages of visual
information processing and conveyance to the brain (Demb and
Singer, 2015). In support of this, a recent study utilizing OCT
and pattern electroretinography (ERG) in AD patients showed a
linear relationship between NFL thickness and the bioelectrical
integrity of RGCs and their nerve fibers, which are essential for
afferent signal transduction (Ngoo et al., 2019).

In addition to the above reported changes, irregularities
in efferent ocular pathways in conjunction with retinal
abnormalities were also associated with altered pupillary light
response (PLR) in patients. These alterations include increased
latency of pupillary constriction to light, decreased constriction
amplitude, faster redilation after light offset, decreased maximum
constriction velocity and acceleration (Chougule et al., 2019), and
altered pupil dilation response during cognitive tasks (Granholm
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et al., 2017; Kremen et al., 2019). Therefore, there is growing
interest in exploring various aspects of pupillary responses,
using specialized pupillometry tools, in pre-clinical and clinically
diagnosed AD patients. Further to being governed by both the
sympathetic and parasympathetic systems, PLR is also regulated
by retinal rods, cones, and mRGCs (Hattar et al., 2003). In
line with this, altered PLR in AD patients was associated with
retinal mRGC loss (La Morgia et al., 2016), highlighting the
consequences of retinal AD pathology for various ocular and
visual dysfunctions. Moreover, these intrinsically photosensitive
RGCs are also reported to regulate light photoentrainment
of circadian rhythms, supported by their tightly regulated
communication with photoreceptors and their projections to
the central circadian clock in the hypothalamic suprachiasmatic
nucleus (SCN) (Lu et al., 1999; Berson et al., 2002; Gooley et al.,
2003; Markwell et al., 2010; Chen et al., 2011). Therefore, retinal
mRGC loss is suggested to play a key role in the sleep-wake cycle
dysfunctions observed in AD patients (La Morgia et al., 2016,
2017). Sleep abnormalities reported in MCI and AD patients
include prolonged sleep latency, reduced total sleep duration and
rapid eye movement (REM) sleep, sleep fragmentation, frequent
awakenings and lower melatonin levels at night, and daytime
somnolence (Petit et al., 2004; Ju et al., 2013; Peter-Derex et al.,
2015; Feng et al., 2016; La Morgia et al., 2016, 2017; Weissová
et al., 2016; Asanad et al., 2019b). Intriguingly, there are reports
of sleep disturbances exacerbating or even preceding cognitive
impairments (Ju et al., 2014; Bubu et al., 2017; Brzecka et al.,
2018). The essential discovery that Aβ accumulates within or in
close proximity to mRGCs, which undergo degeneration and
dendrite diameter loss, at least in part, can explain impaired
sleep patterns and altered pupil dilation in AD patients (La
Morgia et al., 2016). These findings also suggest that certain
retinal cells are more susceptible to Aβ-induced neurotoxicity
and proposes the first retinal damage-based mechanism for
functional disturbances commonly seen in AD patients.

The spatial distribution of retinal AD pathology may indicate
the specific functional deficit. Regionally, both Aβ and pTau
pathologies appear to preferentially affect the peripheral superior
and inferior retinal quadrants in AD patients (Koronyo-Hamaoui
et al., 2011; La Morgia et al., 2016; Koronyo et al., 2017;
den Haan et al., 2018). This, along with consistent neuronal
loss, degeneration of mRGCs and RGCs, and NFL thinning
in these particular peripheral regions, could underlie visual
abnormalities such as in contrast sensitivity, motion perception
and circadian rhythms described in AD (Trick et al., 1989,
1995; Blanks et al., 1996a; Berisha et al., 2007; Lu et al.,
2010; Kesler et al., 2011; Moschos et al., 2012; Ju et al., 2013;
Kirbas et al., 2013; Risacher et al., 2013; Kromer et al., 2014;
La Morgia et al., 2016). Beyond AD-related manifestations
predominantly in the inner layers and peripheral retinal regions,
deposits of Aβ were found in close proximity to blood vessels
and within vessel walls (Koronyo-Hamaoui et al., 2011; La
Morgia et al., 2016; Koronyo et al., 2017; Shi et al., 2020).
Furthermore, vascular amyloidosis positively correlated with the
degree of vascular PDGFR-β deficiency as well as Aβ40 and
Aβ42 alloforms accumulated within degenerating pericytes in
MCI and AD retinas (Koronyo et al., 2017; Shi et al., 2020). These

findings, together with altered retinal neurovascular coupling and
structural vascular abnormalities in clinically diagnosed MCI and
AD patients (Berisha et al., 2007; Querques et al., 2019), implicate
retinal vascular-associated Aβ in causing or amplifying retinal
metabolic dysfunctions and impaired clearance pathways. These
changes may lead to functional-visual abnormalities.

A study in monkeys has recently provided evidence for the
involvement of mRGCs in blue color sensitivity (Dacey et al.,
2005). AD patients are reported to experience altered color
vision with a selective and severity-independent deficiency in
blue hue discrimination (Cronin-Golomb et al., 1993; Wijk et al.,
1999; Rizzo et al., 2000; Chang et al., 2014; Polo et al., 2017).
Interestingly, impaired blue color discrimination also manifests
in patients with other neurodegenerative disorders (Paulus et al.,
1993; Haug et al., 1995; Birch et al., 1998; Rodnitzky, 1998; Melun
et al., 2001; Anssari et al., 2020).

The second most common cause of irreversible vision loss
is glaucoma, a condition characterized by optic neuropathy,
apoptotic RGC degeneration and NFL damage, driven by
increased IOP and accumulation of proteinaceous deposits of Aβ

and pTau (Cordeiro et al., 2004). Indeed, a higher occurrence
of glaucoma was reported in AD patients compared to controls
(Bayer et al., 2002; Tamura et al., 2006). Diminished contrast
sensitivity, altered motion and depth perception, and oculomotor
disturbances in both AD and glaucoma patients are partially
attributed to a preferential loss of the functionally relevant
magnocellular RGCs (M-cells) and their nerve fibers (Sadun
and Bassi, 1990; Fiorentini et al., 1996; La Morgia et al.,
2017). Moreover, impaired contrast sensitivity in MCI patients
was shown to significantly correlate with the cerebral burden
of amyloid and tau pathology (Risacher et al., 2020). Given
the higher concentration of rods in the peripheral retina and
their importance in motion and depth perception, low-contrast
sensitivity, and peripheral vision, it is not surprising that these
visual functions may be adversely influenced by the increased
levels of Aβ deposits and pTau in the periphery (Gilmore et al.,
1994; Risacher et al., 2013). Cumulative evidence of vision loss
and ocular impairments accompanied by progressive retinal
changes in AD and other neurodegenerative disorders, including
glaucoma, multiple sclerosis (MS), PD, and Huntington’s disease
(HD), robustly support the involvement of specific retinal
pathologies in functional and visual manifestations of these
conditions (Fisher et al., 2006; Gupta et al., 2008; Archibald et al.,
2009; Green et al., 2010; London et al., 2013; Kersten et al., 2015;
Andrade et al., 2016; Weil et al., 2016; La Morgia et al., 2017).

Despite many recent advancements, the field of AD
retinopathy is still in its infancy and more studies focusing on
mechanistic and causative factors are necessary to determine the
connection between specific retinal pathologies, neuronal-type
impairments and visual-functional deficits.

RETINAL IMAGING

The mounting case for AD pathology in the retina has motivated
investigations to develop various retinal imaging modalities,
beginning with blue-light high-resolution photography by Tsai
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FIGURE 7 | Proof-of-concept clinical trial shows the feasibility of noninvasive in vivo retinal curcumin-amyloid deposit imaging in AD patients. (A) Representative
images of curcumin fluorescence fundography, enabling detection of increased retinal curcumin spots in a living AD patient relative to minimal spots in a cognitively
normal (CN) control subject; Regions of interest (ROI) in superotemporal (ST) retinas are demarcated by white rectangles. Scale bar: 400 µm. (A’) Higher
magnification image of the ROI with red circles highlighting curcumin-amyloid deposits in peripheral region of AD retina. (A”) Representative postprocessing images
used to quantify spot number and fluorescent area (µm2). (B,C) color-coded overlay images from CN (B) and AD (C) retinas with curcumin-positive amyloid deposits
above threshold shown in red, spots above 1:1 reference but below threshold shown in green and spots below reference in blue. (D) Representative graph showing
number of color-coded spots (described in B,C) in AD retina used to determine retinal amyloid index (RAI) score. (E) Comparison of RAI scores in AD patients (n = 6)
and age-matched CN subjects (n = 5). Data shown as group mean ± SEM. **P < 0.005, unpaired 2-tailed Student’s t-test. Reproduced from Koronyo et al. (2017)
with permission of ASCI via Copyright Clearance Center.

et al., 1991, which indicated a correlation between Alzheimer’s
Disease Assessment Scale (ADAS) scores and optic nerve head
changes in AD patients (Tsai et al., 1991).

Further studies employed cross-sectional imaging by optical
coherence tomography (OCT) or optical coherence tomography
angiography (OCTA) (Parisi et al., 2001; Kromer et al., 2014;
Cunha et al., 2016; Ferrari et al., 2017; Polans et al., 2017; Polo
et al., 2017; Bulut et al., 2018; Janez-Escalada et al., 2019; Salobrar-
Garcia et al., 2019), which revealed structural abnormalities and
cell neurodegeneration in the retina.

As mentioned above, the first in vivo imaging of AD hallmark
pathology was initially developed and tested in transgenic
murine models of AD by Koronyo-Hamaoui and colleagues
(Koronyo-Hamaoui et al., 2011; Koronyo et al., 2012). The
researchers paired curcumin – a natural and safe fluorochrome
that labels Aβ fibrils and oligomers with high affinity and
specificity – with a modified rodent retinal optical imaging
microscope. Later, this approach was translated to humans and
the feasibility to noninvasively detect and quantify individual
retinal amyloid plaques was demonstrated in living patients with
a modified confocal scanning laser ophthalmoscope following
oral administration of highly bioavailable Longvida curcumin
(Figures 7A–D; Garcia-Alloza et al., 2007; Gota et al., 2010;
Koronyo-Hamaoui et al., 2011; Koronyo et al., 2012, 2017).
Studies in murine ADtg models demonstrated the feasibility to
longitudinally monitor individual Aβ deposits including their
appearance and clearance during disease progression and in
response to immune-based therapy (Koronyo et al., 2012).

Importantly, in the proof-of-principal clinical trial, this
noninvasive amyloid imaging technique revealed a significant
2.1-fold greater retinal amyloid burden, termed as retinal amyloid

index (RAI), in a group of 10 AD patients as compared to 6
age-matched healthy controls (Figure 7E; Koronyo et al., 2017).
Supported by histological findings, retinal Aβ deposits were
often found the mid- and far-periphery of the superior and
inferior regions, where previously NFL thinning was reported
as more pronounced. Further, amyloid deposits were found
above the retinal pigment epithelium in the neurosensory retina,
unlike the typical location of drusen (Koronyo et al., 2017).
Anecdotal data from 2 AMD patients suggested that retinal
curcumin fluorescence signals were diffuse and concentrated at
the posterior pole, apparently distinct from findings in the retinas
of AD patients (Koronyo et al., 2017). Moreover, results presented
at the Alzheimer’s Association International Conference on
July 15, 2014, from a large cohort of over 150 MCI, AD,
and cognitively normal participants of the Australian Imaging,
Biomarker and Lifestyle (AIBL) Study (www.aibl.csiro.au) found
that retinal amyloid fluorescence imaging predicted cerebral
amyloid burden and was significantly higher in AD patients
(Frost et al., 2014).

Expanding on this work, Kayabasi and colleagues detected
abnormal Aβ deposits in 30 MCI patients using fundus
autofluorescence imaging (FAF) and OCT (Kayabasi et al.,
2014). An additional study utilizing OCT revealed a correlation
between retinal inclusion bodies and cortical amyloid burden
in pre-clinical patients via florbetapir PET and multiple
retinal sd-OCT aggregation markers of possible disease burden
(Snyder et al., 2016).

Noninvasive in vivo retinal hyperspectral imaging (rHSI) has
also recently been employed in patients and controls. One study
found significant differences in the retinal reflectance spectra
of MCI patients with high Aβ burden, confirmed by brain PET
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imaging, as compared to age-matched controls, validated in
an independent cohort with a second hyperspectral camera
(Hadoux et al., 2019). Retinal imaging scores correlated with
Aβ burden in the brain (Hadoux et al., 2019). Intriguingly, a
similar study from More and colleagues, the team that initially
developed the rHSI technique in murine models (More and
Vince, 2015; More et al., 2016), found the largest deviation in
rHSI signatures between MCI patients and controls, irrespective
of other ocular conditions such as cataracts or glaucoma (More
et al., 2019). The same technique was able to distinguish cerebral
Aβ+ subjects from Aβ− subjects with 85% accuracy based
on retinal vascular measures including vessel tortuosity and
diameter (Sharafi et al., 2019).

Finally, a recent multimodal approach including visual
performance tests, advanced retinal imaging, and full-field
electroretinogram (ERG) in 69 cognitively impaired subjects
revealed sensitivity of the combined approach to cognitive
decline (Cabrera DeBuc et al., 2018). Although more robust
investigations are needed to validate these findings, this study
supports the association of retinal geometric vascular and
functional parameters with physiological changes in the retina
in cognitively impaired individuals (Cabrera DeBuc et al., 2018).
Future tools should assess whether a combination of these
multimodal methods with specific retinal amyloid imaging will
allow for earlier and/or more accurate assessment of AD.

CONCLUSION

With the number of AD patients estimated to triple by 2050
(Alzheimer’s Association, 2019), a reliable, noninvasive and
affordable diagnostic technique suitable for widespread clinical
use is urgently needed. In recent years, a radical idea has
emerged that AD pathology in the brain can also manifest and
perhaps be mirrored in the retina. Indeed, the identification of
hallmark Aβ deposits in the retina of patients and numerous
animal models and their correlation with pathology in the
brain have fueled this field of neuro-ophthalmology in AD.
Moreover, mounting evidence now supports the existence of
diffuse, classical and neuritic-like plaques, pTau aggregates,
Aβ42 fibrils, protofibrils, and oligomer-like structures, pericyte
loss, vascular Aβ40 and Aβ42 accumulation, inflammation and
neurodegeneration in the retina of AD patients (Alexandrov
et al., 2011; Koronyo-Hamaoui et al., 2011; Schön et al., 2012;
Tsai et al., 2014; La Morgia et al., 2016; Koronyo et al., 2017;
den Haan et al., 2018; Grimaldi et al., 2018; Hadoux et al.,
2019; Schultz et al., 2020; Shi et al., 2020). Despite many
recent successes, several limitations including the scarcity of
retinal tissue from people with neuropathological data and the
application of non-conventional histological and biochemical
techniques to examine AD effects in various topographical
regions, has historically restricted the knowledge in this field.
Future investigations, involving brain biobanks with extended
collection of ocular tissues, will allow researchers to determine
how early AD pathological processes occur in the retina, their
extent, distribution, and relationship to brain pathology.

Histological and biochemical examinations of postmortem
retina from AD patients and animal models have proven
invaluable in deciphering the pathological burden of disease

hallmarks, susceptible retinal layers and cell types, and putative
molecular pathways linked to retinal atrophy and functional
deficits. Nevertheless, there is still lack of understanding of the
impact of Aβ and tau pathologies on retinal cell types; some
effects, including nerve fiber thinning, neuronal loss and vascular
changes, may not manifest in early stages of disease and may
not be specific to AD. For instance, reduced NFL, macular, and
foveal thickness have also been observed via OCT examinations
of Parkinson’s disease (PD) patient retinas as compared to
normal controls (Inzelberg et al., 2004; Altintas et al., 2008;
Hajee et al., 2009; Cubo et al., 2010; Moschos et al., 2011, 2012;
Shrier et al., 2012; Adam et al., 2013; Moreno-Ramos et al., 2013;
Satue et al., 2013; Moschos and Chatziralli, 2017).

Notably, according to the 2018 NIA-AA research framework,
the presence of Aβ deposits is a requirement for Alzheimer’s
pathological change diagnosis and should be considered in early
screening efforts and recruitment of individuals for clinical
trials (Jack et al., 2018). The ability to detect and quantify
Aβ deposits and related pathologies via noninvasive retinal
imaging along with sensitive, routine, minimally invasive plasma
AD biomarkers show great promise for diagnostic screening,
monitoring of progression, and assessment of therapeutic efficacy
(Hampel et al., 2018; Baldacci et al., 2020). The work described
here combined with future advances may lead to clinical
translation, discrimination of pathophysiological phenotypes
during the AD continuum, and eventually a highly anticipated
cure for this destructive disease.

Future investigations should focus on standardization of
histological techniques, identification of early AD biomarkers
in the retina, their spatiotemporal profiles, and enhancing the
sensitivity of retinal imaging modalities for detection of these
pathological indicators in this new and expanding field of
Alzheimer’s retinopathy.
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Retinal degeneration (rd) is one of the leading causes of blindness in the modern world
today. Various strategies including electrical stimulation are being researched for the
restoration of partial or complete vision. Previous studies have demonstrated that the
effectiveness of electrical stimulation in somatosensory, frontal and visual cortices is
dependent on stimulation parameters including stimulation frequency and brain states.
The aim of the study is to investigate the effect of applying a prolonged electrical
stimulation on the eye of rd mice with various stimulation frequencies, in awake and
anesthetized brain states. We recorded spontaneous electrocorticogram (ECoG) neural
activity in prefrontal cortex and primary visual cortex in a mouse model of retinitis
pigmentosa (RP) after prolonged (5-day) transcorneal electrical stimulation (pTES) at
various frequencies (2, 10, and 20 Hz). We evaluated the absolute power and coherence
of spontaneous ECoG neural activities in contralateral primary visual cortex (contra Vcx)
and contralateral pre-frontal cortex (contra PFx). Under the awake state, the absolute
power of theta, alpha and beta oscillations in contra Vcx, at 10 Hz stimulation, was
higher than in the sham group. Under the anesthetized state, the absolute power of
medium-, high-, and ultra-high gamma oscillations in the contra PFx, at 2 Hz stimulation,
was higher than in the sham group. We also observed that the ultra-high gamma band
coherence in contra Vcx-contra PFx was higher than in the sham group, with both 10
and 20 Hz stimulation frequencies. Our results showed that pTES modulates rd brain
oscillations in a frequency and brain state-dependent manner. These findings suggest
that non-invasive electrical stimulation of retina changes patterns of neural oscillations
in the brain circuitry. This also provides a starting point for investigating the sustained
effect of electrical stimulation of the retina to brain activities.

Keywords: primary visual cortex, pre-frontal cortex, ECoG activity, transcorneal electrical stimulation, retina

INTRODUCTION

Electrical stimulation has a long history of clinical applications, ranging from the use of live
organisms to deliver electric current to tissues for pain therapy, to the more recent wide usage
of implantable devices in clinical settings (Takeda et al., 2017; Capogrosso et al., 2018). Most
importantly, brain stimulation paradigms such as transcranial direct current stimulation (tDCS)
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and repetitive transcranial magnetic stimulation (rTMS) have
been severally demonstrated to cause neuromodulatory effects
which induce long lasting changes in the brain. Both techniques
have been shown to change cortical excitability that persists
even after the end of the stimulation period (Wagner et al.,
2009; Bailey et al., 2016). However, the resultant effects of these
stimulation paradigms are often dependent on the frequency
of stimulation which could either increase or decrease cortical
excitability (López-Alonso et al., 2014). This is specifically
pronounced in rTMS where it has been shown that low
frequency rTMS (1 Hz) reduced cortical excitability and at
high frequency (5–20 Hz) increased excitability (Gorsler et al.,
2003). For tDCS, the resultant effect has mostly been observed
with only anodal current stimulation. Research has investigated
electroencephalographic (EEG) changes that occur through low
intensity anodal and cathodal tDCS in the posterior parietal areas
of human subjects (Spitoni et al., 2013). The authors observed
only anodal tDCS caused modulation of alpha oscillations that
peaked 7.5 min after stimulation in the studied areas. Similarly,
another research also used EEG to show that anodal tDCS
altered spontaneous activity. The study showed that there was
a significant (p < 0.01) increase in theta activity in the first few
minutes of stimulation. It also reported an increase in alpha
and beta oscillations during and following stimulation and a
wide spread activation of brain regions was observed following
stimulation (Mangia et al., 2014).

The retina is the thin layer of nervous tissue that lines the
periphery of the eye. In accordance with its status as an integral
part of the central nervous system, the retina is made up of
neural circuitry that convert electrical signals of light sensitive
cells (photoreceptors) into action potentials that are transmitted
to the brain via the optic nerve axons. Despite this important role,
the retina is sometimes liable to suffer from degenerative disease
such as retinitis pigmentosa (RP). RP is often characterized by
rapid structural and functional loss of the outer photoreceptors
(Gupta and Huckfeldt, 2017; Verbakel et al., 2018), starting
first with the rod photoreceptors and then eventually destroying
the cone photoreceptors. The entire degeneration process
culminates in total loss of visual perception. Following loss of
the photoreceptors, gradual remodeling of the visual pathway
occurs, however, it has been reported that the inner retinal
neurons remain intact and preserved from destruction (Santos,
1997; Strettoi, 2015). This has shed a light of hope to the
scientific research community and to patients affected by rd.
Consequently, therapeutic strategies are till date been researched
in preclinical and clinical settings with the end goal of restoring
partial or complete vision in rd patients. Invariably, there are
not many studies that investigate neural activities in the brain
after electrical stimulation of the retina. Moreover, in our best
knowledge neuromodulatory changes from repetitive prolonged
electrical stimulation of the retina has not been investigated
in the brain of RP subjects. Specifically, the effect of altering
retinal electrical stimulation frequency on cortical activity of
RP mice has not been reported. It is known that electrical
stimulation paradigms modify neural activity in various ways,
either by increasing or decreasing cortical excitability depending
on the parameters of stimulation (Winawer and Parvizi, 2016;

Mohan et al., 2019). This unique feature to alter cortical
activity is being explored for many experimental and therapeutic
applications. Again, to our best knowledge, no study has provided
information to the behavioral state-dependency of the brain
under prolonged (up to 5 days) retinal stimulation.

In the present study we chose the rd10 mouse line because
rd10 mice has a homozygous phosphodiesterase 6b mutation
(Pde6brd10/rd10) which is similar to the mutation found in human
RP. Furthermore, unlike rd1 where by the onset of cell death
(P8) overlaps with the final differentiation of the retina, rd10
rods begin to degenerate between P18 thus offering a longer
therapeutic window (Gargini et al., 2007). Our study used rd10
mice at age P60–P90. From P60 all rods and cones photoreceptors
have been reported to be completely degenerated in rd10 (Chang
et al., 2002; Gargini et al., 2007). Despite the degeneration of the
outer retinal neurons, unique morphological preservation of the
inner retinal neurons bipolar and retinal ganglion cells (RGCs)
have been demonstrated. Evidence from retinal histology showed
protein kinase C positive bipolar cells in rd10 mice at P35, P95,
P210, and P360 and it was also discovered that less than 50%
of bipolar neurons were destroyed and from P95 onward, the
total number of surviving bipolar neurons remained relatively
stable (Barhoum et al., 2008; Mazzoni et al., 2008). Similarly, for
RGCs their axons and other processes have also been reported
to project to brain visual areas long after photoreceptor loss
(Lin and Peng, 2013).

The present study addresses the following research question;
Will the prolonged electrical stimulation of the retina influence
brain activity on a local and global scale, i.e., in the primary visual
cortex and non-visual area (pre-frontal cortex), respectively? To
this end, we recorded resting or spontaneous electrocorticogram
(ECoG) activity arising in neurons of the pre-frontal cortex
and primary visual cortex in response to transcorneal electrical
stimulation (TES). We analyzed spontaneous ECoG responses of
contralateral primary visual cortex (contra Vcx) and contralateral
pre-frontal cortex (contra PFx) neurons as a function of varying
stimulation frequencies and brain states (awake and anesthetized)
in retinal degeneration 10 (rd 10) mice.

MATERIALS AND METHODS

Animal Preparation and Surgery
Mice (rd10) were bred and housed in Laboratory Animal
Research Unit of City University of Hong Kong. All procedures
were reviewed and approved by the Animal Research Ethics
Sub-Committee at City University of Hong Kong and were
carried out in compliance with the Animals (Control of
Experiments) Ordinance at Department of Health, Hong Kong
Special Administrative Region. A total of 40 male and female
rd10 mice of post-natal day P60–P90 were used for this study.
The surgical procedures were similar to those described in our
previous work (Agadagba et al., 2019). Briefly, all animals were
initially anesthetized intraperitoneally with ketamine–xylazine
mixture (ketamine: 100 mg/kg, xylazine: 10 mg/kg), this was
later followed up with administering a combined mixture of
isoflurane (1.5%) and medical oxygen (0.4%) in order to maintain
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the anesthetized state throughout the duration of the surgery.
Each animal was stereotaxically implanted (without piercing the
dura mater) with stainless steel recording electrodes containing
four bone screws and a reference bone screw, each having a
shaft diameter of 2.4 mm (Model # 92196A051, McMaster-Carr,
NJ, United States). Implantation was done bilaterally over the
primary visual cortex (Anterior-Posterior: -3.5 mm, 2.5 mm from
the midline) and pre-frontal cortex (Anterior-Posterior: 2 mm,
1 mm from the midline; Figures 1A,B). Throughout the surgery,
the heart rate of all animals was monitored and body temperature
was kept constant at 37◦C with a heating pad (Model # TP702;
Gaymar Industries, Inc., NY, United States). Mice eyes were
regularly lubricated with lubrithal eye gel to avoid moisture loss
during the surgery and recording sessions.

Impedance Measurement in Phosphate
Buffer Saline
In the present study, the impedance of the stimulating electrode
(silver wire electrode of diameter: 0.4 mm and surface area:
0.16 mm2) was first measured in 0.1 M phosphate buffer saline
(PBS) with a constant potentiostat (Model # Reference 600;
Gamry Instruments, Warminster, PA, United States) using three-
electrode configuration. Briefly, the silver wire electrode was
connected to the working electrode input while silver-silver
chloride (Ag/AgCl) and platinum (Pt) served as the reference and
counter electrodes, respectively. All three electrodes were inserted
into 0.1 M PBS and the impedance was detected at an open circuit
potential with a 10 mV (root mean square) AC sine wave starting
from 1 Hz to 1,000 kHz.

In vivo Impedance Monitoring
In vivo electrochemical impedance measurement can be used to
sense electrode-tissue proximity and also to estimate whether
a constant current is delivered to the tissue during stimulation
(Ray et al., 2011). In vivo impedance was measured as previously
described (Chan et al., 2011). Briefly, the silver wire electrode
(diameter: 0.4 mm) was placed on rd10 mice cornea (n = 6)
and subsequently connected to the working electrode input.
Two clip electrodes served as the counter and return electrodes
that were positioned on the skin close to the nose and the
mouse tail, respectively. The measured impedance was detected
with a potentiostat as described above. For the current study,
the chosen frequency was 1 kHz. The impedance measurement
was monitored for 10 min (at 2 min intervals) before (pre-
stimulation impedance) and after (post-stimulation impedance)
TES, respectively.

Transcorneal Electrical Stimulation
Retinal degeneration 10 mice were deeply anesthetized with
isoflurane (1.5%) and medical oxygen (0.4%) and were positioned
on a stereotaxic apparatus (Stoelting, CA, United States)
for electrical stimulation. The silver wire electrode described
above (impedance: 0.143 k� at 1 kHz) was first connected
to an electrical pulse generator (Multi-channel Systems STG
stimulator, Model # 4004; Baden-Württemberg, Germany) and
then placed transcorneally on the right eye of the mice. The

reference needle electrode was placed underneath the skin in
close proximity to the stimulated eye. TES was done 30 min
per day for a prolonged period of 5 days. The electrical stimuli
consisted of charged balanced biphasic square-wave pulses with
a pulse duration of 2,000 µs/phase and current intensity of
400 µA. For this study three experimental groups and one sham
group was set up. Animals in each experimental group were
electrically stimulated with frequencies of 2, 10, and 20 Hz,
respectively. The charge injected per phase for each experimental
group was 0.8 µC. The sham group was treated in a similar
manner as the experimental groups but no current was applied
to stimulate the animals.

Previous studies have shown that TES activates the retina
circuitry and visual center of the brain, and also demonstrated
that the recorded evoked potential in the primary visual cortex
originates from the stimulated retina (Timothy and Morley,
2008; Xie et al., 2012). As shown in Figure 2, the electrically
evoked ECoG signal was larger in the contralateral visual cortex
(Figure 2B) than in the ipsilateral visual cortex (Figure 2A),
indicating the visual signal pathway was activated and eliminating
the signal transmission through the soft tissues and skull.

ECoG Recording
Following TES, resting state or spontaneous activity was recorded
over the surface of the brain cortex in the electrode implanted
regions using ECoG (Figure 3). The A-M Systems (Model # 3600;
A-M Systems, WA, United States) and CED (Model # Micro
1401-3; Cambridge Electronic Design Limited, United Kingdom)
were used as the signal amplifier and data acquisition system,
respectively. The implanted recording electrode was connected
by an active transfer cable to the above set up and ECoG
recording was performed under ambient lighting conditions.
Post-stimulation spontaneous ECoG signal was filtered from 0.3
to 300 Hz at 5 kHz sampling rate. The recording time was 10 min
per day for a total of 3 days in both free moving (awake) and
isoflurane-oxygen anesthetized mice. A signal-gain function of
1 K and 50 Hz notch filter was applied in the A-M amplifier
during online data acquisition.

Data Pre-processing and Data Analysis
De-noising and down-sampling were the two main techniques
used in this study for data pre-processing (Figure 4). As
previously mentioned above, during online sampling 50 Hz
notch was applied to remove artifact interfering 50 Hz sinusoidal
oscillations and its possible super-harmonics arising from the
alternating current line. After data acquisition, a fair amount
of noise that observed was removed using MATLAB algorithm
(MathWorks, Inc., R2018b, Natick, MA, United States) with
the ‘iircomb’ function which returns a digital notching filter
to remove 50 Hz and its harmonics. ECoG raw data obtained
over 10 min recording time generated sufficiently large signals.
Each recording electrode channel had approximately 3 × 106

data points, which is very large and increases computation
time in MATLAB (MathWorks, Inc., R2018b, Natick, MA,
United States). To reduce computation time and increase data
processing speed, the data signal was down-sampled from 5 kHz
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FIGURE 1 | (A) Pictorial representation of mouse skull suture lines showing recording sites. PFx, pre-frontal cortex; Vcx, primary visual cortex. Ref: Position of the
reference electrode in the cerebellum. ML; Mid-line. (B) Representative electrocorticogram (ECoG) raw data trace during awake and anesthetized states after
surgery. Both ECoG traces were captured over a period of 1 s.

FIGURE 2 | Electrical evoked potential of one rd mouse (rd10) showing activation of retinal-cortical pathway by transcorneal electrical stimulation (TES). The
stimulating electrode (silver wire) was placed on the right eye corneal surface and the mouse was stimulated with 400 µA current, 10 Hz frequency and charge
balanced biphasic pulse (2 ms/phase). The charge injected per phase was 0.8 µC. Electrical evoked potential was recorded from two locations of the primary visual
cortex namely ipsilateral primary visual cortex (Vcx) (A) and contralateral Vcx (B). Contralateral Vcx showed more robust response evoked by TES compared to
ipsilateral Vcx with lower response.

to 500 Hz using MATLAB algorithm (MathWorks, Inc., R2018b,
Natick MA, United States).

Analysis of Absolute Power
Absolute power was estimated from the power spectrum
calculated based on discrete Fourier transform with 2-s segment
size and 1 s overlapping for individual frequency bin (0.5–300 Hz
with 0.5 Hz bin size; ‘spectrogram.m’ function in MATLAB
signal processing toolbox; MathWorks, Inc., R2018b, Natick, MA,
United States). Hamming window was applied for each segment.
The mean and standard error of the mean (SEM) of absolute
power was calculated for eight frequency bands namely: delta

(0.5–5 Hz), theta (5–10 Hz), alpha (10–15 Hz), beta (15–25 Hz),
low gamma (gamma 1; 25–55 Hz), medium gamma (gamma 2;
80–115 Hz), high gamma (gamma 3; 125–145 Hz), and ultra-high
gamma (gamma 4; 165–300 Hz).

Analysis of Coherence
The coherence between the contra Vcx and contra PFx ECoG
channels was calculated by magnitude squared coherence Cxy(f;
‘mscohere.m’ function) in MATLAB signal processing toolbox
(MathWorks, Inc., R2018b, Natick, MA, United States). This
gives an estimated coherence value of the input signal x and y
using the method of Welch’s average modified periodogram. It is
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FIGURE 3 | Schematic representation of experimental design for recording of spontaneous ECoG. Each step was done sequentially from breeding of rd10 mice to
the end of the experiments in which all animals were sacrificed.

FIGURE 4 | Example data of post-stimulation electroencephalographic (EEG) raw trace before (top) and after pre-processing (bottom). Both traces were captured
over a period of 5 s.

important to note that Cxy(f) acts as a function of frequency and
has values ranging from 0 to 1 which is an indication of the extent
to which x correlates with y per frequency.

Cxy
(
f
)
=

[
Pxy

(
f
)]2

Pxx
(
f
)
Pyy

(
f
) , 0 ≤ Cxy

(
f
)
≤ 1 (1)

In Eq. (1) above, Pxx(f) and Pyy(f) represent the power spectral
density of x and y and Pxy(f) represents the cross-power spectrum
spectral density. For each mouse, the mean coherence between
the contra Vcx and contra PFx was calculated. ECoG signal
was split into 2-s epochs with 1-s overlapping over the entire
ECoG recording. Subsequently, Cxy(f) was estimated at each

epoch and frequency bin over the entire 0.5–300 Hz frequency
range for each mouse. The mean coherence between contra Vcx
and contra PFx was computed for all mice in both awake and
anesthetized states.

Statistical Analysis
Subsequent to data analysis, the data was tested for normal
distribution by Shapiro–Wilk test. All graphs were plotted
and statistical analysis was done using Origin(Pro) (Version
2015, OriginLab Corporation, Northampton, MA, United States).
For in vivo impedance monitoring, paired students’ t-test was
used to test the significance between pre-stimulation and post-
stimulation impedance in rd10 mice. P-values < 0.05 were
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FIGURE 5 | Impedance monitoring. (A) Impedance measurements of silver wire electrode in 0.1 M phosphate buffer saline (PBS). Impedance magnitude was
measured across a wide range of frequencies (1 Hz–1,000 kHz). Frequency is represented on a log scale (log10). (B) Representative plot of impedance at the
interface between silver wire electrode and rd10 mice cornea (n = 6) measured at 1 kHz. No significant difference (p > 0.05) was observed between the
pre-stimulation and post-stimulation impedance monitored in vivo at 1 kHz. Inset figure: Voltage waveform recordings of a silver wire electrode to 400 µA biphasic
stimulus pulses recorded at the rd10 mice cornea (measurement was captured from an oscilloscope).

indicated as significant. For ECoG recording experiments, test
for significance between stimulation groups and sham group
was done and p-values were calculated using the non-parametric
Mann–Whitney U-test. Subsequently p-values were adjusted by
Holm–Bonferroni and significant p-values were denoted with
asterisks (∗p < 0.025).

RESULTS

Impedance Monitoring
Impedance value for the silver wire electrode was (0.143± 0.014)
k� at 1 kHz, as shown in the impedance spectrogram
(Figure 5A). For in vivo impedance monitoring, impedance
traces showed a constant impedance with no significant
difference (p = 0.078) between the impedance during pre-
stimulation and post-stimulation stages of TES (Figure 5B),
indicating that a relatively stable voltage level was applied to the
eye. Voltage waveform recordings to 400 µA biphasic stimulus
pulses recorded at the electrode-cornea interface was 8 volt
(peak-peak; Figure 5B inset).

Effects of Repetitive Prolonged TES on
Spontaneous Absolute Power in Rd10
Mice
Alterations in spontaneous absolute power following 5 days of
repetitive prolonged TES in awake and anesthetized rd10 mice
was investigated using ECoG. In contra Vcx of awake rd10
mice, 10 Hz stimulation caused a significant increase in theta
(p = 0.003), alpha (p = 0.018) and beta bands (p = 0.008),
respectively compared with the sham group (Figure 6A and

Table 1A, 1B). All other oscillatory bands showed non-significant
changes (p > 0.025) in spontaneous absolute power across
all stimulation groups after TES compared to sham group
(Figure 6A and Table 1A). In the anesthetized state, repetitive
prolonged TES yielded non-significant changes (p > 0.025)
in spontaneous absolute power (Figure 6B and Table 1B)
across all oscillatory bands and stimulation groups compared
to the sham group.

In contra PFx of awake rd10 mice, significant decrease
in spontaneous absolute power was observed after 20 Hz
stimulation specifically in medium gamma (gamma 2; p = 0.006),
high gamma (gamma 3; p = 0.007), and ultra-high gamma
(gamma 4; p = 0.008) compared to the sham group (Figure 7A
and Table 2A). On investigating spontaneous absolute power
in contra PFx during the anesthetized brain state, only
2 Hz stimulation caused significant increase (p > 0.025) in
spontaneous absolute power of medium gamma (gamma 2;
p = 0.007), high gamma (gamma3; p = 0.013), and ultra-high
gamma (gamma 4; p = 0.009) bands, respectively compared to
the sham group (Figure 7B and Table 2B).

Effects of Repetitive Prolonged TES on
Spontaneous Coherence in Rd10 Mice
Electrocorticogram signals were used to analyze changes in
spontaneous coherence after 5 days of prolonged TES in awake
and anesthetized rd10 mice. Of interest to us in the present
study was the coherence in neural activity between the contra
Vcx and the contra PFx. It was revealed that prolonged TES
caused no significant change (p > 0.025) in contra Vcx-contra
PFx coherence in the awake brain state of rd10 mice across
all frequency bands and stimulated groups compared to sham
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FIGURE 6 | Box-plots showing post-stimulation changes in spontaneous absolute power in the primary visual cortex of rd10 mice during awake (A) and
anesthetized (B) brain states. Absolute power is represented in a log scale. All results were compared to the sham group. All p-values were adjusted by
Holm–Bonferroni method. * denotes significant change in spontaneous absolute power compared to sham group. Short horizontal lines embedded in each boxplot
represent the median while the small square symbols represent the mean spontaneous absolute power of each group. Sham (n = 8), 2 Hz (n = 8), 10 Hz (n = 8),
20 Hz (n = 9).

TABLE 1A | Contra primary visual cortex (Vcx) p-values from comparison of post-stimulation absolute power between stimulated rd10 and sham rd10
mice in awake state.

Groups P-values

Delta Theta Alpha Beta Gamma 1 Gamma 2 Gamma 3 Gamma 4

2 Hz-Sham 0.294 0.484 0.4 0.398 0.538 0.548 0.326 0.198

10 Hz-Sham 0.07 0.003* 0.018* 0.008* 0.182 0.298 0.162 0.12

20 Hz-Sham 0.23 0.191 0.243 0.237 0.43 0.06 0.04 0.028

P-values with asterisk are significant while p-values without asterisk are non-significant.

TABLE 1B | Contra primary visual cortex (Vcx) p-values from comparison of post-stimulation absolute power between stimulated rd10 and sham rd10 mice in
anesthetized state.

Groups P-Values

Delta Theta Alpha Beta Gamma 1 Gamma 2 Gamma 3 Gamma 4

2 Hz-Sham 0.509 0.708 0.894 0.325 0.486 0.245 0.271 0.3

10 Hz-Sham 0.414 0.117 0.064 0.044 0.562 0.163 0.292 0.22

20 Hz-Sham 0.23 0.308 0.261 0.247 0.382 0.233 0.404 0.789

P-values without asterisk are non-significant.

group (Figure 8A and Table 3A). However, in the anesthetized
state only 10 and 20 Hz stimulation caused a significant increase
(p < 0.025) in the mean spontaneous coherence compared to the
sham group (Figure 8B and Table 3B). For 10 Hz stimulation
group, there was a significant increase in mean spontaneous
coherence of ultra-high gamma band (gamma 4; p = 0.003;
Figure 8B and Table 3B). Similarly, 20 Hz stimulation frequency

also caused a significant increase (p < 0.025) in mean coherence
in only ultra-high gamma (gamma 4; p = 0.02) oscillations
compared with sham (Figure 8B and Table 3B). 2 Hz stimulation
frequency produced no significant change (p > 0.025) in contra
Vcx-contra PFx spontaneous coherence across all analyzed
oscillatory bands in both awake and anesthetized states compared
with sham group (Figure 8A and Table 3B).
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FIGURE 7 | Box-plots showing post-stimulation changes in spontaneous absolute power in the pre-frontal cortex of rd10 mice during awake (A) and anesthetized
(B) brain states. Absolute power is represented in a log scale. All results were compared to the sham group. All p-values were adjusted by Holm–Bonferroni method.
* denotes significant change in spontaneous absolute power compared to sham group. Short horizontal lines embedded in each boxplot represent the median while
the small square symbols represent the mean spontaneous absolute power of each group. Sham (n = 8), 2 Hz (n = 8), 10 Hz (n = 8), 20 Hz (n = 9).

TABLE 2A | Contralateral pre-frontal cortex (Contra PFx) p-values from comparison of post-stimulation absolute power between stimulated rd10 and sham rd10
mice in awake state.

Groups P-Values

Delta Theta Alpha Beta Gamma 1 Gamma 2 Gamma 3 Gamma 4

2 Hz-Sham 0.452 0.381 0.431 0.349 0.46 0.823 0.872 0.626

10 Hz-Sham 0.332 0.139 0.211 0.121 0.423 0.168 0.083 0.09

20 Hz-Sham 0.632 0.408 0.944 0.816 0.105 0.006* 0.007* 0.008*

P-values with asterisk are significant while p-values without asterisk are non-significant.

TABLE 2B | Contralateral pre-frontal cortex (Contra PFx) p-values from comparison of post-stimulation absolute power between stimulated rd10 and sham rd10 mice in
anesthetized state.

Groups P-Values

Delta Theta Alpha Beta Gamma 1 Gamma 2 Gamma 3 Gamma 4

2 Hz-Sham 0.389 0.16 0.951 0.785 0.391 0.007* 0.013* 0.009*

10 Hz-Sham 0.636 0.902 0.767 0.502 0.237 0.127 0.288 0.205

20 Hz-Sham 0.417 0.614 0.807 0.901 0.333 0.271 0.366 0.643

P-values with asterisk are significant while p-values without asterisk are non-significant.

DISCUSSION

Experimental Design With Sham Control
We employed the use of sham rd10 controls in our experimental
design because we wanted to evaluate the effect of our TES
procedure in an unbiased fashion by ensuring that the observed
modulatory effects are due to the applied electrical stimulation

instead of being caused by other ancillary factors. Sham controls
are documented to be widely used in basic and clinical
research (Naycheva et al., 2013; Bola et al., 2014; Zheng et al.,
2017). Moreover, a good number of studies in retinal electrical
stimulation genre including preclinical studies on rodents and
clinical studies have also employed the use of sham controls
(Henrich-Noack et al., 2013; Sehic et al., 2016; Bittner et al., 2017;
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FIGURE 8 | Bar-plots showing post-stimulation changes in contralateral primary visual cortex (contra Vcx)- contralateral pre-frontal cortex (contra PFx) spontaneous
coherence of rd10 mice during awake (A) and anesthetized (B) brain states. Spontaneous coherence is represented as mean ± standard error of the mean (SEM).
All results were compared to the sham group. All p-values were adjusted by Holm–Bonferroni method. * denotes significant change in spontaneous coherence
compared to sham group. Sham (n = 8), 2 Hz (n = 8), 10 Hz (n = 8), 20 Hz (n = 9).

Schatz et al., 2017). Furthermore, we have used only rd10 mice
as opposed to the wild type C57BL/6 mice because we wanted
to ensure uniformity in the mice genotype for comparison of
our ECoG results and to avoid unexpected ECoG results with
wild type mice which for instance could possibly arise from
genotype, or asymptomatic eye damage during animal housing
or from other circumstances which could go unnoticed thus
leading to false negative ECoG results. Consequently, to avoid
such incidents we thought it wise to ensure that all animals used
in our present study had retinal degeneration.

Pre-stimulation Groups as Second
Control
In the absence of wild type C57BL/6 mice we used the pre-
stimulation ECoG data of the sham and stimulated animals,
respectively as a second control to assess the modulatory effects
of TES on the central nerves system. We compared the pre-
stimulation ECoG signal of each stimulation group (2, 10, and
20 Hz) with the pre-stimulation ECoG signal of the sham
group in both contra Vcx and contra PFx. For both awake
anesthetized states of contra Vcx, there was no significant
difference (p > 0.05) in pre-stimulation ECoG power across
all stimulation groups compared with sham (Supplementary
Figure S1). Similarly, for both awake and anesthetized states in

contra PFx, there was no significant difference (p > 0.05) in pre-
stimulation ECoG power across all stimulation groups compared
with sham (Supplementary Figure S2). Coherence analysis also
showed that for both awake and anesthetized states, there was
no significant difference (p > 0.05) in contra Vcx-contra PFx
pre-stimulation coherence between each stimulation groups and
sham group (Supplementary Figure S3). The non-significant
difference between the pre-stimulation ECoG data of sham rd10
and stimulated rd10 (Supplementary Figures S1, S3) also serves
as evidence to demonstrate that the retinal function was the same
for all mice before TES because it has been previously shown
that the Vcx response is of retinal origin (Foik et al., 2015). Thus,
the retinal function correlates with the response from the visual
cortex. Moreover, at the start of our experiment all rd10 mice
used were aged P60–P90. At this age all photoreceptors and their
functions in rd10 are lost in fact it has been shown that retinal
degeneration in rd10 starts as early as P18 (Gargini et al., 2007).

Transcorneal Electrical Stimulation
Transcorneal electrical stimulation is a technique that has been
reported to treat various ophthalmological diseases in humans
such as Stargardt’s disease, Best dystrophy, and various optic
neuropathies (Fujikado et al., 2006; Ozeki et al., 2013). TES has
been proven to activate primary visual cortex with structural and
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TABLE 3A | P-values from comparison of post-stimulation contralateral primary visual cortex (contra Vcx) – contralateral pre-frontal cortex (contra PFx) coherence
between stimulated rd10 and sham rd10 mice in awake state.

Groups P-Values

Delta Theta Alpha Beta Gamma 1 Gamma 2 Gamma 3 Gamma 4

2 Hz-Sham 0.343 0.831 0.281 0.079 0.947 0.836 0.925 0.693

10 Hz-Sham 0.155 0.566 0.488 0.313 0.833 0.327 0.262 0.153

20 Hz-Sham 0.687 0.84 0.11 0.652 0.861 0.576 0.933 0.524

P-values without asterisk are non-significant.

TABLE 3B | P-values from comparison of post-stimulation contralateral primary visual cortex (contra Vcx) – contralateral pre-frontal cortex (contra PFx) coherence
between stimulated rd10 and sham rd10 mice in anesthetized state.

Groups P-Values

Delta Theta Alpha Beta Gamma 1 Gamma 2 Gamma 3 Gamma 4

2 Hz-Sham 0.745 0.079 0.685 0.477 0.61 0.117 0.667 0.953

10 Hz-Sham 0.853 0.934 0.762 0.691 0.055 0.06 0.06 0.003*

20 Hz-Sham 0.941 0.459 0.836 0.267 0.342 0.09 0.097 0.02*

P-values with asterisk are significant while p-values without asterisk are non-significant.

functional improvements in primary visual cortex of humans
(Timothy and Morley, 2008) and rodent models (Xie et al.,
2012). The present study focused on the effect of a prolonged
electrical stimulation paradigm on Vcx and PFx. Specifically, we
were interested in going beyond the previous findings of other
researchers in the field which focused mostly on the effect of
electrical stimulation on retinal neurons. Therefore, the goal of
the present study was to demonstrate that the effect of TES is not
limited to retina neurons, but goes beyond the eye and extends
to both the visual (contra Vcx) and non-visual centers (contra
PFx) of the brain. In this regard, we studied electrophysiology
parameters not only in the awake state but also in the anesthetized
state, thus providing a basis for comparing the brain’s response
to TES at different states. Currently there are very few available
chronic systems of retinal implants (i.e., epiretinal, subretinal,
suprachoroidal) in animals, or almost none. Thus, to achieve
chronic electrical stimulation paradigm in the present study, the
only possible setup was to make use of the non-invasive nature of
TES (Morimoto et al., 2012; Ma et al., 2014; Sergeeva et al., 2015).

ECoG Response From TES-Triggered
Excitation of PFx and Vcx Is Dependent
on Stimulation Frequency and Brain
State
The present study investigated post-stimulation ECoG responses
in the pre-frontal cortex and primary visual cortex of awake and
anesthetized rd10 mice stimulated by TES. Analysis was based
on alterations in spontaneous absolute power and spontaneous
coherence of oscillatory bands under varying stimulation
frequencies. Firstly, the results reported here demonstrate that
prolonged TES is able to excite the pre-frontal and primary
visual cortex of rd mice. Secondly prolonged TES modulates
cortical properties of power and coherence in brain oscillations
of rd mice depending on the frequency used to stimulate the

mice retina. Thirdly, the effect of prolonged TES was different
depending on the brain state (that is; in awake and anesthetized
brain states). Following 5 days prolonged TES in awake rd
mice, 10 Hz stimulation showed a more profound effect in
exciting the primary visual cortex as evident by the increase
in spontaneous absolute power of theta, alpha, and beta band
oscillations, respectively compared to sham rd10 mice. Alpha
oscillations are known to be the most predominant oscillatory
rhythm during resting state (Weisz et al., 2011). Increased
spontaneous firing rates in neurons of the CNS have been
noted to be a unique feature in disease conditions especially in
neurodegenerative diseases. Specifically, it has been reported that
the neurons of the primary visual cortex in retinal degeneration
model S334ter rats fired more frequently compared to normal
rats (Wang et al., 2016). Furthermore, it has been hypothesized
that increased spontaneous firing in central auditory neurons
is a key factor for the development of tinnitus (Mielczarek
et al., 2016). Increased power of alpha oscillations has also
been reported to activate the brain actively inhibiting interfering
or irrelevant processes in the brain (Fresnoza et al., 2018).
From the present study it can be suggested that the observed
increased absolute power of alpha oscillations in the primary
visual cortex after 10 Hz prolonged TES, possibly suppresses the
maladaptive spontaneous firing previously reported in rd model.
From previous study alterations of beta oscillatory activity in
non-somatomotor areas (frontal, parietal, and visual) have been
associated with visual perception (Donner et al., 2007). In the
present study, the observed increase in beta oscillations after
10 Hz stimulation in the primary visual cortex of awake rd10
mice could possibly serve to index changes in the neural activity
of stimulated rd mice occurring after prolonged TES compared to
sham stimulated rd10 mice. Theta oscillations have been shown
to be important for working memory and information coding
(Benchenane et al., 2010). Our present study reported increased
theta power in the primary visual cortex of rd10 mice which
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could play a role in encoding visual information sent to the
brain for interpretation after 10 Hz prolonged TES. Furthermore,
this increased theta activity could have a memory-based function
and strengthen neuroplastic interactions in population neurons.
Possibly in the anesthetized brain state, the primary visual cortex
of rd10 mice was not sufficiently activated by prolonged TES
thus no significant changes in absolute power was observed in
all stimulation groups.

Meanwhile, in the pre-frontal cortex of awake rd10 mice,
the present study showed that high stimulation frequency of
20 Hz significantly decreases spontaneous absolute power of
medium-, high- and ultra-high gamma oscillations, respectively
compared to sham rd10 mice. On the contrary in the same
region (pre-frontal cortex) of anesthetized animals, very low
stimulation frequency of 2 Hz was shown to be sufficient to
significantly increase the spontaneous absolute power of the same
medium-, high- and ultra-high gamma oscillations, respectively.
At this juncture, it is important to state that the prefrontal
cortex coordinates multiple functional networks in the brain
for instance, circuits that connect the pre-frontal cortex to the
primary visual cortex in order to promote higher cognitive
functions including learning, problem-solving and reasoning.
Thus, in PFx, the observed increase in spontaneous absolute
power of the same medium-, high-, and ultra-high gamma
oscillations, respectively in anesthetized rd10 mice after 2 Hz
prolonged TES could possibly impact the rd brain with improved
cognitive abilities. Although, this may be verified by further
investigations such as behavioral tests on stimulated rd10 mice
compared with sham rd10 mice.

Gamma oscillations in the range > 25 Hz have been linked
to altered states of consciousness and rapid eye movement sleep
(Beauregard and Paquette, 2008). Increased gamma activity has
also been suggested to play lead roles in binding and unifying
multiple inputs from a diverse area (Engel and Singer, 2001).
This was reflected in the present study where we observed
that anesthetized rd10 mice displayed increased spontaneous
coherence between the primary visual cortex and the pre-frontal
cortex in ultra-high gamma oscillations after 10 and 20 Hz
prolonged TES, respectively compared to sham group. To further
corroborate our findings, it has also been reported that high
levels of inter-regional coherence in gamma oscillations indicate
a highly aroused brain (Engel and Singer, 2001). Thus, from
the present study we suggest that the observed increase in
coherence between the primary visual cortex and the pre-frontal
cortex (after 10 and 20 Hz stimulation) might be reflective
of increased synchronization and prolonged TES could impact
the rd10 mice brain with the capacity of enhanced neural
information processing.

The differences in the effect of prolonged TES in awake
and anesthetized states could possibly be explained in terms
of variations in cortical processing between the two brain
states. These differences could be the result of the anesthesia
influence which potentially reduced the brain responsiveness
to prolonged TES particularly in the primary visual cortex.
These differences have been previously reported in the visual
cortex of awake and anesthetized rodents (Keller et al., 2012).
Moreover, it has been established that anesthesia has profound

effects on neurons for example, glial cell activities and neural
activity have been observed to be suppressed and these
effects have also been extended to large-scale neural networks
(Durand et al., 2016).

Implications for Retinal Prostheses
In summary, the results reported in the present study suggest
that repetitive prolonged TES is able to modulate the resting
state brain activity of rd mice in a frequency dependent manner
and the consequent power and coherence changes in neural
oscillations are linked to the brain state as well as the excited
brain region. Following stimulation of the retina, the focus
from the existing literatures is predominantly on excitation of
the primary visual cortex essentially because the expected goal
of retinal stimulation is to provide partial or complete vision
restoration in retinal degeneration patients. In our present study
we refer to the observed excitation of the primary visual cortex
as local cortical excitation while the excitation of the prefrontal
cortex we call global cortical excitation. Previous research studies
using stimulation techniques such as rTMS (Chung et al., 2016)
and tDCS (Sczesny-Kaiser et al., 2016) have demonstrated that
brain stimulation (in the motor cortex) can modulate cortical
circuits and the terms local and global excitation has also been
mentioned (Romero Lauro et al., 2014) in this regard. For
our present study both local and global cortical excitability
indicate that the effects of retinal stimulation are diffuse, rather
than being restricted to the target area, i.e., primary visual
cortex. Our study is the first detailed investigation that examines
the effect on retinal degeneration brain state under prolonged
retinal electrical stimulation. Moreover, our study serves as a
starting point for investigating the sustained effect of electrical
stimulation of the retina to brain activities. To this end, our
first investigation of neural oscillations in prefrontal cortex and
primary visual cortex induced by retinal stimulation hopes to
inform the research community about the existence of local and
global cortical excitation following retinal stimulation. This study
suggests that cortical excitability from retinal stimulation should
not be undermined and may need to be taken into account
whether the retinal stimulation will have an effect on cognitive
processing. However, whether this effect will last for a much
longer period beyond what was examined in the present study
remains to be explored.
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Supplementary Figure 1 | Box-plots showing absolute power in contralateral
primary visual cortex (contra Vcx) before prolonged stimulation (pre-stimulation) of
rd10 mice. (A) Shows the awake state and (B) shows the anesthetized state. In
both states, there was no significant difference (p > 0.05) in pre-stimulation
absolute power (p > 0.05) in contra Vcx between all experimental groups (2, 10,
and 20 Hz) and sham control groups. The statistical significance between all
experimental groups and sham control group was tested by one-way ANOVA.

Supplementary Figure 2 | Box-plots showing absolute power in contralateral
pre-frontal cortex (contra PFx) before prolonged stimulation (pre-stimulation) of
rd10 mice. (A) Shows the awake state and panel (B) shows the anesthetized
state. In both states, there was no significant difference (p > 0.05) in
pre-stimulation absolute power (p > 0.05) in contra PFx between all experimental
groups (2, 10, and 20 Hz) and sham control groups. The statistical significance
between all experimental groups and sham control group was tested
by one-way ANOVA.

Supplementary Figure 3 | Box-plots showing contralateral primary visual cortex
(contra Vcx) – contralateral pre-frontal cortex (contra PFx) coherence before
prolonged stimulation (pre-stimulation) of rd10 mice. (A) Shows the awake state
and (B) shows the anesthetized state. In both states, there was no significant
difference (p > 0.05) in pre-stimulation contra Vcx – contra PFx coherence
(p > 0.05) between all experimental groups (2, 10, and 20 Hz) and sham control
groups. The statistical significance between all experimental groups and sham
control group was tested by one-way ANOVA.
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Parkinson’s disease (PD) is characterized by motor dysfunctions including bradykinesia,
tremor at rest and motor instability. These symptoms are associated with the progressive
degeneration of dopaminergic neurons originating in the substantia nigra pars compacta
and projecting to the corpus striatum, and by accumulation of cytoplasmic inclusions
mainly consisting of aggregated alpha-synuclein, called Lewy bodies. PD is a complex,
multifactorial disorder and its pathogenesis involves multiple pathways and mechanisms
such as α-synuclein proteostasis, mitochondrial function, oxidative stress, calcium
homeostasis, axonal transport, and neuroinflammation. Motor symptoms manifest when
there is already an extensive dopamine denervation. There is therefore an urgent need
for early biomarkers to apply disease-modifying therapeutic strategies. Visual defects
and retinal abnormalities, including decreased visual acuity, abnormal spatial contrast
sensitivity, color vision defects, or deficits in more complex visual tasks are present
in the majority of PD patients. They are being considered for early diagnosis together
with retinal imaging techniques are being considered as non-invasive biomarkers for
PD. Dopaminergic cells can be found in the retina in a subpopulation of amacrine
cells; however, the molecular mechanisms leading to visual deficits observed in PD
patients are still largely unknown. This review provides a comprehensive analysis of the
retinal abnormalities observed in PD patients and animal models and of the molecular
mechanisms underlying neurodegeneration in parkinsonian eyes. We will review the
role of α-synuclein aggregates in the retina pathology and/or in the onset of visual
symptoms in PD suggesting that α-synuclein aggregates are harmful for the retina as
well as for the brain. Moreover, we will summarize experimental evidence suggesting that
the optic nerve pathology observed in PD resembles that seen in mitochondrial optic
neuropathies highlighting the possible involvement of mitochondrial abnormalities in the
development of PD visual defects. We finally propose that the eye may be considered
as a complementary experimental model to identify possible novel disease’ pathways or
to test novel therapeutic approaches for PD.

Keywords: Parkinson’ disease, retina, mitochondria, visual dysfunctions, alpha-synuclein, dopamine,
parkinsonism, optic neuropathies
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INTRODUCTION

Parkinson’s disease (PD) represents the second most common
neurodegenerative disorder after Alzheimer’s disease. The
prevalence of this condition in industrialized countries is
generally estimated at 1% in people over 60 years of age
representing an important burden for health systems considering
that to date treatment options are mostly symptomatic (de Lau
and Breteler, 2006; Kalia and Lang, 2015; Rodriguez-Blazquez
et al., 2015). PD is a complex neurodegenerative disorder and
the etiology of the disease is unknown in most patients. Risk
factors include age, male gender and some environmental factors.
Moreover, different genetic causes have been identified and both
rare and common genetic variants contribute to disease risk,
onset, and progression. To date, mutations in more than 20
genes, most of which are highly penetrant and often cause early
onset or atypical symptoms, have been associated with the disease
(reviewed in Puschmann, 2017; Deng et al., 2018; Blauwendraat
et al., 2019) (Table 1).

Although genetic forms of PD represent a small fraction
of all cases, they have provided important clues to the
neuropathology of PD defining crucial underlining pathways
such as α-synuclein (α-Syn) proteostasis, mitochondrial function,
oxidative stress, calcium homeostasis, axonal transport, and
neuroinflammation. Of note, many PD mutations affect the
SNCA gene that encodes α-Syn and genes associated with
mitochondrial function (Table 1).

PD is characterized by the death of dopamine (DA)
neurons localized in the substantia nigra pars compacta (SNpc),
from which neurons project to the corpus striatum and to
other brain regions of the mesocorticolimbic system, and
by the accumulation of cytoplasmic inclusions, called Lewy
bodies, mainly consisting of aggregated α-Syn and ubiquitin
(Spillantini et al., 1997).

The loss of nigro-striatal DA function leads to the classical
parkinsonian motor symptoms including bradykinesia, tremor
at rest, and postural and gait instability (Kalia and Lang, 2015;
Postuma et al., 2015). The relationship between α-Syn aggregates
and DA neuronal loss is the focus of several experimental
studies; most of them convergently show that overexpression
or mutation of the SNCA gene leads to the formation of α-
Syn aggregates (oligomers and fibrils), which induce a time-
dependent loss of DA neurons (Giordano et al., 2018). Lewy
bodies are found not only in DA neurons, but are also present
in different central nervous system (CNS) regions, and they are
thought to contribute to other PD symptoms such as cognitive
deficits, depression, sleep disorders, constipation, olfactory
dysfunction, and visual defects (Braak et al., 2004; Mahlknecht
et al., 2015), generally referred to as non-motor symptoms.
Non-motor features are frequently observed in PD before the
onset of the classical motor symptoms (Postuma et al., 2012).
Recently, much attention has been given to these early non-
motor symptoms as they represent a potential temporal window
during which disease-modifying therapies acting to prevent or
delay neurodegeneration could be administered (Siderowf and
Lang, 2012; Kalia and Lang, 2015). The molecular mechanisms
underlying non-motor symptoms in PD are being investigated in

experimental and clinical studies, and one of the most dominant
views is that proposed by Braak (Guo et al., 2018). According
to Braak’s staging theory, this premotor or prodromal phase can
precede the onset of classical parkinsonian motor symptoms by
decades and it is due to the spreading of α-Syn pathology from
ventral to dorsal brain regions (Braak et al., 2003, 2004). This
hypothesis is supported by experimental evidence showing that
α-Syn fibrils can spread across brain regions and more recent
findings show that they can move from the gut to the brain
(Challis et al., 2020). According to this hypothesis the eyes should
be one of the first organs affected if fibrils spread from the nose,
as previously suggested (Choudhry and Perlmuter, 2017), which
would be in line with clinical and pre-clinical findings reporting
specific visual symptoms in early stages of PD or dementia with
Lewy bodies (DLB) (Armstrong, 2015; Himmelberg et al., 2018;
Chung et al., 2019).

Among non-motor symptoms, one of the clinical
manifestations present in the majority of PD patients is the
presence of vision impairment and retinal abnormalities,
including decreased visual acuity, abnormal spatial contrast
sensitivity, color vision defects, or deficits in more complex
visual tasks (Postuma et al., 2012; Guo et al., 2018). Moreover,
accumulating experimental evidence suggests that pathological
α-Syn aggregates are present in the retina and/or visual
system of PD patients and of PD animal models. In addition,
phosphorylated α-Syn accumulates in the retina as well as
in the brain also at early stages, preceding the appearance
of clinical signs of parkinsonism or dementia (Guo et al.,
2018; Ortuno-Lizaran et al., 2018; Veys et al., 2019). Visual
symptoms are probably the least invalidating symptoms in PD
and DLB but they are being seriously considered as significant
disease biomarkers. Given that the retina is an easy-access
window to the pathological processes that are ongoing in the
brain, visual tests and/or retinal imaging techniques are being
developed to consider α-Syn aggregates in the eye as non-
invasive biomarkers for PD (Weil et al., 2016; Guo et al., 2018;
Ortuno-Lizaran et al., 2018).

The data reporting visual and retinal abnormalities in PD
patients have been extensively reviewed recently (Weil et al.,
2016; Guo et al., 2018). In this review we will integrate the clinical
evidence with those reported in animal models highlighting
the molecular mechanisms underlying neurodegeneration in
parkinsonian eyes. Moreover, we will provide evidence about
molecular disease pathways that are common to PD and
mitochondrial diseases. We propose the retina not only as a
site for early PD biomarkers identification through non-invasive
approaches, but also as a powerful model containing most of the
cellular subtypes involved in PD pathology, which can be used as
a complementary tool to study disease’ pathways or to test novel
therapeutic approaches for PD.

NEURONAL SUBSTRATES OF VISUAL
SYMPTOMS IN PD PATIENTS

Ocular defects have been reported in about 80% of PD patients
(Guo et al., 2018). Oculo-visual abnormalities include defects in
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TABLE 1 | Monogenic causes of Parkinson’s disease.

Gene Protein Mutation Inheritance Function Proposed disease
mechanism

SNCA α-Synuclein Missense or
multiplication

Dominant Presynaptic signaling and membrane trafficking. Gain of function or
overexpression

LRRK2 Leucine-rich repeat serine/threonine-protein
kinase 2

Missense Dominant Neuronal plasticity, autophagy, and vesicle trafficking.
10% located in the outer mitochondrial membrane

Gain of function

PRKN Parkin Missense, exon
deletion or
duplication

Recessive Proteasomal degradation, mitophagy, cell death, oxidative stress Loss of function

PINK1 PTEN induced kinase 1 Missense,
deletion

Recessive Protection against mitochondrial dysfunction, mitophagy Loss of function

POLG DNA polymerase subunit gamma-1 Missense Dominant/
recessive

Replication of mitochondrial DNA Loss of function

PARK7 DJ-1 Missense Recessive Cell death, oxidative stress Loss of function

ATP13A2 Cation-transporting ATPase 13A2 Missense Recessive Lysosome and mitochondrial maintenance Loss of function

GBA Lysosomal acid glucosylceramidase Missense Dominant
(incomplete
penetrance)

Ceramide formation, glycolipid metabolism, turnover of cellular membranes Likely loss of
function

FBX07 F-box protein 7 Missense Recessive Proteasomal degradation, mitophagy, cell death, oxidative stress Loss of function

PLA2G6 Phospholipase A2 group VI Missense Recessive Phospholipid remodeling, arachidonic acid release, leukotriene and
prostaglandin synthesis, cell death

Loss of function

VPS35 Vacuolar protein sorting-associated protein 35 Missense Dominant Transport of proteins from endosomes to the trans-Golgi network Loss of function

VPS13C Vacuolar protein sorting-associated protein 13C Missense,
deletion

Recessive Mitochondrial function, maintenance of mitochondrial transmembrane potential,
mitophagy, Golgi to endosome transport

Loss of function

SYNJ1 Synaptojanin 1 Missense Recessive Polyphosphoinositide phosphatase involved in clathrin-coated pit and synaptic
vesicle dynamics

Loss of function

DNAJC6 Auxilin Missense Recessive Clathrin-mediated endocytosis Loss of function

DNAJC13 DnaJ heat shock protein family member C13 Missense Dominant Clathrin-mediated endocytosis, post-endocytic transport Unclear

TMEM230 Transmembrane protein 230 Missense,
deletion

Dominant Trafficking and recycling of synaptic vesicles Likely loss of
function

TWNK Twinkle mtDNA helicase Missense Dominant mtDNA replication Loss of function

UCHL1 Ubiquitin carboxyl-terminal hydrolase
isozyme L1

Missense Dominant Processing of ubiquitin precursors and of ubiquitinated proteins Likely loss of
function

HTRA2 Serine protease HTRA2, mitochondrial Missense Recessive Mitochondrial-dependent cell death Unclear

EIF4G1 Eukaryotic translation initiation factor 4
gamma 1

Missense Dominant Component of the eIF4F complex, translation initiation Unclear

GIGYF2 GRB10-interacting GYF protein 2 Missense Dominant Component of the 4EHP-GYF2 complex, repressor of translation initiation Unclear

CHCHD2 Coiled-coil-helix-coiled-coil-helix domain
containing 2, mitochondrial

Missense Dominant OHPHOS, mitochondrial-dependent cell death Likely loss of
function
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primary vision such as visual acuity (Jones et al., 1992; Matsui
et al., 2006; Archibald et al., 2011b), spatial contrast sensitivity
(Bodis-Wollner et al., 1987; Bodis-Wollner, 2013), color vision
(Price et al., 1992; Haug et al., 1994; Silva et al., 2005; Sartucci
and Porciatti, 2006), eye movement (Winograd-Gurvich et al.,
2006), or deficits in more complex visual tasks such as the
perception of the spatial relationships between objects and visual
hallucinations (Holroyd et al., 2001; Possin, 2010; Armstrong,
2011, 2015) (Table 2).

Visual defects in PD may arise also as a consequence of cortical
visual area defects. Thus, they can be attributed to changes at
any level of the visual pathway as well as other sensory systems
and motor function (Uc et al., 2005; Castelo-Branco et al., 2009).
Histopathological and electrophysiological studies in humans
and in experimental models suggest, however, that there are
retina-specific visual defects in PD occurring in early stages
of the pathology.

Dopamine and α-Synuclein in the
Context of Retina Cell Subtypes
There are six types of neurons and one type of glial cells (Müller
glial cells) that constitute three cellular layers in the vertebrate
retina: rod and cone photoreceptors in the outer nuclear layer
(ONL), horizontal, bipolar, and amacrine interneurons and
Müller glial cells in the inner nuclear layer (INL), and ganglion
and displaced amacrine cells in the ganglion cell layer (GCL)
(Figure 1). α-Syn aggregates have been identified in the retina of
PD patients (Beach et al., 2014; Ortuno-Lizaran et al., 2018) and
in particular in the GCL, INL and in the inner plexiform layer
(IPL) that contains the synaptic contacts among and between
bipolar, amacrine, and ganglion cells. Retinal photoreceptor cells
capture light information and transmit it to RGC via bipolar
and amacrine cells. Light information then arrives at the brain
through the optic nerve formed by RGC axons.

Retinal cell types are connected and located according to
a well-defined cytoarchitecture reflecting their functions in the
transduction of visual stimuli: their heterogeneous nature makes
this process rather complex from a physiological perspective
(see Demb and Singer, 2015 for details). Rod photoreceptors
are responsible for vision during low light conditions (scotopic
vision). They contain rhodopsin, a G-Protein coupled receptor
(GPCRs), as visual pigment and are particularly sensitive to
light with a peak wavelength of ∼500 nanometers (nm). Cone
photoreceptors are responsible for the vision during daylight
(photopic vision) and are endowed with opsin as pigment.
Contrary to rods, cones are involved in color perception and can
be divided in three types according to the sensitivity exhibited for
blue, red, and green light.

Once photoreceptors detect photons, a change in their
membrane potential causes the neurotransmitter to be released
onto bipolar cells (the only neuronal type spanning both the
outer and inner retina) and horizontal cells. The latter are a
class of inhibitory neurons fulfilling feed-back and feed-forward
inhibition on both photoreceptors and bipolar cells. Downstream
of bipolar cells, the electric signal is sent to RGCs whose axons
form the optic nerve responsible for transmitting information

to the brain. Intermingled among bipolar and RGC, amacrine
cells can provide feed-forward and feed-back inhibition to both
cell types by releasing γ-aminobutyric acid (GABA) and glycine.
Muller cells, seeded with their bodies in the INL, are the main
glial cells of the retina and support neuronal functions.

As in the brain, dopamine plays a key role also in the retina and
is involved in a variety of processes such as modulation of light
adaptation, color vision, retinal development, synaptic formation
and transmission (Witkovsky, 2004; McMahon et al., 2014).

DA in the retina is synthetized in a subpopulation of amacrine
cells (A18) localized in the IPL. Amacrine cells represent
∼35% of all cell types and they are classified based on the
synthetized neurotransmitters, which mainly include glycine
and GABA. Most DA amacrine cells (DACs) also synthetize
GABA. DACs constitute only a small part of amacrine cells
and they often co-express GABA and glycine (May et al., 2008;
Roy and Field, 2019). DACs have long axon-like processes
reaching the IPL, the GCL and sometimes the OPL and
processes that overlap and branch forming a densely packed
network of dendrites (Figure 1). Similar to what happens in the
mesencephalon, DA is released in a tonic and phasic fashion
and its action potential is influenced by AMPA glutamate
receptor activation, GABA and glycine (Gustincich et al.,
1997; Feigenspan et al., 1998). DA exerts its action through
direct synaptic contacts and through volumetric diffusion.
Given its long-distance and dense network it has the potential
to influence the activity at different levels and on different
cell subtypes in the retina (Witkovsky, 2004; Roy and Field,
2019). DA acts on five G-protein-coupled receptor subtypes
grouped in D-like receptors (D1 and D5) and D2-like (D2,
D3, D4) linked to the activation (D1-like) and inhibition (D2-
like) of cyclic-AMP (Seeman and Van Tol, 1994; Witkovsky,
2004). In the retina, similar to what has been described in
the mesencephalon, DACs contain D2 auto-receptors whose
activation negatively influences DA release. In Figure 1 we
have schematized the position of DA receptors in the different
retina subtypes, which shows a cell type specific distribution,
suggesting a functional dissociation between them. DA receptor
subtypes differ in their sensitivity to DA (D5 > D2 > D1)
allowing a differential recruitment during the day/light cycle
characterized by high/low DA synthesis and release, respectively.
This observation suggested that DA levels in the eye contribute
to circadian rhythms and to a shift from rod-mediated to cone-
mediated vision (Witkovsky, 2004). DA exerts its action in
both outer and inner retinal cells; a detailed description of the
underlying mechanisms goes beyond the scope of this review
and have been extensively and elegantly addressed previously
by Witkovsky (2004). Through pharmacological experiments,
including studies using neurotoxins directly injected into the
eye specifically acting on DA cells, it has been shown that
DA improves spatial contrast detection and amplifies the cone
pathway producing a shift from rod-dominant to cone-dominant
vision during daylight (Dowling and Ehinger, 1975; Savy et al.,
1995; Gustincich et al., 1999). Light stimuli activate DA cells,
triggering DA release (Puopolo et al., 2001; Witkovsky, 2004);
DA through the activation of D4R stimulation reduces the
rod-cone communication, and through the activation of D1
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TABLE 2 | Visual abnormalities in PD patients.

Visual defect Frequency in
PD patients

Onset References

Visual acuity 30% N/A Jones et al., 1992; Holroyd et al., 2001; Matsui et al., 2006; Archibald et al.,
2011a; Lin et al., 2015; Weil et al., 2016

Contrast sensitivity N/A Prodromal stage Kupersmith et al., 1982; Bodis-Wollner et al., 1987; Bulens et al., 1987;
Bodis-Wollner, 1988, 2013; Postuma et al., 2011; Stenc Bradvica et al., 2015;
Weil et al., 2016

Color recognition 30–50% Prodromal stage,
controversial

Price et al., 1992; Buttner et al., 1994, 1995; Haug et al., 1994, 1995; Pieri
et al., 2000; Muller et al., 2002; Silva et al., 2005; Sartucci and Porciatti, 2006;
Cardoso et al., 2010; Postuma et al., 2011; Bertrand et al., 2012; Piro et al.,
2014; Lin et al., 2015

Visual processing difficulties 10–30% Prodromal stage Postuma et al., 2011; Lin et al., 2015; Arrigo et al., 2017; Ekker et al., 2017

Object perception and recognition 70% After motor symptoms Montse et al., 2001; Muller et al., 2002; Uc et al., 2005; Gullett et al., 2013;
Edelstyn et al., 2014; Weil et al., 2016

Visual hallucinations 20–40% After motor symptoms Fenelon et al., 2000; Diederich et al., 2005; Armstrong, 2015

N/A, not available.

receptors uncouples H1-type horizontal cells; both mechanisms
increasing the direct response of cones in photopic conditions.
By contrast, the absence of DA favors the rod-cone conductance
and shunting of the cone electrical signal (Veruki and Wassle,
1996; Puopolo et al., 2001; Witkovsky, 2004; Roy and Field,
2019). Interestingly, a mouse model where the synthesis of
DA was specifically prevented in the retina was generated
by conditional inactivation of the tyrosine hydroxylase (TH)
gene, which encodes the DA synthesis rate limiting enzyme.
These mice showed deficits in light-adapted electroretinogram
(ERG) responses, contrast sensitivity, acuity, and retinal circadian
rhythms. These specific deficits could be mimicked in either
DA, D1R, and D4R knock-out (KO) mice and rescued by
D1R or D4R agonists (Jackson et al., 2012). In the retina
of healthy individuals, the presence of endogenous α-Syn
has been described in the GCL, IPL and INL, and also in
photoreceptor outer segments and their terminals in the outer
plexiform layer (OPL) (Martinez-Navarrete et al., 2007; Leger
et al., 2011). These data are consistent with the presence of
the α-Syn monomeric form in the cytoplasm and presynaptic
nerve terminals and with its involvement in physiological
functions such as synaptic plasticity, vesicle trafficking, and
neurotransmission (Bendor et al., 2013).

Based on this set of experimental evidence highly specific
DA-dependent vision deficits might be expected in PD patients.
However, the visual impairment can be worsened by deficits
related to α-Syn pathology and/or mitochondrial related
dysfunction that, although might preferentially impair DA
neurons function in the initial stage of the pathology, are
also harmful for other cell types leading to widespread
neurodegeneration and impaired visual function.

As mentioned before, immunohistological studies on PD
patients’ postmortem retinas revealed the presence of α-Syn
aggregates and Lewy bodies in dispersed amacrine cells at the
border of the INL and in the RGC layer, and diffuse α-Syn
depositions and Lewy neurites in the IPL (Beach et al., 2014;
Bodis-Wollner et al., 2014a). Different studies reported α-Syn
aggregates/inclusions and phosphorylated α-Syn at serine 129
(pSer129-α-Syn) in the RGC, IPL and ONL but never in the outer

FIGURE 1 | Schematic representation of the retina with cell types expressing
specific dopamine receptors. Dopamine receptors D1R, D4R, and D2
autoreceptors localized on various cell types, are indicated light blue, light
green and fuchsia, respectively. DACs stratify in the IPL and send axons like
dendritic projections to OPL and to IPL.ONL, outer nuclear layer; OPL, outer
plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL,
canglion cell layer; DAC, dopaminergic amacrine cell.

retina in PD patients (Figure 2A). These α-Syn formations were
not present in age-matched controls where the unphosphorylated
α-Syn is seen in retinal cell layers (Beach et al., 2014; Bodis-
Wollner et al., 2014a; Ho et al., 2014; Ortuno-Lizaran et al., 2018).
As already shown in the brain, abnormal pSer129-α-Syn may play
a key role in the control of α-Syn functions, aggregation, Lewy
body formation, and neurotoxicity (Oueslati, 2016).

Visual Deficits in PD Patients
Among the visual disfunctions described in PD patients, visual
acuity, contrast sensitivity, and color vision impairment are more
directly linked to the retinal alteration observed in PD patients
showing α-Syn aggregation, retinal neuron degeneration and
reduced retinal DA levels.
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FIGURE 2 | Anatomical and functional alterations in the retina of a PD patient. (A) Retinal section from a PD patient stained for Phospho-α-Synuclein shows the
presence of aggregates both in neuronal axons (arrowheads) and soma (arrow). (B) Comparison of the scotopic a-wave, photopic b-wave and the Oscillatory
Potential recorded from a control and a PD patient. Note the reduction in amplitude. Modified from Veys et al. (2019) (A) and Nowacka et al. (2015) (B) under terms
of the Creative Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/).

Visual acuity refers to the ability to discern the shapes and
details. Defects in this task were reported in about 30% of PD
patients and this effect is not corrected by DA (Jones et al., 1992;
Matsui et al., 2006; Archibald et al., 2011b; Weil et al., 2016).

Reduction of contrast sensitivity has been found to be one
of the earliest signs of PD suggesting that this defect could
be used as a premotor biomarker (Guo et al., 2018). Patients
with normal visual acuity but with a loss in contrast sensitivity
have been described (Regan and Neima, 1984). Moreover, this
deficit is progressive and correlates with PD disease progression
(Diederich et al., 2002; Miri et al., 2016; Ridder et al., 2017).
Changes in contrast sensitivity in PD is partly reversible by the
administration of the DA precursor levodopa (L-DOPA) and have
been associated with DA depletion in the retina and loss of cells in
the GCL (Bulens et al., 1987; Hutton et al., 1993; Polo et al., 2016).
However, the loss of contrast sensitivity seems to be dependent
on the orientation of the stimulus indicating an involvement of
higher visual centers (Weil et al., 2016).

Impaired color vision is one of the most prevalent visual
dysfunctions observed in PD patients, correlates with the
progression of the disease, and may represent a specific non-
motor feature of PD (Buttner et al., 1994; Diederich et al., 2002;
Muller et al., 2002; Postuma et al., 2006; Piro et al., 2014). It
has been shown that color vision abnormalities can be present
several years before PD diagnosis suggesting that this defect
could be an early PD biomarker (Buttner et al., 1995; Postuma
et al., 2006; Diederich et al., 2010). Notably, deficits of color
discrimination have also been reported in patients with rapid eye
movement (REM) and sleep behavior disorder (RBD) (Postuma
et al., 2006), which is considered as an early manifestation of α-
synucleinopathies (Iranzo et al., 2013). Interestingly, PD patients
with leucine-rich repeat kinase (LRRK2) gene mutations show a
more severe impairment of color discrimination compared with
idiopathic PD patients (Marras et al., 2011). However, discordant
data have been reported indicating that color vision may not be

consistently impaired in early PD (Vesela et al., 2001). It has been
suggested that defective color vision may represent an early sign
of DA dysfunction in PD (Piro et al., 2014; Armstrong, 2015)
that can be ameliorated by L-DOPA administration (Buttner
et al., 1994). However, besides DA dysfunction, the loss of cells
in the GCL (Polo et al., 2016), the cognitive impairment and
the involvement of dysfunctional cortical areas (Brandies and
Yehuda, 2008) may also be associated with this defect, therefore
suggesting that color vision abnormalities in PD seem to be due
to multifactorial causes.

PATHOLOGICAL ALTERATIONS IN THE
RETINA OF PD PATIENTS

In recent years, the development of non-invasive studies such
as imaging of the retina and electrophysiological assessments
allowed the direct observation of structural and functional
changes in the retina in PD patients.

Optical coherence tomography (OCT) allows measurements
of retinal layers in vivo, providing structural information of the
retina with 1-to-10 micrometer (µm) resolution (Ang et al.,
2018). In particular, OCT was used to analyze the peripapillary
retinal nerve fiber layer (RNFL) and retinal thickness (i.e.,
macular volume scans). Different studies have shown a significant
reduction in RNFL thickness of PD patients especially in
the temporal quadrant (Inzelberg et al., 2004; Kirbas et al.,
2013; La Morgia et al., 2013; Moreno-Ramos et al., 2013;
Bodis-Wollner et al., 2014b; Lee et al., 2014a; Satue et al.,
2016; Aydin et al., 2018; Matlach et al., 2018) that, notably,
is typically affected in mitochondrial optic neuropathies (La
Morgia et al., 2013; Maresca et al., 2013). In contrast, only
a few studies failed to find differences between PD patients
and healthy controls (Aaker et al., 2010; Archibald et al.,
2011a; Albrecht et al., 2012; Tsironi et al., 2012). OCT analysis
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reported pathological thinning of the RGC, IPL and INL,
more evident in the foveal pit zone (Cubo et al., 2010;
Shrier et al., 2012; Adam et al., 2013; Spund et al., 2013;
Bodis-Wollner et al., 2014b; Lee et al., 2014b). However,
also in this case, other studies failed to find significant
differences in PD patients (Aaker et al., 2010; Archibald
et al., 2011a; Albrecht et al., 2012). These discrepancies can
be attributed to differences in disease stage/severity, and
to diverse measurement protocols and OCT equipment and
analysis methods.

Electrophysiology techniques such as electroretinography
(ERG) and visual evoked potentials (VEP) allow the analysis of
selective retinal circuits and the determination of dysfunction of
specific retinal cell types.

A close electrophysiological examination of the retina has
shown indeed a genuine impairment at the level of the local
circuitry in PD subjects. ERG measures the electrical response
evoked by a brief visual stimulus recorded from the retina. The
analysis of the resulting electrical potential gives information
about the function of different retinal cell types including cones,
rods, photoreceptors and retinal interneurons (Creel, 1995). ERG
is a very useful tool in order to obtain diagnostic information
and for disease progression monitoring. Taking advantage of
this technique, alterations in PD patients’ retina have been
described. In particular, scotopic and photopic b-wave as well
as the amplitude of the photopic a-wave have been found to be
reduced (Gottlob et al., 1987; Burguera et al., 1990). Interestingly,
a reduction of the amplitude of b-waves in PD patients is present
at early stages of the disease (Ikeda et al., 1994; Nowacka et al.,
2015) (Figure 2B). An increase in the latency of the VEP onset is
another frequent finding in PD patients (Tartaglione et al., 1987;
Liu et al., 2017; He et al., 2018).

However, it is necessary to remember that by recording at
the level of the visual cortex, VEP does not provide information
exclusively about the retina but rather about the whole visual
pathway. To date, the precise mechanisms responsible for
the alterations described above are not fully understood. It
has been suggested that decreased levels of DA can account
(at least in part) for these abnormalities. In agreement with
this suggestion, lower levels of TH or DA in the retina of
PD patients have been also described (Nguyen-Legros, 1988;
Harnois and Di Paolo, 1990).

Different studies have demonstrated that PD patients display
ERG profiles in which the amplitude and the latency are
altered as compared to control age-matched subjects (Gottlob
et al., 1987; Tartaglione et al., 1987; Burguera et al., 1990;
Ikeda et al., 1994). Interestingly, the ERG alterations observed
in PD patients can be mimicked with the DA receptor D2
antagonist I-sulpiride both in humans (Stanzione et al., 1995)
and monkeys (Tagliati et al., 1994). As mentioned before, D2
receptor activation mimics the low levels of DA release. Although
very informative, it is necessary to stress that these studies
have important limitations since they provide only descriptive
observations, without information on the cellular and molecular
basis underlying the observed ERG impairment. Moreover, most
of these studies focused on heterogeneous groups of patients thus
making it difficult to extrapolate conclusive information.

These limitations in terms of mechanistic issues are
compensated by the high clinical relevance that the combination
of these ophthalmic diagnostic tools (i.e., ERG, PERG, OCT)
may represent for early and non-invasive diagnosis of PD.

VISUAL AND RETINAL ABNORMALITIES
IN PD ANIMAL MODELS

To date a limited number of studies has been performed
on the retina of PD animal models; all these studies,
however, consistently report visual and retinal abnormalities as
summarized in Table 3.

Ocular abnormalities were studied in the classical neurotoxin-
induced rodent models generated by systemic administration
or intracranial injection of drugs, such as Rotenone, 6-
hydroxydopamine (6-OHDA), or 1-methyl- 4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP).

Rotenone is a naturally occurring pesticide and a potent
inhibitor of the Mitochondrial Respiratory Chain (MRC)
complex I and is used to model PD in animals. Rotenone-treated
rats showed a decreased number of RGC and DA amacrine cells
as wells as decreased thickness of the INL and ONL (Biehlmaier
et al., 2007; Esteve-Rudd et al., 2011; Normando et al., 2016).
These abnormalities were accompanied by a decrease in the
amplitude of scotopic and photopic a- and b-waves (Esteve-
Rudd et al., 2011). Notably, in this model, in vivo OCT analysis
and detection of apoptotic retinal cells (DARC) demonstrated
retinal neurodegeneration at 20-days post-rotenone injection,
while degeneration of DA neurons in the SN and striatum became
evident at day 60. These data indicate that neurodegeneration
occurs first in the retina and then in the brain supporting the
idea that the retina can be used as a potential biomarker tissue
for early diagnosis.

6-OHDA and MPTP are toxins that selectively destroy
DA containing neurons and are widely used to induce PD
in animal models. Unilateral injection of 6-OHDA into the
substantia nigra induced a decrease in DA levels in the
retina of a rat PD model (Meng et al., 2012). Abnormal
PERG responses of the RGC have been observed in monkeys
intravitreally injected with 6-OHDA (Bodis-Wollner and
Tzelepi, 1998). Finally, intravitreal administration of 6-
OHDA in mice resulted in a significant decrease of DACs
and impairment of visual-acuity, which was rescued by L-DOPA
(Marrocco et al., 2020).

Injection of MPTP in mice and monkeys causes a reduction
in the number of TH-positive amacrine cells and in retinal
dopamine levels (Tatton et al., 1990; Cuenca et al., 2005). In
MPTP-injected monkeys Cuenca and collaborators also reported
a decrease in γ-aminobutyric acidergic and glycinergic amacrine
cells, a deterioration of AII amacrine cells exhibiting a loss of
lobular appendages and dendritic processes, abnormal electrical
synapses among AII cells, as well as chemical synapses between
these and rod bipolar cells (Cuenca et al., 2005). Moreover, similar
to PD patients, MPTP monkeys also show RNFL thinning, a
decreased macula volume and foveal thickness as shown by OCT
(Schneider et al., 2014). These defects resulted in abnormal PERG
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TABLE 3 | Retinal abnormalities in PD animal models.

Model Biochemical and histological abnormalities Visual defects References

Rotenone Rat Decreased number of RGCs and DA amacrine cells.
Reduced thickness of INL and ONL

Decreased scotopic and photopic a- and b-waves Biehlmaier et al., 2007; Esteve-Rudd
et al., 2011; Normando et al., 2016

6-OHDA Rat Decreased dopamine level NA Meng et al., 2012

Mouse Decreased number of DA amacrine cells. Decreased visual-acuity Marrocco et al., 2020

Monkey NA Abnormal PERG responses Bodis-Wollner and Tzelepi, 1998

MPTP Mouse Decreased number of DA amacrine cells. Reduction of oscillatory potentials and of b-wave Takatsuna et al., 1992

Monkey RNFL thinning and a decreased macula volume and foveal
thickness.
Decreased number of DA, γ-aminobutyric acidergic and
glycinergic amacrine cells.

Abnormal PERG and ERG responses
Decreased visual acuity and contrast sensitivity

Bodis-Wollner and Tzelepi, 1998;
Cuenca et al., 2005

alpha-synuclein TgM83 (Prnp- A53T-
SNCA) Mouse

Accumulation of pSer129-α-Syn in the outer retina.
Increased microglial activation and GFAP immunoreactivity

NA Mammadova et al., 2019

Thy-1-A30P- SNCA Mouse Accumulation of pSer129-α-Syn in GCL, IPL, and INL. NA Veys et al., 2019

AAV-mediated wt hu-α-Syn
overexpression

Accumulation of pSer129-α-Syn in GCL, IPL and INL.
Decreased number of DA amacrine cells and of RGC.

Decreased b-wave in light-adapted condition.
Decreased visual acuity

Marrocco et al., 2020

α-Syn over-expression
Drosophila

NA Decrease ERG depolarization amplitude Chouhan et al., 2016

LRRK2 LRRK2-G2019S Drosophila Neurodegeneration in the retina Decrease in the peak-to-peak amplitude of the ERG Hindle et al., 2013

DJ-1 DJ-1α1 72 and DJ-1β1 93

Drosophila
NA Abnormal VEP Himmelberg et al., 2018

PINK-1 PINK15

Drosophila
NA Abnormal VEP Himmelberg et al., 2018

NA, not analyzed.
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and ERG responses and a decline in visual acuity and contrast
sensitivity (Bodis-Wollner and Tzelepi, 1998).

Takatsuna and collaborators observed a reduction in
the amplitude of oscillatory potentials and b-wave after
intraperitonel injection of MPTP and ERG analysis 10
and 30 days after MPTP injections in C57BL/6J mice
(Takatsuna et al., 1992). Primates treated both with MPTP
or 6-OHDA (Ghilardi et al., 1988, 1989) showed spatial
frequency-dependent abnormalities in both PERG and
VEP, and L-DOPA administration was effective in rescuing
the described ERG defects (Ghilardi et al., 1988, 1989;
Bodis-Wollner and Tzelepi, 1998).

Besides the toxin-induced models, ocular abnormalities were
also studied in animal models of PD including transgenic models
overexpressing both wild-type (wt) and mutated α-Syn, LRRK2
mutations, and knockout models of PINK-1 and DJ-1.

Mammadova et al. (2019) analyzed TgM83 transgenic mice
expressing A53T human α-Syn under the control of the
mouse prion protein (Prnp) promoter and showed that α-
Syn accumulates in the inner and outer retina of transgenic
mice, while phospho-α-Syn was significantly increased in
the ONL. The data highlighted a difference between this
model and what has been found in PD patients’ retinas
where detection of pSer129-α-Syn in the outer retina was
not reported (Beach et al., 2014; Bodis-Wollner et al., 2014a;
Ho et al., 2014; Ortuno-Lizaran et al., 2018). In addition,
TgM83 transgenic mice showed increased microglial activation
followed by increased GFAP immunoreactivity. No differences
in retinal TH-positive cells were observed (Mammadova et al.,
2019), however TH-positive cells were only analyzed in vertical
slides which presents some limitations for a comprehensive
quantification of the DACs with respect to whole mount
retina analysis.

Similar to what has been observed in human PD retinas,
the analysis of the (Thy-1)- hu-A30P- α-Syn transgenic mouse
showed the expression of the α-SYN transgene in the inner retinal
layers while phospho-α-Syn was found in INL cells, in the cell
bodies of the GCL, and in neurites in the IPL (Veys et al.,
2019). No experiments were performed in either study to assess
visual functions.

Recently, intravitreal injection of adeno-associated viral
(AAV) vectors over-expressing the wt human α-Syn (hu-α-
Syn) has been used to evaluate the effects of α-Syn over-
expression in the mouse retina (Marrocco et al., 2020). AAV-
hu-α-Syn injected mice displayed a time-dependent decrease of
the amplitude of light-adapted responses while those elicited
in dark-adapted conditions were not affected. Similarly, over-
expression of the human hu-α-Syn in the retina of adult
mice caused an impairment of the b-wave in light-adapted
condition and a decreased visual acuity that was completely
rescued by L-DOPA systemic administration. As for (Thy-1)-hu-
A30P-α-Syn transgenic mice and PD patients’ retinas, pSer129-
α-Syn accumulation were found in cells bodies of GCL and
INL, and in the IPL neurites (Figure 3A). These results were
mirrored by an early loss in the number of TH + amacrine
cells (Figures 3B,C) that precede in time the loss of the RGCs
(Marrocco et al., 2020). Notably this study demonstrated for

the first time that α-Syn overexpression in the retina leads to
neurodegeneration of DA amacrine cells, causing retinal-specific
defects and consequent visual impairment that resemble the
human PD phenotype (Marrocco et al., 2020). These findings is
even more interesting in light of very recent evidence reporting
a specific reduction of the DAC number as well as of the
number of their synaptic contacts with AII amacrine cells
and melanopsin cells reported in the retina of PD patients
(Ortuno-Lizaran et al., 2020).

The genetic component of PD had been neglected for long
time but the discovery of genes associated with this disorder
has stressed the importance of this aspect in the pathogenesis
of the disease. Mutations found in PD patients have been
inserted in Drosophila and retinal functions have been examined.
Among the mutations tested, one of the most common is
the LRRK2-G2019S mutation. Its impact on visual function
has been assessed by ERG following a 500 millisecond (msec)
stimulation with blue light. Electrophysiological experiments
revealed that compared to currents recorded from controls
flies, the decrease in the peak-to-peak amplitude of the
ERG observed in mutated flies was age-dependent, since
it was detected starting at 10 days, reaching a minimal
value at 28 days (Hindle et al., 2013). At the anatomical
level, this mutation induced a marked neurodegeneration
in the internal structure of the retina. Interestingly, this
effect is not accompanied by loss of dopaminergic neurons
(Hindle et al., 2013).

More recently, a comparison of visual function among
Drosophila models carrying the early-onset PD mutations
DJ-1α1 72, DJ-1β1 93, and PINK15 (Himmelberg et al.,
2018) has been performed. In order to investigate the
consequences of the above mutations on the response of
neuronal populations in the retina, the authors recorded
steady-state VEP (SSVEP) from the surface of the Drosophila
eye following stimulation with a sequence of frequency-
tagged flickering stimuli. By using this experimental paradigm,
the authors reported an abnormal increase in the SSVEP
amplitude induced by all three mutations (Himmelberg et al.,
2018). The Rh1-GAL4 driver has been used in order to
achieve over-expression of the full-length α-Syn protein in
Drosophila. This manipulation was responsible for a mild
decrease of ERG depolarization amplitude according to an
age-dependent model reaching the strongest effect at 30 days
(Chouhan et al., 2016).

MOLECULAR MECHANISMS
IMPLICATED IN PD VISUAL
ABNORMALITIES

Visual dysfunction in PD patients may be mainly explained by
the depletion of DA due to the loss of amacrine and inner
plexiform cells of the retina. Notably, changes in both contrast
sensitivity and color vision are partly reversible by L-DOPA
administration (Bulens et al., 1987; Hutton et al., 1993; Buttner
et al., 1994). Moreover, changes in DA levels and depletion of
amacrine cells lead to alterations in the receptive properties of
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FIGURE 3 | (A) Representative immunofluorescence showing retinal sections of rAAV-hu-α-syn injected mice and rAAV-GFP mice stained with antibody
anti-hu-α-syn (A-SYN) (red) and antibody anti-phospho α-syn (P-ASYN). (B) Representative images of the retina whole mount anti-TH immunofluorescence on Not
injected, rAAV-GFP- and rAAV-hu-α-syn-injected mice at 2 months post-injection. (C) Number of TH-positive cells. N ≥ 5. Data represent mean ± SEM.
###p < 0.0001 vs. rAAV-GFP. Significance was calculated by one-way ANOVA. Modified from Marrocco et al. (2020) under terms of the Creative Commons
Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/).

RGCs, which eventually results in additional dysfunction of visual
processing in PD patients. Nevertheless, electrophysiological tests
and structural imaging point to defects in all inner retinal layers
(GCL, IPL, and INL), indicating a loss of RGCs together with the
loss of the dopaminergic plexus (Cubo et al., 2010; Shrier et al.,
2012; Adam et al., 2013; Spund et al., 2013; Beach et al., 2014;
Bodis-Wollner et al., 2014b; Lee et al., 2014b). This is in line with
the finding of α-Syn aggregates in the GCL, IPL, and INL in the
retina of both PD patients and animal models that may indeed
represent one of the main causes of visual abnormalities in PD.

It has been shown that α-Syn toxicity impacts multiple
pathways and impairs the functions of several organelles as
well as inter-organelle contacts and organelles axonal transport.
Normally α-Syn localizes to presynaptic termini and associates
with synaptic vesicles (Iwai et al., 1995; Kahle et al., 2000).
Different studies showed that the normal function of α-Syn might
be disrupted in synucleinopathies, resulting in impaired synaptic-
vesicle motility and decreased synaptic-vesicle recycling-pool size
(Masliah et al., 2000; Nemani et al., 2010; Choi et al., 2013;
Janezic et al., 2013). Moreover, DA terminal loss, deficient DA
release, reduction in dopamine re-uptake and defective DAT
function have been also shown indicating that abnormal α-Syn
can disrupt dopamine turnover through different mechanisms
(Masliah et al., 2000; Lundblad et al., 2012; Janezic et al.,
2013; Giordano et al., 2018). On the other hand, α-Syn toxicity
also causes dysfunctions of different organelles including the
endoplasmic reticulum and the Golgi, autophagy or lysosomal
pathways, and mitochondria (reviewed in Wong and Krainc,

2017). Recently, an important crosstalk between α-Syn and
mitochondrial disfunctions has been described. α-Syn toxicity
can indeed directly disrupt mitochondrial homeostasis through
different mechanisms (Wong and Krainc, 2017; Vasquez et al.,
2020) such as deregulation of mitochondrial dynamics, including
fission/fusion and mitophagy processes (Kamp et al., 2010;
Choubey et al., 2011; Nakamura et al., 2011; Chen et al., 2015;
Ordonez et al., 2018), as well as damage to the mitochondrial
DNA (mtDNA) and impaired mitochondrial protein import
(Martin et al., 2006; Di Maio et al., 2016). Moreover, α-Syn
toxicity may also induce mitochondrial dysfunction indirectly by
decreasing the level of PGC-1α, a key player in mitochondrial
biogenesis (Zheng et al., 2010; Eschbach et al., 2015).

These finding point to a pivotal role of mitochondrial
dysfunction in PD pathogenesis. Notably, in a recent study it
was shown that AII cells were not reduced in PD patients, but
they showed the loss of mitochondria in lobular appendages,
which may indicate an energetic failure, and a loss of connexin
36, suggesting alterations in the AII coupling and in visual signal
transmission from the rod pathway (Ortuno-Lizaran et al., 2020).

Moreover, mitochondrial defects can represent per se a cause
of PD. The first observation involving mitochondria in PD was
the discovery that MPTP-induced parkinsonian syndrome is
due to MPTP-dependent inhibition of MRC complex I (Davis
et al., 1979; Langston et al., 1983; Ramsay and Singer, 1986).
MPTP is metabolized to MPP + by MAO-B in glial cells and
selectively concentrates in dopaminergic neurons through the
dopamine transporter (DAT) (Javitch et al., 1985). As we have
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seen before, most of the toxins that leads to loss of DA cells and
associated parkinsonism act either as Complex I inhibitors, such
as Rotenone, or lead to increased production of reactive oxygen
species (ROS) such as Paraquat and 6-OHDA (Betarbet et al.,
2000; Jenner, 2001; Blesa et al., 2012; Giannoccaro et al., 2017).
Moreover, many genes associated with PD encode proteins that
impact on mitochondrial function and clearance (Exner et al.,
2012) (see Table 1). Lastly, bioenergetics defects and decreased
activity of MRC complexes (in particular Complex I) have been
found in brains and peripheral tissues of idiopathic PD patients
(Chaturvedi and Flint Beal, 2013; Bose and Beal, 2016). Of note,
in many cases this may be the result of genetic predisposition,
possibly related to the mtDNA, considering the occurrence of
mutations, deletions, and defective mtDNA maintenance with a
reduction of copy number, as a major driving mechanism of PD
(Giannoccaro et al., 2017).

Interestingly, OCT analysis in PD patients reported a
reduction of the RNFL thickness and a significant thinning of
nerve fibers entering the infero-temporal quadrants of the optic
disk, consistent with the involvement of the papillo-macular
bundle (Inzelberg et al., 2004; Yavas et al., 2007; Moschos
et al., 2011; La Morgia et al., 2013). This pattern of axonal
loss is similar to that typically seen in Leber hereditary optic
neuropathy (LHON) and in dominant optic atrophy (DOA),
the most frequent mitochondrial optic neuropathies, where
the temporal fibers belonging to the papillo-macular bundle
are specifically susceptible (Maresca et al., 2013; Yu-Wai-Man
et al., 2016). Notably, both LHON and DOA are associated
with MRC Complex I defects (Yu-Wai-Man et al., 2011), which
is also recognized as a key feature in the pathogenesis of
sporadic and genetic forms of PD (Giannoccaro et al., 2017).
Moreover, DOA, LHON, and PD are also associated with altered
mitochondrial dynamics. Mitochondrial network fragmentation
has been described in patient-derived cells from both DOA
and PD affected individuals carrying, respectively, OPA1 and
PINK1/Parkin mutations (Schapira, 2008; Carelli et al., 2009;
Whitworth and Pallanck, 2009). Further, deregulation of the
mitochondrial quality control mechanisms and mitophagy has
been documented in RGCs of OPA1 mutant mice, and represents
a key factor in PD pathogenesis (White et al., 2009; Exner et al.,
2012; Giannoccaro et al., 2017).

These common mechanisms can explain the similar retinal
phenotype seen in patients with PD and those with LHON
and DOA, suggesting that they might also share similar
therapeutic targets. Strategies that enhanced mitophagy and
mitochondrial biogenesis resulted indeed in an amelioration of
the phenotype in both LHON and PD representing attractive
targets for drug development (Zheng et al., 2010; Dikic and
Bremm, 2014; Eschbach et al., 2015; Koentjoro et al., 2017;
Indrieri et al., 2019, 2020).

CONCLUSION AND FUTURE
PERSPECTIVES

Visual abnormalities together with impairment of the retinal
dopaminergic system is an intriguing phenotype in PD

patients and animal models. The retina, however, has long
been overlooked compared to other brain regions in PD, so
the information available is rather limited. However, recent
experimental evidence indicates ocular changes in PD as
promising biomarkers in the eye that can be potentially
used for early diagnosis, to track disease progression, and
to evaluate novel therapeutic strategies (Guo et al., 2018;
Turcano et al., 2019; Veys et al., 2019). Although the
specificity and predictive value of OCT and ERG changes
in PD patients are still under debate, due to overlap with
normal aging and other neurological and ophthalmological
diseases, a better characterization of retinal dysfunctions
during neurodegenerative diseases combined with imaging
of protein aggregates may indeed represent a valuable
approach for early diagnosis of PD. In this respect the
presence of α-Syn deposits in the retina may have high
potential for early diagnosis of PD (Veys et al., 2019;
Ortuno-Lizaran et al., 2020). We thus believe that novel
approaches integrating multiple biomarkers and employing
novel technologies to increase diagnostic yield are needed and
may be successfully applied in PD.

Moreover, due to its anatomical organization, the retina
could be an ideal structure to study the molecular mechanisms
underlying PD pathology. The retina-model of PD does
not replace the nigrostriatal models of PD, as it cannot
recapitulate the cognitive and motor deficits as well as
the complexity of the synaptic changes occurring in the
mesocorticolimbic system in PD. However, it could have
some advantages that combine those of in vivo brain models
and in vitro cellular models. The advantage of using the
retina as compared to in vitro models (including IPS or
organoids) is that the animal retina recapitulates the retina
of patients and the complexity of the neuronal populations
present in vivo. Furthermore, in vivo studies on disease
mechanisms or on drug screening on the retina allows to test
vision. Differently from the standard in vivo mesencephalic
models the retina in animals is accessible with non-invasive
methods (such as OCT, ERG, and VEP) that allow a
comprehensive analysis of the histological and functional
progression of neuronal loss. This makes it particularly useful
to follow the time-course of novel therapeutic strategies for
months in the same subjects, which is one of the main
limitations in animal models of neurodegeneration. Another
important aspect is that it allows the local application of
drugs, which is important for generating proof-of-concept
evidence with novel pharmacological or genetic therapeutic
approaches without using invasive (like intra-brain injection)
and/or systemic injections that might have peripheral side
effects. Therefore, the retina-model might be the first step
for in vivo testing of disease modifiers. This aspect is
also important for translating new therapeutic approaches
to patients. Gene or pharmacological local treatments of
the eyes are already at an advanced stage. There is the
possibility of testing the efficacy of a treatment for a single
patient by treating with local applications one single eye
and evaluating it by in vivo imaging and functional tests.
This would also contribute, together with studies on the
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patient IPS cells, to developing personalized therapies. For all
these reasons we propose the retina as a useful complementary
experimental model for the identification and study of pathways
involved in the disease pathogenesis or to test novel therapeutic
approaches for PD.
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Neurodegenerative disorders (NDD) such as Alzheimer’s and Parkinson’s diseases are

significant causes of morbidity and mortality worldwide. The pathophysiology of NDD

is still debated, and there is an urgent need to understand the mechanisms behind the

onset and progression of these heterogenous diseases. The eye represents a unique

window to the brain that can be easily assessed via non-invasive ocular imaging. As

such, ocular measurements have been recently considered as potential sources of

biomarkers for the early detection and management of NDD. However, the current

use of ocular biomarkers in the clinical management of NDD patients is particularly

challenging. Specifically, many ocular biomarkers are influenced by local and systemic

factors that exhibit significant variation among individuals. In addition, there is a lack

of methodology available for interpreting the outcomes of ocular examinations in NDD.

Recently, mathematical modeling has emerged as an important tool capable of shedding

light on the pathophysiology of multifactorial diseases and enhancing analysis and

interpretation of clinical results. In this article, we review and discuss the clinical evidence

of the relationship between NDD in the brain and in the eye and explore the potential

use of mathematical modeling to facilitate NDD diagnosis and management based upon

ocular biomarkers.

Keywords: neurodegenerative disorders, fluid-dynamics, mathematicalmodeling, glaucoma, intraocular pressure,

cerebrospinal fluid pressure

1. INTRODUCTION

Neurodegenerative disorders (NDD) represent a heterogeneous group of diseases characterized
by progressive structural and functional degeneration of the central and peripheral nervous
systems. NDD, such as vascular dementia, Alzheimer disease (AD), Parkinson’s disease (PD), and
Huntington’s disease (HD), are common causes of morbidity and mortality worldwide, especially
in the elderly population (Erkkinen et al., 2018). Other neurodegenerative pathologies affecting
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the elderly such as glaucomatous optic neuropathy greatly reduce
a person’s quality of life. As life expectancy continues to increase,
it is critical to elucidate the pathophysiology of NDD in order
to improve diagnostic and therapeutic options and reduce the
ever-increasing burdens NDD place on the health care system.

Thanks to its special connection to the brain and its
accessibility to measurements, the eye provides a unique window
on the brain, thereby offering non-invasive access to a large set of
potential biomarkers that might help in the early diagnosis and
clinical care of NDD. However, characterizing ocular biomarkers
as surrogates of the brain status is far from trivial. Clinical
measurements are influenced by many factors that vary among
individuals, such as blood pressure, intraocular pressure (IOP),
and cerebrospinal fluid (CSF) pressure. Furthermore, some of
these factors may be systemic (e.g., blood pressure, CSF pressure)
or local to the eye (e.g., IOP), thereby making it extremely
difficult to isolate their contributions to pathogenic processes in
in vivo settings. Thus, despite their accessibility to noninvasive
imaging, ocular measurements remain challenging to interpret
in view of NDD biomarkers due to the lack of quantitative
methods to identify the most relevant pathogenic mechanisms in
specific patients.

In the last decades, mechanism-driven modeling has emerged
as a valuable complement to statistical methods in analyzing
and interpreting the outcomes of clinical and experimental
studies (Sacco et al., 2019a). The purpose of mechanism-driven
models is to translate concepts of physics and physiology into
mathematical equations that can be solved on a computer,
thereby providing a sort of virtual laboratory where multiple
scenarios can be simulated and hypotheses can be tested.
Ultimately, mechanism-driven models can provide insights on
the fundamental physiological mechanisms at play in complex
multifactorial diseases and aid the design of new clinical and
experimental studies.

The main goal of this article is to look at NDD from a
broad multidisciplinary perspective, where clinical evidences of
NDD in the brain and in the eye are reviewed (section 2) and
critically discussed (section 3), with particular focus on fluid-
dynamical aspects. Mechanism-driven models are presented in
the context of other methods for data analysis (section 4),
followed by an overview of currently available models for the
eye and their connection to the brain (section 5). The potential
of utilizing mechanism-driven models as virtual laboratories
is illustrated by means of a specific example involving the
interplay between IOP and CSF pressure on the biomechanics
and hemodynamics of the optic nerve head, which is an
anatomical site of particular interest for the eye-brain connection
(section 6). Finally, the article concludes with an outlook on how
to further develop this multidisciplinary approach in order to
enable NDD diagnosis and monitoring via noninvasive ocular
measurements (section 7).

2. OVERVIEW OF CLINICAL EVIDENCE

While the etiology of NDD is not fully understood, many
studies have shown that alterations in brain fluid balance

including cerebral blood flow and CSF flow often precede
cognitive damage (Weller et al., 2009; Sagare et al., 2013). For
example, impaired blood supply to the brain and subsequent
hypoperfusion have been shown to be involved in the
pathogenesis of vascular dementia and AD (Esiri et al., 1999;
Jellinger and Attems, 2007; Jellinger, 2008). Specifically, AD is
associated with ineffective drainage of interstitial fluid leading to
an abnormal accumulation of amyloid-β (Aβ) in the perivascular
space (Weller et al., 2009) and decreased levels of Aβ in
the CSF (Blennow et al., 2006; Shaw et al., 2011; Lehmann
et al., 2014). Several studies have shown chronic cerebral
hypoperfusion involvement in the progression of cognitive
decline in AD patients (Lin et al., 2011; Shang et al., 2016; Zhai
et al., 2016; Shi et al., 2019), and an impairment of Aβ clearance
has been suggested to play a primary role in the pathophysiology
of the disease (Gallina et al., 2015). Alongside AD, alterations
in cerebral blood flow have been implicated in the pathogenesis
of Parkinson’s disease (Hirano et al., 2012; Heron et al., 2014).
In addition, patients with amnestic mild cognitive impairment
present abnormally high mean total cerebral arterial flow,
whereas patients with idiopathic normal pressure hydrocephalus
present abnormally high aqueductal CSF oscillations (Sankari
et al., 2011). Impaired homeostatic brain fluid balance and
clearance therefore appear to represent a key component of a
wide spectrum of NDD.

The eye is directly linked to the brain via the optic
nerve. Progressive neurodegeneration of the optic nerve and
corresponding death of the retinal ganglion cells occurs in
glaucoma, a leading cause of irreversible blindness worldwide.
Elevated IOP is a well-known risk factor for onset and
progression of the disease, but other systemic fluid-balanced
biomarkers, such as blood pressure, ocular perfusion pressure,
and CSF pressure have been implicated in the disease
process (Berdahl et al., 2008; Caprioli and Coleman, 2010;
Harris et al., 2019, 2020). Reduced ocular blood flow and
higher vascular resistance have been shown to occur with age
with subtle differences in men and women and, along with
senescence, may contribute to increased risk in older age (Harris
et al., 2000). Decreased cerebral blood flow and diffuse cerebral
ischemic changes as well as impaired vascular autoregulation
have all been identified in glaucoma patient populations (Harris
et al., 2003, 2007, 2013). While traditionally considered a disease
limited to the eye, current understanding identifies glaucoma
as a neurodegenerative disorder (Gauthier and Liu, 2016), as it
shares several physiological similarities with other NDD, such as
AD and PD.

Neurodegeneration of the eye and brain tissues, fluid
homeostasis, and progressive NDD disease processes therefore
have significant interconnectivity. Several studies have shown
that different regions of the central nervous system, and not only
the optic nerve, are in fact affected by glaucomatous damage,
i.e., the intracranial optic nerves, the lateral geniculate nucleus,
and the visual cortex (Gupta et al., 2006, 2009). Specifically,
glaucoma and the other NDD share common pathophysiologic
mechanisms, such as the programmed cell death (apoptosis) of
specific groups of neurons, and the diseases’ spread via trans-
synaptic degeneration (Gupta and Yücel, 2007). In addition,
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neuroinflammation and microglial activation are commonly
reported pathogenetic features in glaucoma and other NDD, such
as AD and PD (Ramirez et al., 2017). Both aging and a positive
family history are common risk factors for all the aforementioned
diseases that are characterized by insidious onset (Gauthier
and Liu, 2016). Mancino et al. (2018) recently suggested that
glaucoma and AD can be considered as two manifestations of
one singular age-related NDD of the brain. An alteration in the
level of the intracranial pressure has been suggested as a possible
common mechanism between glaucoma and AD. In fact, lower
levels of CSF pressure have been shown in both glaucomatous
patients (Berdahl et al., 2008) and AD patients (Silverberg et al.,
2006). Another indication of the cerebral involvement in the
glaucomatous damage has been shown by Mercieca et al. (2016),
who found an increased number of cerebral small vessel disease
assessed by magnetic resonance in patients with glaucoma,
compared to healthy controls.

Vascular changes in the brain have also been associated with
vascular changes in the eye (Heringa et al., 2013; Jindal, 2015).
This is not surprising since, in many aspects, the eye is a
protrusion of the brain. The blood supply to the eye is secured
by the ophthalmic artery, which is a branch of the internal
carotid artery; the blood drains from the eye into the cavernous
sinus, which also receives blood from superficial cortical veins;
the CSF fills the subarachnoid space which surrounds the
brain and extends all around the optic nerve (Fleishman and
Berdahl, 2019; Prada et al., 2019). In addition, the retina shares
anatomic, embryologic, and physiologic characteristics with the
cerebral microvasculature and the neurons of the central nervous
system (Heringa et al., 2013; London et al., 2013). Indeed the
eye is the only place in the human body where structural and
functional vascular features can be observed and measured easily
and non-invasively down to the capillary level (Harris et al.,
2003; Weinreb and Harris, 2009). Fundus camera gives images of
the retinal vasculature, color Doppler imaging measures velocity
profiles in the main arteries supplying the eye, Heidelberg
retinal flowmeter analyzes the hemodynamics in the retinal
microcirculation, retinal oximetry gives oxygen levels in the
arterioles and venules of the retina, and optical coherence
tomography (OCT) and OCT angiography (OCTA) capture
high-resolution information of the ocular structure combined
with measurements of the retinal vessels in the optic nerve head
and macula regions (Weinreb and Harris, 2009; Guidoboni et al.,
2013; Kashani et al., 2017; Gross and Prada, 2019), see Figure 1.
Given the relationship between eye and brain, current research
to detect signs on neurologic disorders via non-invasive imaging
modalities at the ocular level is highly suggested.

Research focused on using the eye as a window into the
brain is in its juvenile stage, yet several promising findings
have emerged in pilot studies. Specifically, patients suffering
from NDD and several other neurological diseases often display
noticeable vascular and structural alterations in the eye. Reed
et al. (2017) showed how early signs of AD may be detected
at the level of the eye as retinal synaptic dysfunction and
highlighted the advantages of analyzing the retina structure
and function via non-invasive imaging techniques for earlier
detection of AD. AD has been associated with reduced cerebral

and ocular blood flow, retinal vascular attenuation, increased
standard deviation of retinal vessel widths, reduced complexity
of the retinal vascular branching pattern and reduced tortuosity
of retinal venules (Langham, 2009; Frost et al., 2013; Li et al.,
2014). Multiple small sample studies have shown thinning of
the retinal nerve fiber layer in patients with AD (Doustar et al.,
2017). In a recent study from O’Bryhim et al. (2018), subjects
with preclinical AD showed retinal microvascular and structural
anomalies assessed via OCTA. PD is also associated with retinal
thinning (Satue et al., 2013; Garcia-Martin et al., 2014) which, in
turn, is associated with reduced retinal blood flow (Januleviciene
et al., 2008). Over a 5 year follow-up period, greater changes in
the retinal nerve fiber layer and macular thickness were found in
patients with PD compared to controls (Satue et al., 2017). Also,
PD progression was associated with the structural changes of the
retinal nerve fiber layer (Satue et al., 2017). A correlation between
disease severity and structural changes in the retinal nerve fiber
layer thickness and macular volume was also found in patients
with HD (Kersten et al., 2015). Patients with multiple sclerosis
have also shown a reduction in the optic nerve head perfusion,
and in the thickness of the peripapillary retinal nerve fiber
layer and macular ganglion cell complex compared to healthy
subjects (Spain et al., 2018). Finally, the space flight-associated
neuro-ocular syndrome (SANS) is another example of disease
with ocular and cerebral manifestations. This term indicates the
spectrum of clinical signs found in astronauts undergoing long
duration space flight, such as optic disc swelling, choroidal, and
retinal folds, flattening of the ocular globe, hyperopic shift in
refraction, and infarcts of the nerve fiber layer (Mader et al.,
2019). The pathogenesis of the disease is not fully understood,
and imaging modalities such as OCTA present a great potential
in order to non invasively study the structural changes that occur
in astronauts (Lee et al., 2018).

3. OPEN QUESTIONS AND MATTERS OF
DEBATE

The eye and its anatomical and fluid-based connectivity to brain
tissues, along with its accessibility to imaging measurements,
provides a unique window for non-invasive biomarkers that
might help in the early diagnosis and clinical care of NDD.
The scientific community is actively investigating how to use
vascular and CSF-related biomarkers for NDD suspects, since
early diagnosis significantly reduces negative outcomes in NDD
treatment (Zimmermann et al., 2011; Corvol, 2012). However,
clinical measurements are influenced by many factors that vary
among individuals and cannot be isolated in vivo, thereby posing
serious challenges for the interpretation of such measurements
both for neurologic and ocular diseases. For example, despite the
fact that the relevance of CSF biomarkers for AD diagnosis is
clearly established, the question remains on how to use these data
since not all biomarkers are always pathologic (Lehmann et al.,
2014). Also, the pathogenesis of AD is still debated, and further
research is needed to understand the relative importance of blood
and CSF flows in Aβ clearance (Sagare et al., 2013), and the roles
of excessive production or inefficient removal in Aβ abnormal
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FIGURE 1 | Techniques for non-invasive ocular measurements (Guidoboni et al., 2013). (A) Fundus camera; (B) Color Doppler Imaging; (C) Fourier-Domain Optical

Coherence Tomography (FD-OCT); (D) Retinal Oximetry. Images reproduced from Guidoboni et al. (2013), with permission.

accumulation (Weller et al., 2009). Similar considerations hold
true for ocular biomarkers. Specifically, even though retinal
biomarkers have been shown to hold great potential for early
AD detection (Grimaldi et al., 2018), they still need validation
in order to be integrated in the clinical practice as translatable
tools for screening NDD (Alber et al., 2020). Studies are also
needed to further the understanding of the interplay of different
ocular (IOP, ocular perfusion pressure), and systemic (blood
pressure, CSF pressure) parameters in the pathophysiology of
the disease (Caprioli and Coleman, 2010; Jonas et al., 2015).
Finally, the distribution of a drug within the brain involves
complex mechanisms, influenced by different factors including
those involved in transport across the blood-brain barrier and
drug target binding within the brain. Importantly, Vendel
et al. (2019), demonstrated how three-dimensional mathematical
models can elucidate drug pharmacology that act at the level of
the central nervous system, by integrating physiologic parameters
that influence drug distribution within brain tissues. Therefore,
improved methods for data analysis via mathematical modeling
would be critically important to further the understanding of the
role of different factors in the pathogenesis of brain and ocular
NDD and diseases, thus ameliorating the available diagnostic
and therapeutic options and the quality of life of million of
patients worldwide.

4. METHODS FOR DATA ANALYSIS: ROLE
OF MECHANISM-DRIVEN MODELING

The challenge of characterizing the role of individual risk factors
in the pathogenesis of multifactorial diseases, such as NDD, is
ubiquitous in medicine. Oftentimes, different factors interact
with each other and may increase or decrease the overall disease
risk for a given individual, leaving clinicians with the dilemma
of how to select the best therapeutic approach for each single
patient. Ultimately, the quest of deciphering how various factors
contribute to the disease pathogenesis in each patient is what
drives precision medicine, from which the management of NDD
would greatly benefit.

Typical methodological approaches that are utilized to solve
the puzzle of multifactorial diseases include the acquisition
of data in animals and in humans. Animal studies have the

advantage that they allow for controlled laboratory protocols
and extremely invasive procedures, but are limited by the extent
to which a disease process occurring in the animal model is
representative of what occurs in humans. Human studies have the
advantage that they provide information on the disease process as
it happens on the subject of interest, but are limited by the type
of procedures that can be performed and the type of data that can
be acquired.

The data acquired in clinical and experimental studies have
been traditionally analyzed using statistical and computational
methods, giving rise to whole new scientific fields such as
biostatistics and bioinformatics. Artificial intelligence (AI) is
emerging as a powerful tool to connect the dots among different
types of data (e.g., medical images, demographic information,
medications, medical history) acquired on different types of
subjects (e.g., humans and animals) (Jiang et al., 2017). For
example, AI is enabling unprecedented automated analysis of
images of the eye (Schmidt-Erfurth et al., 2018; Ting et al., 2019)
and the brain (Akkus et al., 2017; Lee et al., 2017). However, to
date, it remains very challenging to interpret the outcomes of AI
algorithms on the basis of physiological mechanisms that may be
most relevant in the disease process of a specific patient.

A complementary approach is offered by mechanism-driven
modeling, where fundamental principles of biophysics and
physiology are combined and translated into mathematical
equations that can be used as virtual laboratories to simulate
numerous “what if ” scenarios at minimal cost (Sacco et al.,
2019b). Animal and human data are essential to develop
mechanism-driven models and characterize the values of model
parameters. Mechanism-driven models can then be used to test
hypotheses, formulate new conjectures and inform the design of
new experiments. Recently, the scientific community is moving
toward combiningmechanism-drivenmodels and AI algorithms,
in order to improve the explainability of AI outcomes (Baker
et al., 2018). Thus, mechanism-driven models serve as valuable
complements of experimental and clinical research and may
help disentangle the role that different factors play in complex
diseases, such as NDD.

Combining mechanism-driven modeling and imaging in a
unified computational framework has proved to be a powerful
and successful approach in the domain of cardiovascular
disease research, surgical planning, and diagnostics in the last
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years. There is particular promise for elucidating the complex
interplay between hemodynamics and biomechanics from this
emerging area (Taylor and Figueroa, 2009; Niederer et al., 2019).
Examples of key applications include treatment and monitoring
of cardiovascular conditions (Vignon-Clementel et al., 2010),
medical device evaluation (Chen et al., 2006), and non-invasive
diagnostics and surgical planning (van Bakel et al., 2018). In the
following sections, we will focus on mechanism-driven models
for the eye, in the view of their connection to the brain.

5. OVERVIEW OF MECHANISM-DRIVEN
MODELS OF THE EYE AND THEIR
CONNECTION TO THE BRAIN

Mechanism-driven models have been proposed for the study of
various aspects of ocular biophysics. Biomechanical and fluid-
dynamical aspects are of particular relevance when viewed in the
perspective of the eye-brain connections. Biomechanical studies
have the goal of predicting distributions of stresses and strains
that originate in the tissues as a result of specific challenges,
such as those experienced during diagnostic or therapeutic
procedures or pathological changes in IOP or intracranial
pressure (ICP) (Roberts and Liu, 2017; Roberts et al., 2018).
Fluid-dynamical studies have the goal of predicting distributions
of pressures and velocities characterizing the flow of a fluid in
the tissue. In the eye, such studies have focused on the flow
of blood, aqueous humor and tear film, with few contributions
considering the dynamics of vitreous humor and cerebrospinal
fluid, as reviewed in recent works (Arciero et al., 2019; Braun
et al., 2019; Dvoriashyna et al., 2019; Repetto and Dvoriashyna,
2019; Sala et al., 2019b).

It is important to emphasize that, in response to a
challenge, the tissue may exhibit both biomechanical and fluid-
dynamical responses, whose behavior is coupled rather than
disjoint. For example, when IOP is elevated, ocular tissues
may undergo larger deformations (biomechanical response)
and, as a consequence, blood vessels may be distorted or
compressed, thereby compromising the blood flow through
the tissue (fluid-dynamical response). Furthermore, sustained
biomechanical and fluid-dynamical alterations will impact the
delivery of oxygen and nutrients to the tissue and the removal
of metabolic products, such as Aβ , from the tissue, and will
likely induce a cascade of remodeling processes which, in turn,
will alter the way in which the tissue will respond to future
challenges. The development of mechanism-driven models to
study the complex interaction between biomechanical and
fluid-dynamical responses requires multiscale and multiphysics
modeling techniques, which are still active areas of research
in mathematical and computational sciences (Sacco et al.,
2019b). As a result, only few mechanism-driven models are
currently available to study the interaction among diverse
biophysical aspects of ocular physiology. Examples include
models coupling biomechanics and hemodynamics (Guidoboni
et al., 2014a,b,c; Arciero et al., 2019; Sala, 2019) and models
coupling hemodynamics and oxygenation (Arciero et al., 2013,
2019; Causin et al., 2016; Carichino et al., 2016; Fry et al., 2018).

Most of these models have focused on macroscale phenomena,
with only few models accounting for their counterparts at
levels of single cells and ion exchangers on the cellular
membrane (Mauri et al., 2016; Sala et al., 2019a; Sacco et al.,
2020). As a further note, to date, only few mechanism-driven
models have included the dynamics of Aβ (Craft et al., 2002; Puri
and Li, 2010; Das et al., 2011; Kyrtsos and Baras, 2015; Franchi
and Lorenzani, 2016, 2017). However, these models have been
developed in the context of the brain and their applicability to
the eye remains to be assessed.

Biomechanical and fluid-dynamical aspects play a very
important role in the multifaceted connection between eye and
brain. The blood to the eye is supplied by the ophthalmic
artery, which branches from the internal carotid artery on its
way to the brain. The ocular venous blood drains into the
facial vein, the pterygoid venous plexus and the cavernous sinus,
the latter being one of sinuses collecting also cerebral venous
blood (Prada et al., 2019). The cerebrospinal fluid that occupies
the subarachnoid space between the arachnoid mater and the pia
mater in the brain while flowing through the ventricular system
and the spinal cord, also fills the subarachnoid space around the
optic nerve (Fleishman and Berdahl, 2019). Interestingly, both
eye and brain are characterized by internal pressures, namely
intraocular pressure (IOP) and intracranial pressure (ICP), that
are exerted by fluids on the surrounding tissues. Cerebrospinal
and interstitial fluids are the main contributors to establishing
ICP in the brain (Fleishman and Berdahl, 2019); in the eye, IOP
is mainly due to the balance between production and drainage
of aqueous humor, which is the clear fluid filling the anterior
chamber between the lens and the cornea (Toris et al., 2019).

The dynamics of blood, aqueous humor, and CSF in
the eye and in the brain are intrinsically intertwined, with
alterations in their flow rates and pressures being associated
with several pathological conditions, including glaucoma, NDD
and SANS, as discussed in section 2. The study of this
complex system via mechanism-driven models is still in its
infancy, with most investigations being motivated by research in
glaucoma (Carichino et al., 2014; Harris et al., 2019; Sala, 2019;
Sala et al., 2019b) and SANS (Nelson et al., 2017; Feola et al., 2018;
Kaskar et al., 2019; Salerni et al., 2019).

In the following section, we illustrate by means of an example
how mechanism-driven models can be used to gain insights on
the biomechanics and hemodynamics in the eye and their role in
the eye-brain connection.

6. UTILIZING MECHANISM-DRIVEN
MODELS AS VIRTUAL LABORATORIES: A
SPECIFIC EXAMPLE

As a specific example, in this section we will illustrate how
mechanism-driven models can help understand and quantify the
consequences that different levels of IOP and CSF pressure have
on ocular biomechanics and hemodynamics. Such an example
is particularly relevant in view of utilizing ocular measurements
for NDD diagnosis and monitoring. CSF changes have been
associated with disease conditions, along with biomechanical and
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hemodynamical changes in the eye, as discussed in section 2.
However, ocular measurements in the eye are also likely to be
affected by conditions that are local to the eye, such as the level
of IOP. Thus, in order to devise effective ocular biomarkers for
NDD, we should be able to tell how a specific condition in the
brain, e.g., altered CSF pressure, is going to manifest in the eye of
a specific individual, e.g., having a IOP of 17 mmHg rather than
11 mmHg.

The mechanism-driven model discussed in this section
has been published in Sala (2019) and Sala et al. (2018a,b)
and includes several anatomical components of the eye, as
schematized in Figure 2. In particular, the lamina cribrosa is
a collagenous structure located within the optic nerve head
that bears remarkable relevance for the connection between
eye and brain. The lamina cribrosa facilitates the passage of
axon bundles transmitting the neural signal from the retina
to the brain and allows the central retinal artery and vein to
perfuse the retina, while helping maintain the pressure difference
between the intraocular space and the optic nerve. The pressure
in the intraocular space is the IOP and is primarily due to
the aqueous humor filling the anterior chamber (Toris et al.,
2019), whereas the pressure in the optic nerve is often referred
to as retrolaminar tissue pressure (RLTp) and is primarily
due to the CSF filling the subarachnoid space (Morgan et al.,
1995, 1998). Healthy baseline values of IOP and RLTp are
difficult to definitely set for all persons of different ages,
genders, races, and in consideration of co-morbidities. Reported
values of approximately 15 and 7 mmHg, respectively, may
represent reasonable baseline choices (Harris et al., 2020). The
difference between IOP and RLTp is often referred to as
translaminar pressure difference (TLPd), whose alterations have
been associated with glaucoma, papilledema and SANS (Marek
et al., 2013; Mader et al., 2019). However, many questions
remain unanswered, including: (i) whether and to what extent
individual levels of IOP and RLTp, in addition to their difference,
contribute to originate pathogenic processes; and (ii) whether
and to what extent changes in IOP, RLTp, and TLPd induce
altered conditions in biomechanics and/or hemodynamics within
the lamina cribrosa.

To help address these questions, we utilize a mechanism-
driven model, also called Ocular Mathematical Virtual
Simulator (OMVS), that allows the user to simulate the
blood circulation in the central retinal vessels and the lamina
cribrosa (hemodynamical conditions), while accounting for
mechanical deformations in the ocular tissues (biomechanical
conditions) (Sala et al., 2018a,b; Sala, 2019). Such level of
complexity calls for a multiscale modeling approach, where
simplified network-based models that capture the essential
dynamical features of complex systems at relatively low
computational cost are coupled with three-dimensional
models that capture spatial heterogeneities within the
tissues (Figure 2). Specifically, the OMVS simulates: (i) the
biomechanical behavior of cornea, sclera, choroid, retina, and
lamina cribrosa via systems of partial differential equations
describing their linear elastic dynamics; (ii) the blood circulation
in the retinal vasculature and the central retinal vessels via
systems of ordinary differential equations describing fluid

flow as an electric current in a circuit-based model; (iii)
the blood perfusion in the lamina cribrosa via a system of
partial differential equations describing its Darcy-like porous
medium dynamics.

Any mathematical model, regardless of its complexity,
includes simplifying assumptions that capture some essential
features of the system dynamics while keeping its numerical
solution manageable. For instance, the OMVS assumes that
the central retinal vessels and the retinal venules passively
deform upon changes in transmural pressure, which results
from the difference between intravascular pressure and IOP
for intraocular vascular segments, and between intravascular
pressure and RLTp for retrobulbar vascular segments. The
current OMVS version does not account for active changes
in the diameter of retinal arterioles due to blood flow
autoregulation, which could be included as proposed by the
authors in other works (Arciero et al., 2013; Guidoboni et al.,
2014b). In the context of lamina cribrosa and ocular tissue
modeling, the OMVS assumes a linearly elastic behavior, even
though more realistic descriptions of the non-linear, possibly
viscoelastic behavior were proposed in the literature (Roberts
and Liu, 2017; Roberts et al., 2018) and would be interesting
to include. Despite these underlying assumptions, the OMVS
model brings the novelty of connecting complex biomechanic
and hemodynamic responses to clinically measurable quantities
related to tissue displacement and blood flow velocity, while
yielding relevant information on tissues that are not currently
accessible via noninvasive measurements, thereby providing a
flexible tool to complement clinical and experimental studies
and deepen the current understanding of ocular physiology
in health and disease. More details on the mathematical and
computational aspects, as well as on the validation of OMVS can
be found in Sala (2019). The computational framework is also
available as a web-based app for training and research purposes
(Sala, 2019).

The OMVS is used to simulate hemodynamical and
biomechanical conditions in 5 virtual subjects, who will
be referred to as S0, S1, S2, S3, and S4. The subjects differ
for their levels of IOP, RLTp, and TLPd, as summarized
in Table 1. We emphasize that (i) all the patients have the
same systolic/diastolic blood pressures (SP/DP = 120/80
mmHg); (ii) S0 represents the healthy baseline, with
IOP = 15 mmHg and RLTp = 7 mmHg; (iii) S0, S2, and
S4 have similar TLPd, but the individual levels of IOP and
RLTp are different; and (iv) S1 and S3 have very different
TLPd values.

By utilizing the values in Table 1 as individualized inputs,
the OMVS can be used to predict, for each virtual subject,
(i) blood velocity waveforms in the pre- and post-laminar
segments of the central retinal artery (CRA) and the central
retinal vein (CRV); (ii) perfusion velocity and pressure within
the lamina cribrosa; and (iii) the mechanical deformation of
ocular tissues, including lamina cribrosa, sclera, and cornea.
An illustrative schematic of the model outputs is provided
in Figure 3. It is important to emphasize that some of the
model outputs can be actually measured experimentally, such
as the blood velocity in the CRA and CRV, see Figure 3G,
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FIGURE 2 | Schematic overview of the multiscale modeling framework implemented in the Ocular Mathematical Virtual Simulator (OMVS). Image reproduced

from Sala et al. (2018a), with permission. OA, ophthalmic artery; OV, ophthalmic vein; CRA, central retinal artery; CRV, central retinal vein; NPCA, nasal posterior ciliary

artery; TPCA, temporal posterior ciliary artery; IOP, intraocular pressure; CSF, cerebrospinal fluid.

TABLE 1 | Values of systolic blood pressure (SP), diastolic blood pressure (DP),

intraocular pressure (IOP), retrolaminar tissue pressure (RLTp), and translaminar

pressure difference (TLPd) for the 5 virtual subjects (S0, S1, S2, S3, S4)

considered in this study.

Parameter S0 S1 S2 S3 S4 Unit

SP 120 120 120 120 120 mmHg

DP 80 80 80 80 80 mmHg

IOP 15 11 17 17 11 mmHg

RLTp 7 10 10 3 3 mmHg

TLPd 8 1 7 14 8 mmHg

and the deformations of cornea, sclera, and lamina, see
Figures 3C–E, whereas the hemodynamic conditions within
the tissue of the lamina cribrosa, see Figures 3A,B,H, are
thought to be of high relevance for several diseases, such

as glaucoma, but cannot be assessed with the technologies
currently available.

The results reported in Figure 3 correspond to the virtual
subject S0 representing the healthy baseline. Specifically,
Figure 3G shows the model predicted waveforms for the blood
velocity in the post-laminar segments of the CRA and CRV.
It is interesting to notice that the CRV blood velocity has a
negative sign, which is due to the fact that the blood flows in
the opposite direction with respect to the flow in the CRA.
During one cardiac cycle, the magnitude of the blood velocity
waveforms are predicted to oscillate between 3 and 10 cm/s
for the CRA and between 2 and 4.5 cm/s for the CRV. These
results are consistent with measurements obtained via Color
Doppler Imaging (Kaiser et al., 1996; Dellafiore et al., 2015;
Cutolo et al., 2016; Kimyon et al., 2017). For example, the study
by Kaiser et al. involving 189 healthy adult volunteers found
that the CRA velocity varied between a systolic peak of 11.0 ±

1.8 cm/s and a diastolic minimum of 3.3 ± 0.9 cm/s, whereas
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FIGURE 3 | Illustrative schematic of the outputs that can be predicted by means of the Ocular Mathematical Virtual Simulator (OMVS) (Sala, 2019). The outputs

include: quantitative three-dimensional colormaps of pressure, perfusion, and displacement fields in the lamina cribrosa (A,E), with the possibility of plotting profiles

along specific sections or lines (B,F,H); quantitative three-dimensional colormaps of distributions of displacement in the ocular tissues (C,D); time-dependent velocity

waveforms in the central artery and vein (G). LC, lamina cribrosa; CRA, central retinal artery; CRV, central retinal vein.

the waveform in the CRV varied between a minimal value of
3.3 ± 0.7 cm/s and a maximal value of 4.5 ± 0.9 cm/s (Kaiser
et al., 1996). Figure 3E shows the model predicted displacement
of the lamina cribrosa with respect to the unloaded reference
configuration. The colormap shows that the displacement is
not uniformly distributed. When observing its profile along
a particular direction across the lamina, see Figure 3F, the

displacement exhibits a maximum difference between the central
and peripheral regions of approximately 25 µm, which is
consistent with the range of 59±64 µm reported in control eyes

by Yan et al. (1994). Furthermore, the colormap for the scleral
displacement in Figure 3C shows a larger deformability at the
level of the optic nerve head, consistently with the study in Myers
et al. (2010), and the colormap for the corneal displacement

Figure 3D shows a range between 0.003 and 0.18 cm, which is

consistent with that reported in Elsheikh et al. (2007).

The good agreement between model predictions and

published experimental and clinical data for multiple measurable

variables pertaining to ocular hemodynamics and biomechanics
in healthy conditions, represented by the virtual subject S0,

provide confidence in the model predictions pertaining to

altered situations, represented by the four virtual subjects S1, S2,

S3, and S4. Specifically, the results of the OMVS simulations for
four virtual subjects (S1, S2, S3, S4) are summarized in Table 2

in terms of maximum percent differences in selected outputs

TABLE 2 | Summary of the maximum values of percent differences with respect

to baseline in outputs of clinical interest for four virtual subjects as predicted by

the Ocular Mathematical Virtual Simulator (OMVS).

Outputs of interest Virtual subjects

Anatomical site Biophysical variable S1 (%) S2 (%) S3 (%) S4 (%)

CRA pre-laminar Blood velocity 7.93 −0.99 −0.33 14.26

CRA post-laminar Blood velocity 8.17 −0.5 0.09 14.52

CRV pre-laminar Blood velocity 0.77 11.66 0.75 1.06

CRV post-laminar Blood velocity 3.22 12.89 40.87 3.57

Lamina cribrosa Perfusion −1.97 3.18 0.25 −5.36

Lamina cribrosa Displacement 26.67 4.67 −22.67 −1.33

of clinical interest with respect to the baseline subject S0. For
the blood velocity in the pre- and post-laminar segments of the
CRA and CRV, we calculated the maximum percent differences
between the whole waveform over a cardiac cycle, see Figure 3H.
For the perfusion velocity and displacement within the lamina
cribrosa, we calculated the maximum percent differences along a
selected cross section at each time instant, see Figures 3B,F, and
then took the maximum over a cardiac cycle. Interestingly, the
simulation results predict that subjects with similar TLPd (see
S2 and S4) would exhibit similar biomechanical displacements
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of the lamina cribrosa tissue, with changes of <5% with respect
to baseline, but very different hemodynamic conditions in the
central retinal vessels, with the largest changes occurring in the
CRA or in the CRV depending on whether the individual values
of IOP and RLTp are lower or higher than their baseline values.
Furthermore, in individuals with different TLPd values (see
S1 and S3), the lamina cribrosa may exhibit changes of similar
magnitude but different direction in the lamina displacement,
which may be accompanied by hemodynamic changes in the
CRA or in CRA depending on whether TLPd is lower or higher
than its baseline value.

Interestingly, the predicted changes in the perfusion of the
lamina cribrosa remain always <6% with respect to baseline.
Given the fact that direct measurements of laminar perfusion
are not currently available, it is not possible at this point
to determine whether or not the magnitude of the predicted
changes is significant for the disease process. However, it is
worth noticing that the most marked decrease in perfusion is
predicted for the virtual subject S4, who is characterized by
the lowest IOP and RLTp levels among the five considered
subjects. These results seem to suggest that low RLTp levels,
which are indicative of low CSF pressure, may leave the optic
nerve head tissue, where the lamina cribrosa is located, more
susceptible to ischemic damage, especially in conditions of low
IOP. This hypothesis has been formulated as a result of the model
simulations and, hopefully, will inspire the design of novel studies
to test it experimentally.

It is important to note that ocular biomarkers exhibit
a physiological variability and this makes it challenging
to ascertain the quantitative significance of the percent
changes reported in Table 2 in absolute terms. For example,
deviations of approximately 1.9 and 0.7 cm/s are reported
for CRA peak-systolic and end-diastolic velocities, and
1.05 and 1.61 cm/s for the CRV minimal and maximal
velocities, respectively (Tobe et al., 2015; Kimyon et al.,
2017). Furthermore, the physiological variability of the
lamina cribrosa perfusion has yet to be established. Thus,
the most important contribution of the results reported
in Table 2 is the identification of trends and relative
impact of changes in important factors (SP, DP, IOP,
RLTp, TLPd) that are difficult to disentagle in clinical and
experimental settings.

Overall, the virtual clinical test performed using the OMVS
suggests that: (i) similar TLPd values may lead to similar
biomechanical deformations but different hemodynamic
conditions (see S2 and S4); (ii) elevated IOP influences
the blood circulation in the CRV (see S2 and S3); (iii)
different TLPd values may lead to different biomechanical
and hemodynamic conditions depending on the individual
values of IOP and RLTp (see S1 and S3). These quantitative
insights on the complex relationship between biomechanical
and hemodynamic conditions and the levels of IOP, RLTp, and
TLPd could be used to optimize the design of novel clinical
and experimental studies and expedite the development
of novel methods to interpret ocular measurements as
biomarkers for systemic conditions affecting the eye and
the brain.

We remark that the virtual study illustrated in this section is
by nomeans exhaustive, as it only serves the purpose of providing
a general idea of the potential use of mechanism-driven models
in the study of the eye-brain connections. Importantly, the
multiscale/multiphysics platform provided by OMVS could be
further extended to quantitatively explore additional hypotheses
on pathogenic mechanisms, such as the role of elastic and
viscoelastic properties of the ocular tissues (Bociu et al., 2016,
2019; Verri et al., 2018) and the effect of microgravity (Salerni
et al., 2019). Furthermore, the circuit-based model of the
fluid-dynamical connections between the eye and the brain
proposed in Salerni et al. (2019) could be used to couple
the three-dimensional model of the eye shown in Figure 2

with three-dimensional models of the brain such as those
shown in Figure 4. Remarkably, the simulations reported
in Figure 4 are based on the first three-dimensional sound
mathematical and computational model for the venous part
of the venous cerebral network proposed in Miraucourt et al.
(2017), which complements previous works on the arterial
side and on reduced models for the same compartment.
Additionally, the modeling framework has been structured as
to include uncertainties in the model parameters and realistic
geometries reconstructed from images obtained via magnetic
resonance angiographies (Chabannes et al., 2015; Passat et al.,
2016).

7. PERSPECTIVES

NDD biomarkers based upon noninvasive ocular measurements
could have a significant positive impact on many people world-
wide. The example illustrated in section 6 has provided evidence
suggesting that (i) the interpretation of ocular measurements
as biomarkers for the brain status must account for patient-
specific conditions that are local to the eye, such as the level
of IOP, or systemic, such as the level of CSF pressure that
influences RLTp; and (ii) mechanism-driven modeling provides
a quantitative tool to enable such personalized interpretation.
It should be also emphasized, though, that the predictions
obtained via mechanism-driven models are subject to many
limitations, such as the simplifying assumptions that need
to be made on the anatomical and physiological features
to include in the model and the availability of appropriate
instruments to acquire the data to be used for the model.
For example, the value of RLTp, which is an important model
input, cannot be measured in a clinical settings with current
technologies. Thus, at the present time, the value of RLTp is
estimated from CSF pressure measurements which, however,
are mostly focused on the lumbar segment of the spinal
cord and intracranial compartments; whether and to what
extent these measurements are indicative of the CSF pressure
within the subarachnoid space surrounding the optic nerve
remains a matter of debate (Januleviciene and Siaudvytyte,
2019).

Even though theoretical models are available to address
specific biophysical issues of eye and brain, a single
computational platform capable to treat the eye, the brain,
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FIGURE 4 | Cerebral venous hemodynamics. (Left) Pressure field. (Right) Streamlines. Images reproduced from Bertoluzza et al. (2017), with permission.

and their connections in their entire complexity is not yet
available, even though recently many scientists have urged
the community to move forward in this unexplored and yet
very promising direction (Frost et al., 2013; London et al.,
2013; Jindal, 2015). Such an endeavor calls for significant
advances in mathematical and computational sciences, where
multiscale and multiphysics modeling are still active areas of
research, with a parallel development of innovative technological
solutions to accurately measure the quantities that are needed
to characterize model inputs, calibrate model parameters, and
validate model outputs. Furthermore, a large scale clinical study
is warranted that is specifically designed to simultaneously
collect measurements in the eye and brain of NDD patients
and controls. Data from this comprehensive study could be
used in synergy with mechanism-driven models with the goal
of devising solid, validated, quantitative, predictive tools for
the identification and interpretation of ocular biomarkers
for cerebral conditions. Ultimately, the outcomes of such a
multidisciplinary approach would set the foundation for novel

paradigms in NDD diagnosis and clinical management, where

noninvasive ocular measurements are utilized as biomarkers for
cerebral fluid-dynamical and metabolic functions.
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Purpose: There has been increasing interest in identifying non-invasive, imaging
biomarkers for neurodegenerative disorders of the central nervous system (CNS). The
aim of this proof-of-concept study was to investigate whether corneal sensory nerve and
dendritic cell (DC) parameters, captured using in vivo confocal microscopy (IVCM), are
altered in individuals with mild cognitive impairment (MCI) and Alzheimer’s disease (AD).

Methods: Fifteen participants were recruited from the Australian Imaging Biomarkers
and Lifestyle (AIBL) study in Melbourne, VIC, Australia. The cohort consisted of
cognitively normal (CN) individuals (n = 5), and those with MCI (n = 5) and AD (n = 5).
Participants underwent a slit lamp examination of the anterior segment, followed by
corneal imaging using laser-scanning in vivo confocal microscopy (IVCM) of the central
and inferior whorl regions. Corneal DC density, field area, perimeter, circularity index,
aspect ratio, and roundness were quantified using Image J. Quantitative data were
derived for corneal nerve parameters, including nerve fiber length (CNFL), fiber density
(CNFD), branch density (CNBD), and diameter.

Results: Corneal DC field area and perimeter were greater in individuals with MCI,
relative to CN controls, in both the central and inferior whorl regions (p < 0.05 for
all comparisons). In addition, corneal DCs in the whorl region of MCI eyes had lower
circularity and roundness indices and a higher aspect ratio relative to CNs (p < 0.05
for all comparisons). DC density was similar across participant groups in both corneal
regions. There was a trend toward lower quantitative parameters for corneal nerve
architecture in the AD and MCI groups compared with CN participants, however,
the inter-group differences did not reach statistical significance. Central corneal nerve
diameters were similar between groups.

Conclusion: This study is the first to report morphological differences in corneal DCs in
humans with MCI. These differences were evident in both the central and mid-peripheral
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cornea, and in the absence of significant nerve abnormalities or a difference in DC
density. These findings justify future large-scale studies to assess the utility of corneal
IVCM and DC analysis for identifying early stage pathology in neurodegenerative
disorders of the CNS.

Keywords: dendritic cell, peripheral nervous system, confocal microscopy, sensory nerves, central nervous
system, IVCM, peripheral nerves, immune cell

INTRODUCTION

Alzheimer’s disease (AD) is the most common form of
irreversible dementia; it is estimated to affect about 40 million
people worldwide (Wu et al., 2017). AD is a progressive
neurodegenerative disorder characterized by brain atrophy
associated with the presence of Beta-amyloid (Aβ) plaques and
tau tangles (Ballard et al., 2011). The condition poses a major
global public health and economic challenge and is one of the
major unmet medical needs in neurology (World Alzheimer
Report, 2015; Scheltens et al., 2016).

Alzheimer’s disease is diagnosed clinically by episodic
memory problems that progress to a gradual global decline of
higher cognitive function. AD is preceded by mild cognitive
impairment (MCI), which represents an intermediate clinical
state between the cognitive changes of aging and the earliest
features of AD (Petersen et al., 1999). While a definitive
diagnosis of AD is made on the basis of autopsy brain
findings (Ballard et al., 2011), neuroimaging studies, including
magnetic resonance imaging (MRI), and positron emission
tomography (PET), are common clinical diagnostic methods.
Cerebrospinal fluid biomarkers and amyloid PET, which can
detect earlier AD pathology, have revealed subtle subclinical
pathological changes that occur before the clinical decline
(Villemagne et al., 2011, 2013; Vos et al., 2013). However, these
advanced procedures are impractical for routine use due to
their cost and invasiveness. The United States National Institute
of Aging and Alzheimer’s Association have emphasized a need
to identify reliable biomarkers that can identify individuals at
highest risk for cognitive decline or progression from MCI to
AD (Albert et al., 2011). Developing accessible, non-invasive
and sensitive biomarkers of early stage disease will provide
an essential foundation for both investigating new treatments
and enabling earlier disease intervention (Vos et al., 2013;
Scheltens et al., 2016).

In the quest for a practical, early stage biomarker of AD, the
eye and its neural network have been studied, with a particular
focus on the retina – as a developmental outgrowth of the brain
(Lim et al., 2016; Hadoux et al., 2019; Szegedi et al., 2020). Retinal
axonal and neural degeneration (Lim et al., 2016; Cheung et al.,
2017), and the presence of Aβ in retinal tissues (Lim et al., 2016;
van Wijngaarden et al., 2016), have been reported in individuals
with AD. Researchers have also considered the potential utility
of markers related to assessing retinal blood flow and vascular
integrity (Frost et al., 2013a; Feke et al., 2015), pupil responses
(Prettyman et al., 1997; Fotiou et al., 2000; Frost et al., 2013b)
and Aβ signatures in the crystalline lens (Goldstein et al., 2003;
Kerbage et al., 2015). However, relative to the posterior ocular

segment there has been less attention on potential anterior eye
biomarkers of AD (Dehghani et al., 2018). The anterior eye,
and in particular the cornea, has the advantage of being highly
accessible for non-invasive imaging and evaluation.

The cornea is one of most highly innervated tissues in the
body. It is supplied by sensory nerve axons originating from
the trigeminal ganglion that comprise part of the peripheral
nervous system (PNS) (Marfurt et al., 2010; He and Bazan,
2016). The corneal nerves enter the tissue radially, branching
progressively as they course toward the apical layers of the
corneal epithelium. Toward the center of the cornea, the axons
form a unique whorl-like pattern, which in humans is typically
located slightly inferior to the corneal apex. This whorl-like
pattern serves as a useful landmark for identifying consistent
anatomical locations between individuals. Recently, there has
been interest in using non-invasive corneal nerve imaging, using
in vivo confocal microscopy (IVCM) to examine the integrity
of the PNS in central nervous system (CNS) neurodegenerative
diseases (Vieira et al., 2015; Podgorny et al., 2016; Bitirgen
et al., 2017; Mikolajczak et al., 2017; Petropoulos et al., 2017;
Ponirakis et al., 2019). To date, there has only been one
study evaluating central corneal nerves in individuals with
dementia (Ponirakis et al., 2019). The cornea, in particular
its basal epithelium, is also populated by resident immune
cells, known as dendritic cells (DCs) (Yamagami et al., 2005;
Mastropasqua et al., 2006). In addition to their role as immune
sentinels, which bridge innate and adaptive immune responses,
(Hamrah et al., 2003; Hattori et al., 2016), corneal DCs also
contribute to maintaining corneal nerve homeostasis (Gao
et al., 2016). Studies in mice have demonstrated that corneal
DC populations, analogous to the immune cells visible using
IVCM in humans, are morphologically altered at an early
stage of frontotemporal dementia, prior to the onset of corneal
nerve degeneration (Jiao et al., 2019). Despite this, there
have not yet been any clinical studies investigating whether
corneal DCs are altered in people with dementia. The aim
of this study was to investigate whether sensory nerve and
DC parameters in both the central and mid-peripheral cornea,
captured non-invasively using IVCM, are altered in individuals
with AD and MCI.

MATERIALS AND METHODS

This cross-sectional study received ethics approval from
St Vincent’s Hospital (Melbourne) Human Research Ethics
Committee (HREC) (Ref: HREC-A 028/06), was endorsed by
the CSIRO Health and Medical Research Ethics Committee (RR
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5/2018) and was prospectively registered with the University
of Melbourne HREC (ID: 1852006). All participants provided
written informed consent to participate, in accordance with the
Declaration of Helsinki.

Study Participants
As a proof-of-concept study, no formal a priori sample
size calculation was performed. A convenience sample of
15 participants was recruited from the Australian Imaging
Biomarkers and Lifestyle (AIBL) study, Melbourne, VIC,
Australia (Ellis et al., 2009), between June 2018 and August 2018.

To be eligible to participate, potential participants were
required to: be aged ≥60 years, have provided written informed
consent to participate, and be enrolled in the AIBL study
with a current diagnosis of one of: Alzheimer’s disease (AD,
n = 5), mild cognitive impairment (MCI, n = 5) or cognitive
normal (CN, n = 5). As adopted in the AIBL study (Ellis
et al., 2009), participant assignment to one of these three health
subcategories was made on the following grounds: (i) individuals
meeting the criteria for based on the NINCDS-ADRDA (National
Institute of Neurological and Communicative Disorders and
Stroke–Alzheimer’s Disease and Related Disorders Association)
(McKhann et al., 1984), (ii) individuals meeting the criteria for
MCI (Petersen et al., 1999; Winblad et al., 2004), and (iii) CN
control individuals.

Potential participants meeting any of the following criteria
were ineligible to participate: history of corneal trauma or
surgery (with the exception that cataract surgery did not preclude
enrolment, unless the surgery occurred in the 12 months prior to
enrolment), history of any ocular or systemic condition known
to affect corneal health (e.g., contact lens wear, diabetes), any
concurrent ocular disease, infection or inflammation, history
of neuropathy due to any other causes (e.g., alcoholism,
autoimmune disorders) and a known allergy to any eye
drop formulations.

Study Procedures
Study procedures were performed at The Florey Institute of
Neuroscience and Mental Health (Oak Street site), Parkville, VIC,
Australia. Baseline demographic and clinical information (e.g.,
age, gender, medical, and ophthalmic histories) were captured
from each participant.

Neuropsychological Evaluation and Neuroimaging
Comprehensive neuropsychological tests were performed for all
participants as part of the AIBL study, including the Mini-Mental
State Exam (MMSE) to assess cognitive function (Folstein et al.,
1975) and Clinical Dementia Rating Scale (CDR). Details of
the full testing protocol has been comprehensively described
elsewhere (Ellis et al., 2009).

Amyloid beta positron emission tomography (Aβ-PET)
neuroimaging was also performed as part of the AIBL study, as
previously described (Rowe et al., 2010). The Centiloid values
were derived for all participants and the Centiloid scale for the
global measure of neocortical amyloid burden (NAB) was utilized
(Klunk et al., 2015).

Ocular Health Screening
As part of the eligibility assessment, participants had a bilateral
ocular health screening assessment, involving a slit lamp
examination using white light and sodium fluorescein (to
assess for corneal staining) to confirm the absence of clinically
significant ocular surface pathology (e.g., dry eye disease), as
determined by clinical judgment (LED and CD).

Corneal in vivo Confocal Microscopy (IVCM)
Participants underwent corneal laser-scanning IVCM
(Heidelberg Retina Tomograph-3 with the Rostock Corneal
Module, Heidelberg Engineering, Germany). This device
generates two-dimensional images, 384 × 384 pixels in size and
covering a corneal area of 400 × 400 µm when used with a
63× objective lens.

The cornea of the dominant hand side of the participant
was anesthetized with one drop of non-preserved topical 0.4%
benoxinate hydrochloride (Novartis, United States). Participants
were instructed to fixate on a near target with the contralateral
eye. The same targets were used to guide fixation for all
participants. Images (400× 400 µm) of the anaesthetized cornea
were captured at the level of the sub-basal nerve plexus (SBNP)
in two regions: the apex (central cornea) and inferior whorl
(mid-peripheral cornea). Manual focussing and the section-scan
mode were used to capture >50 unique images in each region
of interest. Illumination was set at automatic brightness for
all image captures. No post-capture image enhancements were
performed. As noted by Patel and McGhee (2009), this image
capture method is essential to the validity of the corneal nerve
thickness parameter quantification (Patel and McGhee, 2009).

Images that were out of focus, not in a consistent plane or
showed artifactual compression lines were excluded from the
analysis set. To ensure an unbiased selection of analyzed the
SBNP images, eight non-overlapping images and three non-
overlapping images were randomly selected and analyzed, by a
masked operator, from the central cornea and inferior whorl
regions, respectively, for each participant. In total, 120 images
of the central cornea and 39 images of the inferior whorl were
analyzed in this study. For the central cornea, this level of
sampling has been shown to provide average values within 30%
of the true mean value, 95% of the time (Vagenas et al., 2012;
De Silva et al., 2017). No post-capture image enhancements were
made to any of the images.

A repeat slit lamp examination was performed after the IVCM
procedure to ensure an absence of any ocular surface trauma
from the procedure.

IVCM Image Analysis
The IVCM image analyses were performed by a masked
researcher, naïve to the participant group.

Corneal nerves
Nerve parameters were quantified using the automated
ACCMetrics software (Dabbah et al., 2010; Dehghani et al., 2014)
for central: corneal nerve fiber length (CNFL), corneal nerve
fiber density (CNFD), corneal nerve branch density (CNBD),
and corneal nerve total branch density (CTBD). CNFL is defined
as the total length of all nerve fibers in the image capture frame
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per unit area (mm/mm2), CNFD is defined as the total number of
main fibers divided by the area of the image frame (fibers/mm2),
CNBD is defined as the total number of main nerve branches,
being branches that stem from a nerve fiber divided by the
area of the image frame (branches on main fiber/mm2) and
CTBD is defined as the total number of branches within the
area of the image frame (total branches/mm2). Only CNFL was
quantified in the inferior whorl region. For each parameter, the
average value from the eight (central) and three (inferior whorl)
non-overlapping images was taken as the representative value for
each participant.

To quantify central corneal nerve diameter, the two thickest
primary nerves with no branches were selected in each image.
Images were processed using ImageJ (v1.47, NIH, United States).
First, uneven background illumination was corrected using
“Subtract Background,” followed by “Median Filter” to smooth
nerve edges. Eight-bit images were inverted and the corneal nerve
diameter was determined using the “Diameter” plugin (Fischer
et al., 2010). Measurements were performed by drawing a series
of three perpendicular line segments traversing each nerve, in
order to determine a greyscale intensity profile. Each region
was sampled five times, to give a total of thirty nerve diameter
readings per image. The individual diameter values were averaged
to yield a single representative nerve diameter measurement for
each image. With a total of eight IVCM images collected per
participant, values were further averaged to produce a single
representative diameter value for each participant.

Corneal dendritic cells (DCs)
The density and shape characteristics of presumed central corneal
DCs, residing in the epithelium, were quantified using the same
images as for the SBNP analysis. DCs were identified as bright,
dendriform cells at the level of the SBNP. DC density (cells/mm2)
was quantified using the cell counter plugin of ImageJ, with the
overall density derived from averaging the density from the eight
non-overlapping images in the central cornea and three non-
overlapping images in the whorl region. To exclude the potential
influence of inter-observer variability, the same masked observer
(with expertise in IVCM image acquisition, interpretation, and
analysis) performed all DC analyses.

Dendritic cell morphology was quantified in ImageJ, using
the “Polygon Selections” feature tool [to manually connect
points comprising the outermost aspects of the dendrites of
individual DCs (Kheirkhah et al., 2015)] and the Analyze –
Measure function, to quantify the following shape descriptors:
field area (µm2), field perimeter (µm), circularity, aspect ratio
(AR), and roundness. The circularity function calculates object
circularity using the formula: circularity = 4π (area/perimeter∧2);
a circularity value of 1.0 indicates a perfect circle, and as the value
approaches 0.0, it indicates an increasingly elongated polygon.
The AR is derived as the ratio of the distance of the major axis
divided by the minor axis. Roundness is calculated as 4× area/(π
×major_axis∧2). These shape descriptors were quantified for 20
unique corneal DCs per participant. To minimize any potential
bias in DC selection, cells were consecutively quantified from
the top left hand corner of randomly selected images, until the
required number of samples was achieved. Between four and

eight separate non-overlapping central corneal image regions
were required to achieve the nominated number of DCs across
the study population. For each DC shape descriptor, an average
value was derived per participant. For DC field area, a “per
cell” analysis, involving the analysis of 100 individual corneal
DCs per group, is also presented to show the cell distribution
characteristics.

Statistical Analyses
Statistical analyses were performed in GraphPad Prism (version
7.0; GraphPad Software, Inc., La Jolla, CA, United States).
Descriptive statistics are used to summarize participant
demographic and clinical characteristics. For quantitative
continuous data, normality was tested using the D’Agostino
and Pearson omnibus test. For continuous parametric data,
one-way analysis of variance (ANOVA) tests were performed
to assess for inter-group differences; in cases of statistically
significant outcome on the ANOVA, a Tukey’s post-hoc test was
performed to compare groups. For continuous non-parametric
data, a Kruskal–Wallis test was performed to assess for inter-
group differences, with post-hoc testing using Dunn’s Multiple
Comparisons Test when appropriate. For statistical significance,
the alpha was set at 0.05.

RESULTS

Participant Characteristics
All enrolled participants (n = 15) completed the study. The
corneal IVCM procedure was well tolerated in all participants,
with no adverse events. Central corneal IVCM images were
acquired from all participants. Images of the inferior whorl were
successfully captured for 13 of 15 participants (n = 5 CN, n = 4
MCI, n = 4 AD).

The demographic and clinical characteristics of the study
participants are summarized in Table 1. Participants in each
group were of similar age. None of the study participants
were taking medications known to affect corneal integrity.
Furthermore, none of the participants had known allergic
eye disease or atopy, dry eye disease or systemic diseases
known to affect corneal dendritic cell status, including diabetes
or rheumatoid arthritis. A summary of the categories of
concomitant medications taken by participants is provided in
Supplementary Table 1.

TABLE 1 | Demographic characteristics of the study participants.

CN (n = 5) MCI (n = 5) AD (n = 5)

Gender (male/female) 2/3 4/1 4/1

Age (years) 74.0 ± 3.5 74.6 ± 7.5 80.4 ± 4.3

MMSE score (/30) 28.6 ± 0.5 25.4 ± 3.6 25.6 ± 1.1

PET positive for beta-amyloid
(Aβ) (yes/no)

3/2 4/1 5/0

Centiloid 66.7 ± 53.5 89.2 ± 48.6 91.1 ± 27.7

Data are presented as mean ± SD, or as counts for categorical variables. MMSE,
Mini Mental State Examination; PET, positron emission tomography.
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There was no significant inter-group difference in the MMSE
score, although cognitive normal (CN) participants trended
toward a higher level of performance on this cognitive test. At the
most recent assessment of cognitive function prior to eye testing,
all CN participants had a CDR of 0, all MCI participants had a
CDR of 0.5 and of the five AD participants, four had a CDR of
0.5 and one had a CDR of 1.0. All AD participants, four MCI and
three CN participants were positive for Aβ on positron emission
tomography (PET). Centiloid values were found to be high in
5/5, 4/5, and 3/5 AD, MCI, and CN participants, respectively. The
mean Centiloid values did not differ significantly among the three
groups (p = 0.64).

Corneal Characteristics
For all study participants, no clinically significant corneal
pathology was noted on the baseline slit lamp examination.

Nerve Architecture
As summarized in Table 2, there was a trend toward lower
quantitative corneal SBNP parameters in the MCI and AD
groups, compared with CN participants in both the central and

TABLE 2 | Corneal sub-basal nerve plexus parameters.

CN (n = 5) MCI (n = 5) AD (n = 5) p-value

Central area

CNFL (mm/mm2) 17.3 ± 4.6 16.2 ± 2.6 13.7 ± 6.0 0.48

CNFD (fibers/mm2) 27.8 ± 8.5 24.4 ± 3.9 22.5 ± 11.0 0.60

CNBD
(number/mm2)

53.3 ± 20.5 43.9 ± 26.0 35.2 ± 18.9 0.45

CTBD (total
branches/mm2)

75.9 ± 27.9 67.5 ± 40.4 47.3 ± 21.9 0.36

Thickest nerve
diameter (µm)

5.28 ± 0.17 5.08 ± 0.11 5.25 ± 0.20 0.66

Inferior whorl∧

CNFL (mm/mm2) 15.9 ± 4.5 10.4 ± 4.3 13.8 ± 3.3 0.19

CNFL, total length of all nerve fibers in the image capture frame per unit area;
CNFD, total number of main fibers divided by the area of the image frame
(fibers/mm2); CNBD, total number of main nerve branches, being branches that
stem from a nerve fiber, divided by the area of the image frame (branches on main
fiber/mm2); CTBD, total number of branches within the area of the image frame
(total branches/mm2). ∧ Inferior whorl data were available for n = 5 cognitive normal
(CN), n = 4 mild cognitive impairment (MCI), and n = 4 Alzheimer’s disease (AD)
participants.

inferior whorl regions, however, none of the comparisons reached
statistical significance (p > 0.05 for all comparisons). The average
central corneal nerve diameter of the thickest primary nerves was
also similar amongst the study groups (p > 0.05).

Dendritic Cell Density and Morphology
Central cornea
Figure 1 summarizes data relating to central corneal DC density
and morphology. Although there were no significant inter-group
differences for central DC density (Figure 1A), average DC field
area (Figure 1B: mean ± SD, MCI: 294.0 ± 116.6 versus CN:
114.0 ± 36.3 µm2, p = 0.04) and perimeter (Figure 1C: MCI:
71.1± 12.9 versus CN: 46.9± 4.3 µm, p = 0.04) were significantly
greater in MCI participants relative to CN controls. The “per
cell” analysis of DC field area (Figure 1D) also showed that, as
a population, central corneal DCs from CNs had significantly
smaller field areas than cells from individuals with MCI and AD
(p < 0.0001).

Representative central corneal IVCM images from a
participant in each study group, taken at the level of the
corneal SBNP, are provided in Figure 2. These images provide
visualization of the quantified phenotypic difference in central
corneal DCs, which were larger and more stratified in the
MCI group, compared with DCs from CNs. Furthermore,
representative IVCM images of the central corneal region,
for each study participant, are provided in Supplementary
Figure 1. DC shape parameters relating to circularity, AR and
roundness did not show any significant inter-group differences
(Supplementary Figure 2).

Inferior whorl
Figure 3 summarizes data relating to corneal DC density and
morphology in the inferior whorl region. Representative IVCM
images of the corneal inferior whorl region, for each study
participant, are provided in Supplementary Figure 3.

Although there were no significant inter-group differences
for DC density (Figure 3A), all other morphometric parameters
were significantly different in MCI eyes compared with CN
individuals. Similar to the central cornea, DC field area
(Figure 3B: MCI: 118.4 ± 11.2 versus CN: 75.7 ± 28.4 µm2,
p = 0.04) and DC perimeter (Figure 3C: MCI: 49.0 ± 2.4
versus CN: 38.1 ± 7.8 µm, p = 0.02) were greater in MCI
participants relative to CN controls. The “per cell” analysis
of DC field area in the inferior whorl (Figure 3D) showed

FIGURE 1 | Central corneal dendritic cell parameters. Central corneal DC density (A) was similar amongst the cognitive normal (CN), mild cognitive impairment
(MCI), and Alzheimer’s disease (AD) participants groups. On average, central corneal DCs had a larger field area (B) and perimeter (C) in MCI eyes, relative to CNs. In
the “per cell” analysis, central corneal DCs from CNs had significantly smaller field areas than cells from individuals with MCI and AD (D). *p < 0.05, ***p < 0.001.
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FIGURE 2 | Representative central corneal IVCM images. Images of the central corneal sub-basal nerve plexus from participants in the CN (A), MCI (B), and AD (C)
groups. The epithelial DCs (yellow arrows) are smaller and less stratified in CN eyes (A) relative to the larger more stratified morphology of DCs in MCI and AD eyes.
Scale bar: 100 µm, applies to all images.

FIGURE 3 | Corneal whorl dendritic cell parameters. Corneal DC density in the mid-peripheral inferior whorl region (A) was similar amongst the cognitive normal
(CN), mild cognitive impairment (MCI), and Alzheimer’s disease (AD) participant groups. On average, the corneal DCs had a larger field area (B) and perimeter (C) in
MCI eyes, relative to CNs. In the “per cell” analysis, DCs from CNs had smaller field areas than cells from individuals with MCI and AD (D). In addition, DCs in the
inferior whorl region of MCI eyes were less circular (E), less round (F), and had a higher aspect ratio (G) than DCs in CNs. *p < 0.05, ***p < 0.001.

that, as a population, corneal DCs from CNs had smaller
field areas than cells from individuals with both MCI and AD
(p = 0.0002). In addition, corneal DCs in the whorl region of MCI
participants had lower circularity (Figure 3E: MCI: 0.56 ± 0.03
versus CN: 0.65 ± 0.05, p = 0.02), less roundness (Figure 3F:
MCI: 0.49 ± 0.03 versus CN: 0.62 ± 0.08, p = 0.04), and a
higher aspect ratio (Figure 3G: MCI: 2.52 ± 0.19 versus CN:
1.92 ± 0.29, p = 0.01), relative to CNs; these findings indicate
that the corneal DCs of MCI participants had a larger and more
elongated shape.

DISCUSSION

The present study used IVCM to assess the phenotypic
characteristics of corneal epithelial DCs, and corneal nerve

architecture, in individuals with MCI and AD. We show, for
the first time, that corneal DCs have an altered morphology
(i.e., larger average field area and perimeter) in individuals
with MCI; this morphological difference was evident in both
the central and inferior whorl (mid-peripheral) regions and
occurred in the absence of altered DC density. A “per cell”
analysis of DC field area, which considered the morphological
characteristics of DCs as a population, also showed that the
DCs from individuals with MCI and AD had larger field areas
than cells from CN individuals. We found nerve morphometric
parameters (i.e., density and thickness) in the central cornea,
and nerve density in the inferior whorl region, to be similar
in the three clinical groups (CN, MCI, AD). The finding
of altered corneal DC morphology in MCI, in the absence
of overt sensory nerve degeneration, supports the concept
that an altered corneal immune cell phenotype may precede

Frontiers in Neuroscience | www.frontiersin.org 6 December 2020 | Volume 14 | Article 556137243

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-14-556137 December 3, 2020 Time: 17:24 # 7

Dehghani et al. Corneal Dendritic Cells in MCI

peripheral nerve degeneration in CNS disease. These data also
provide rationale to investigate whether corneal immune cell
characterisation may provide a novel, non-invasive strategy for
identifying MCI, prior to the development of clinically significant
CNS neuropathology.

In vivo confocal microscopy is an ophthalmic imaging
technique that provides clinical capacity to directly and non-
invasively examine the cornea at a cellular level (∼ 500×
magnification), with resolution almost comparable to ex vivo
histochemistry. Laser-scanning IVCM of the cornea has been
used to study the effects of a range of systemic conditions on
peripheral nerve integrity, most notably peripheral neuropathy
in diabetes mellitus. In diabetic peripheral neuropathy, image
analysis of corneal small nerve fiber architecture has utility
for detecting (Messmer et al., 2010; Petropoulos et al., 2014;
Pritchard et al., 2014; Misra et al., 2015), stratifying the severity
(Tavakoli et al., 2010; Yan et al., 2020) and assessing the efficacy
of therapeutic interventions (Brines et al., 2014). Notably, the
comparisons of nerve parameters in the inferior whorl region
has been identified to have greater sensitivity for detecting
progressive corneal nerve loss, compared with the central cornea
(Ferdousi et al., 2020).

There has also been interest in understanding how corneal
nerve analysis can provide insight into the peripheral
manifestations of CNS disease. IVCM has been used to
characterize corneal nerve abnormalities in individuals
with multiple sclerosis (Bitirgen et al., 2017; Mikolajczak
et al., 2017; Petropoulos et al., 2017), Parkinson’s disease
(Podgorny et al., 2016; Misra et al., 2017), amyotrophic
lateral sclerosis (Ferrari et al., 2014) and, most recently, in
patients with MCI and dementia (Ponirakis et al., 2019).
Using IVCM, Ponirakis et al. (2019) evaluated the central
corneal nerve characteristics of a heterogeneous cohort of
26 participants with dementia, including individuals with
AD and vascular dementia. These authors reported fewer
nerve fibers in the central cornea of people with both MCI
and dementia, relative to healthy controls (Ponirakis et al.,
2019). The researchers also observed that when adjusted
for confounders, central corneal nerve fiber measures were
significantly associated with cognitive function and functional
independence. Reduced corneal sensitivity and altered tear
production have also been described in patients with AD
(Ornek et al., 2015). In our study, we found several key corneal
nerve parameters, including nerve density and thickness,
to be similar in the three clinical populations (CN, MCI,
AD). We did, however, observe a trend toward lower nerve
morphometric parameters (i.e., nerve fiber length, fiber
density, and branch density) in MCI and AD patients. These
data are broadly consistent with the findings reported in the
Ponirakis et al. (2019), although the absence of a significant
result in our study most likely relates to the conservative
sample size, with insufficient statistical power to detect
inter-group differences for these outcome measures. The
finding may also be due to differences in the severity of CNS
neurodegeneration in the study populations. In particular,
we acknowledge that three out of the five CN participants
in the current study were positive for Aβ on PET. A larger

study, involving a greater spectrum of clinical phenotypes,
would assist with separating PET findings and clinical
(cognitive) status, and how these features relate to corneal
nerve parameters.

The most striking, and novel, finding in the present study
was that corneal epithelial DCs have an altered phenotype in
MCI, in the absence of abnormal DC density. In addition,
there were no significant inter-group differences for most DC
parameters between control and AD participants. These findings
are important as DC morphology is regarded as an indicator
of the immunological status of the cornea (Jiao et al., 2019).
In healthy human eyes, corneal DCs imaged with IVCM
typically do not have obvious dendrites and are considered
to exist in a relatively immature state (Mastropasqua et al.,
2006). In the present study, the two-dimensional analysis of
corneal DCs in MCI eyes revealed an enlarged field area and
perimeter, indicative of a greater overall size and more complex
dendritic arborisation. DC enlargement has been suggested
to be a sign of cellular maturation, activation and antigen-
presentation capacity (Mastropasqua et al., 2006). Enlarged
corneal DCs have been described in a range of conditions
characterized by chronic systemic inflammation, including
autoimmune diseases, such as graft versus host disease and
Sjögren’s syndrome (Kheirkhah et al., 2015). Of direct relevance
to MCI and AD is a potential link between systemic inflammatory
processes and cognition (Tangestani Fard and Stough, 2019).
For example, in the Sydney memory and aging study cohort,
individuals with MCI had relatively higher serum levels of
the pro-inflammatory cytokine tumor necrosis factor-alpha
than CN participants (Trollor et al., 2010). Another cross-
sectional study in older adults reported an association between
higher blood C-reactive protein (CRP) and interleukin-6 levels
and poorer cognitive performance on the Modified Mini-
Mental State Examination (Yaffe et al., 2003). Furthermore,
it has been reported that in individuals with ankylosing
spondylitis, high levels of serum CRP were associated with
a greater number of enlarged corneal DCs, when compared
to healthy controls (Marsovszky et al., 2014). These findings
are consistent with the hypothesis that inflammation is a
precursor to the development of neurodegeneration in AD
(Metti and Cauley, 2012). It is also of note that the acute-
phase protein CRP has been found to be lower in individuals
with established AD (O’Bryant et al., 2010), suggesting that the
pro-inflammatory overlay may be related to disease progression
rather than the disease endpoint. Our finding of altered
DC morphology in MCI, but not AD, patients is consistent
with this concept.

We note that the quantified corneal DC field area in
control participants was relatively smaller than that described
in another study that used a similar IVCM methodology
(Kheirkhah et al., 2015). This difference may relate to two
key factors. First, with respect to methodology, Kheirkhah
et al. (2015) quantified DC morphological parameters
for “the 10 most representative cells in three images for
each eye.” The authors did not describe their criteria for
selecting the “representative cells,” which creates the potential
for a biased sample to have been analyzed. In contrast,
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in the present study we quantified 20 unique corneal DCs per
participant. To minimize any potential bias in cell selection, cells
were consecutively quantified from the top left hand corner of
randomly selected images, until the required number of samples
was achieved. Between four and eight separate non-overlapping
central corneal image regions were required to achieve the
nominated number of DCs across the study population. Second,
the “control” populations in the Kheirkhah et al. (2015) study
and the present study are not equivalent. Kheirkhah et al.
(2015) recruited 20 control participants (mean ± SD, age:
57.9 ± 7.6 years) “with a clear healthy cornea without vital
staining and normal tear function tests.” In the current study,
we recruited five control participants, also “without clinically
significant ocular surface pathology,” but who were significantly
older (mean ± SD, age: 74.0 ± 3.5 years). At present, few
studies have analyzed DC morphological parameters in human
populations using IVCM. As such, the effect of aging on
corneal DC morphology is unclear, but the differing ages of the
study populations may be a contributory factor to the inter-
study differences.

Of direct relevance to the present findings, our research
group have also recently discovered that corneal sensory nerves
and epithelial DCs are altered in the rTg4510 mouse model of
tauopathy, with temporal changes observed in association with
aging (Jiao et al., 2020). Specifically, in this experimental model
of CNS tauopathy, changes to corneal DC morphology were
evident prior to the onset of corneal nerve axon pathology,
which occurred in later stages of the disease. Based upon our
current study’s findings, we propose that a similar pattern of
change may occur in human CNS disease, whereby corneal
immune cell activation (indicated by DC enlargement) may be
a relatively early indicator of CNS pathology in individuals with
MCI that occurs prior to peripheral sensory nerve degeneration.
Longitudinal studies, involving a sufficient sample size, are
warranted to investigate this hypothesis.

In conclusion, this is the first clinical study to report
morphological differences in corneal DCs in people with
MCI. These differences were evident in the central and mid-
peripheral cornea, and occurred in the absence of a difference
in DC density or marked sensory nerve degeneration. The
larger corneal DC field area and perimeter in MCI eyes are
consistent with an immunologically activated cell state. These
findings provide rationale for evaluating the diagnostic accuracy,
including sensitivity and specificity, of corneal imaging of
epithelial DC parameters as a disease marker in larger clinical
populations MCI and AD.
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Purpose: This study aimed to assess the macula structure and capillaries in the macula

and optic nerve head in recent small subcortical infarct (RSSI) patients.

Methods: This observational cross-sectional study included 40 RSSI patients and 46

healthy controls. Optical coherence tomography angiography was used to image the

capillaries in the macula and optic nerve head. An inbuilt algorithm was used to measure

the densities in the microvasculature of the macula [superficial retinal capillary plexus

(SRCP) and deep retinal capillary plexus (DRCP)] and optic nerve head [radial peripapillary

capillary (RPC)] and thickness around the optic nerve head, peripapillary retinal nerve fiber

layer (pRNFL).

Results: Densities in RPC (P < 0.001), SRCP (P = 0.001), and DRCP (P = 0.003) were

reduced in RSSI patients when compared with healthy controls. The pRNFL thickness

was thinner (P < 0.001) in RSSI patients than healthy controls. In the RSSI group, the

SRCP density significantly correlated with the DRCP density (rho = 0.381, P = 0.042).

The pRNFL thickness displayed a significant relationship with the RPC density (rho =

0.482, P = 0.003) in the RSSI group.

Conclusions: RSSI patients showed interrupted capillary plexuses leading to its

significant impairment and neurodegeneration. Our report provides insight into the

macula capillary microcirculation changes in RSSI.

Keywords: recent small subcortical infarcts, macular capillaries, retina, capillary densities, optical coherence

tomography angiography

INTRODUCTION

Recent small subcortical infarct (RSSI), a common radiological marker of cerebral small vessel
disease (SVD), is one of the major cerebrovascular diseases in the aging community currently. RSSI,
which affects the perforating arterioles, venules, and capillaries of the brain, causes cerebral vascular
impairment (1, 2). With the clinical complications and unstable clinical symptoms associated with
RSSI, foremost inhibition has been recommended to have the greatest influence on the general
public and healthcare. Till now, there is still lacking reliable and reproducible imaging tools to
monitor suppleness of the brain and cognitive function and to monitor asymptomatic participants
who have a high probability of having ischemic stroke (3). Impairment of the microvasculature,
as seen in lacunar infarction, has been implicated in the pathogenesis of ischemic stroke (4).
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Despite the improvement in the cerebral imaging modalities,
the cerebral microcirculation still remains difficult to directly
visualize the cerebral microcirculation, and postmortem findings
are usually late-stage changes. Moreover, insufficient treatment
options have driven the identification of structural biomarkers to
help in the observation and prevention of participants in the very
early phase of the disease.

The inner retina microvasculature provides a route to assess
the cerebral microvasculature directly and non-invasively in vivo,
because reports have shown that the retinal microvasculature
shares similar physiological, embryological, and anatomical
features with the cerebral microvasculature (5). Patients who
have suffered from stroke have been reported to show a higher
prevalence of retinal microangiopathic conditions whenmatched
with healthy controls (6); ophthalmological findings such as
retinal microaneurysms have been reported to be some of the
clinical manifestations associated with ischemic stroke. Reports
from the past decade used retinal imaging to study cerebral
diseases such as pre-asymptomatic stroke (7–9). These reports
showed that the retinal vasculature caliber, tortuosity, and fractal
dimension reflect the cerebral vasculature during the disease
cascade of ischemic stroke. Previous retinal vascular reports
on ischemic stroke used fluorescein angiography (FA) to image
and visualize the retinal vasculature. Due to the resolution of
FA, imaging is limited to the superficial portion of the macula.
Furthermore, it has been reported that retinal vascular changes
usually seen on the fundus camera are late indicators of cerebral
diseases such as stroke (10, 11).

Optical coherence tomography angiography (OCTA) is an
imaging tool that provides an in-depth non-invasive imaging
of the retinal microvasculature; it allows a three-dimensional
view of the retinal microvasculature in different layers of the
retina without dye injection (12); it also provides perfusion of the
retinal blood flow. Additionally, the OCTA provides imaging and
perfusion of the blood flow in and around the optic nerve head
(ONH), which has been reported to serve as additional diagnostic
parameters in systemic disorders such as neuromyelitis optica
spectrum disorders (13).

Our study utilized the OCTA to measure and summarize the
macula microvasculature in patients with RSSI; we also evaluated
the macula thickness and microvasculature around the ONH.

METHODS

Study Design and Participants
This observational cross-sectional study was conducted from
November 2019 to June 2020 at the Second Affiliated Hospital
and Yuying Children’s Hospital of Wenzhou Medical University
in China. The study was permitted by the Ethics Committee of
Second Affiliated Hospital and Yuying Children’s Hospital and
adhered to the Declaration of Helsinki. All participants in our

Abbreviations: pRNFL, peripapillary retinal nerve fiber layer; RPC, radial

peripapillary capillary; SRCP, superficial retinal capillary plexus; DRCP, deep

retinal capillary plexus; FAZ, foveal avascular zone; RSSI, recent small

subcortical infarct; OCTA, optical coherence tomography angiography; SD-

OCT, spectral domain optical coherence tomography; SQ, signal quality; IOP,

intraocular pressure.

study brought written informed consent before being enrolled in
our study.

The participants in this study were recruited from the
Yuying Children’s Hospital of Wenzhou Medical University
from November 2019 to June 2020. RSSI was defined as a
classic lacunar syndrome as previously reported (14). Cerebral
imaging was also done to confirm the diagnosis and kind
of stroke enrolled in our study (15). Where the clinical
classification differed from the radiologic classification, cerebral
imaging classification was used because the use of only clinical
criteria may result in misclassification. Patients included in our
study were in the age range of 35 to <80 years. Exclusion
criteria also included: (1) patients with contraindications to
MRI or unable to cooperate with ophthalmology examination;
(2) except for atherosclerosis and small vascular disease,
other causes such as cardiogenicity and vasculitis or patients
with unknown causes of cerebral infarction; (3) patients with
obvious medical diseases such as liver failure, kidney failure,
heart failure, serious infections, and malignant diseases; and
(4) patients with eye diseases (such as glaucoma, age-related
macular degeneration, and diabetic retinopathy) or eye surgery
(such as cataract extraction and laser surgery) that affects the
retinal microcirculation.

Healthy controls, also finished with brain MRI and with
a similar age range from the working staff of both hospitals,
were enrolled in our study after consenting. The criteria for
inclusion in the control group were as follows: absence of
neurological disorders upon evaluation, an Mini-Mental State
Examination (MMSE) score of ≥ 26 (cognitively normal),
absence of glaucoma or any other eye disease, normal appearance
of the ONH and normal thickness of peripapillary retinal nerve
fiber layer (pRNFL), intraocular pressure (IOP) below 21.0mm
Hg, and no losses characteristic for glaucoma in visual field
testing. Cerebral imaging was also done to rule out any visible
cerebral disorders. Other exclusion criteria were as follows: (1)
contraindications of MRI examination or inability to cooperate
with eye examination; (2) head MRI showed stroke or white
matter lesions (Fazekas score ≥ 2); (3) complicated liver failure,
kidney failure, heart failure, severe infection, malignant disease,
etc.; (4) patients with severe medical diseases; (5) patients
with eye diseases (glaucoma, age-related macular degeneration,
diabetes with retinopathy, etc.) or patients undergoing eye
surgery (such as cataract extraction and laser surgery) that affects
the retinal microcirculation.

Data Collection for Clinical Parameters
Participants’ basic and clinical information was recorded at
admission, such as sex, age, stroke severity [National Institutes of
Health Stroke Scale (NIHSS)], and body mass index [calculated
as measured weight (kg) divided by the square of measured
height (m2)]. Vascular risk factors comprised history of diabetes
mellitus, hypertension, transient ischemic attack (TIA), coronary
heart disease, cigarette smoking, and alcohol consumption.
Ophthalmology-related indicators included IOP, visual acuity
(VA), and fundus examination.
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Patient Assessment
Each patient enrolled in our current study underwent
assessment of cognitive function using the MMSE by a
well-trained neurologist.

The RSSI patients were patients with recent (within 3–
4 months) clinical lacunar ischemic stroke. All patients were
assessed by a well-trained neurologist (Dr. Han, a stroke
physician). Recruitment, testing, and imaging of ischemic
patients followed a previous report (14). Assessment of the
severity of stroke was under the NIHSS (16); the classification
of stroke followed the Oxfordshire Community Stroke Project
classification (15).

Measurement of Visual Acuity
Measurement of each participant’s VAwas done using the Snellen
chart at a 3.2m distance. Each eye (both right and left) was
measured for its VA.

Fundus Imaging
Fundus camera (CR-DGi; Canon USA Inc., Lakes Success, NY)
was used to image the fundus and optic disc of all participants.
Patients who presented with the following were excluded: retinal
hemorrhages, exudates (soft or hard), macular edema, and
swelling of the optic disc.

Spectral Domain Optical Coherence
Tomography and Optical Coherence
Tomography Angiography Imaging
The imaging of the pRNFL was done with the spectral domain
OCT (SD-OCT). OCTA was used to image the capillaries in
the macula [superficial retinal capillary plexus (SRCP) and deep
retinal capillary plexus (DRCP)] and ONH [radial peripapillary
capillaries (RPCs)] The Avanti RTVue-XR tool (Optovue,
Fremont, California, USA; software V.2017.100.0.1) was used for
imaging. An inbuilt software in the OCT was used to measure
the thickness, microvascular density, and area of foveal avascular
zone (FAZ). For the inclusion criteria in our present study,
high-quality images with signal quality (SQ) ≥ 6 were accepted
according to the OSCAR-IB criteria (17).

Statistical Analyses
Both eyes of each patient were included in the data analyses.
Among the two groups, generalized estimating equation (GEE)
was used to compare the OCT and OCTA parameters while
adjusting for risk factors (sex, age, intereye dependencies,
hypertension, and diabetes) and SQ. Association between OCT
parameters was assessed by Pearson’s correlation. P < 0.05 were
considered as significant.

RESULTS

Seventy-five eyes from 38 RSSI patients and 92 eyes from 46
healthy controls were included for data analyses. One eye of RSSI
patient was not included because it could meet the imaging signal
criteria of our study (SQ< 6). A significant difference was seen in
the best corrected VA (BCVA) when both groups were compared
as seen in Table 1.

TABLE 1 | Demographics and clinical information of RSSI patients and healthy

controls.

Parameters RSSI Healthy controls P-value

Number 38 46

Number of eyes 75 92

Age, years 64.37 (8.56) 62.76 (6.46) 0.726

Gender (M:F) 26:12 31:15 0.921

Median NIHSS 1 – <0.001

BMI (SD) 23.82 (3.12) 24.09 (2.91) 0.887

IOP (SD) 12.12 (2.41) 11.51 (3.90) 0.083

BCVA, LogMAR 0.058 (0.08) −0.18 (0.02) <0.001

Medical history, no (%)

Diabetes 12 (31.5) 2 <0.001

Hypertension 15 (39.5) 5 <0.001

TIA 1 (2.6) 0 <0.001

Ischemic heart disease 2 (5.2) 0 <0.001

NIHSS, NIH Stroke Scale; BMI, body mass index; IOP, intraocular pressure; BCVA,

best-corrected visual acuity; SD, standard deviation.

Cross-sectional images from the macula OCTA with
noticeable vascular flow motions through the angiograms of
the macula were not the same among the two groups. RSSI
patients showed reduced visible flow signals than did the healthy
controls as seen in Figure 1. En-face angiograms between the
two groups showed that the macular microvasculature in the
RSSI patients was more interrupted in the SRCP than that in the
healthy controls.

Comparison of the Macula
Microvasculature Between Lacunar
Ischemic Patients and Healthy Controls
The SQ of the ONH and macula images was significantly lower
(P < 0.001, Table 2) in RSSI patients when compared with the
healthy controls.

Densities in the RPC (P = 0.001, Table 2), SRCP (P = 0.003,
Table 2), and DRCP (P = 0.002, Table 2) were significantly
reduced in RSSI patients when compared with healthy controls.
In the RSSI group, the SRCP significantly correlated with the
DRCP (rho = 0.398, P = 0.015). The FAZ was significantly
larger (P = 0.025) in RSSI patients when compared with the
healthy controls.

The pRNFL thickness was thinner (P < 0.001, Table 2) in
RSSI patients when compared with healthy controls. The pRNFL
thickness displayed a significant correlation with the RPC density
(rho= 0.401, P= 0.014) in the RSSI group.

Association Between Macula Parameters
and Clinical Variables
pRNFL thickness in RSSI patients inversely correlated with their
VA (rho=−0.313, P= 0.039).
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FIGURE 1 | Representative en-face optical coherence tomography (OCT) angiogram of recent small subcortical infarct (RSSI) patients and healthy controls (HCs). The

first row shows the vascular flow in the macula between the two groups. The second and third rows show superficial retinal capillary plexus (SRCP) and deep retinal

capillary plexus (DRCP) plexus of RSSI and HCs, respectively.

TABLE 2 | Comparison of the macular microvascular densities between RSSI

patients and healthy controls.

RSSI Controls P-value

pRNFL, µm 109.19 (10.76) 116.79 (7.03) <0.001

RPC density, whole (%) 48.86 (2.53) 50.48 (1.93) 0.001

SRCP, whole (%) 44.97 (3.60) 47.25 (1.38) 0.003

DRCP, whole (%) 48.82 (3.79) 52.08 (2.02) 0.002

FAZ (mm2 ) 0.29 (0.16) 0.22 (0.06) 0.025

Macula SQ 6.53 (0.82) 8.21 (1.01) <0.001

ONH SQ 6.12 (0.51) 8.45 (0.97) <0.001

Data were adjusted for age, gender, hypertension, diabetes, intereye dependencies and

signal quality (SQ). Data were shown as mean (standard deviation).

DISCUSSION

Reports have suggested the eye as a route to the brain (18,
19); moreover, retinal microvasculature has been reported
to be associated with the cerebral microcirculation because
both tissues share similar physiological, embryological, and
anatomical features (5, 20). Our report utilized the OCTA to

assess the microvasculature of the macula in RSSI patients and
found that the macular vascular density is significantly reduced
in the RPC, SRCP, and DRCP. Additionally, we showed that RSSI
patients have significantly reduced pRNFL thickness and have a
larger FAZ area than the healthy controls.

Previous reports used fundus photography to evaluate the
retinal vasculature in ischemic stroke (9, 14). Nonetheless, using
these imaging modalities limits the resolution and depth of
imaging; moreover, these imaging modalities cannot visualize the
deeper retinal layers in the retina and cannot give additional
information on the capillary structure in the retina. OCTA
is an imaging tool that offers a detailed non-invasive image
of the retinal microvasculature; it allows a three-dimensional
view of the retinal microvasculature in different layers of the
retina without dye injection; it also provides perfusion of the
retinal blood flow. Additionally, the OCTA provides imaging
and perfusion of the blood flow in and around the ONH,
which has been reported to serve as additional diagnostic
parameters in systemic disorders such as neuromyelitis optica
spectrum disorders.

Our current report showed that RSSI patients have
significantly reduced SRCP density than healthy controls.
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Previous reports (7, 9, 21) used different algorithms to
evaluate the photography in patients with ischemic stroke;
these reports showed that patients with ischemic stroke have
significant arteriolar and venular changes than healthy controls.
Sprodhuber et al. (9) also showed that patients with ischemic
stroke have significantly reduced retinal vascular density than
healthy controls. The SRCP is within the retinal nerve fiber layer
(RNFL) and superficial portion of the ganglion cell complex
(GCC), which consists of both large vessels and microvessels
(22) as seen via the fundus photography. Thus, reduced SRCP
density in RSSI patients in our current study is congruent with
previous studies, echoing the importance of retinal imaging in
ischemic stroke.

A novel finding in our current report is the reduced
microvascular density in the DRCP of RSSI patients when
compared with healthy controls. Reports on OCTA studies have
suggested that the DRCP makes up the end of the macula
capillary plexus in which blood flows from the superficial
capillary layers (retinal peripapillary capillaries and SRCP)
and flows into the deep venules through the DRCP (22–24).
Interestingly, our report showed that the SRCP density is
significantly associated with the DRCP density; thus, reduced
microvascular density in the DRCP of RSSI patients found in
our current study may be due to the injury caused in the
SRCP, which leads to the damage in the DRCP. The DRCP is
positioned at the border of the inner plexiform layer (IPL) and
outer plexiform layer (OPL), an area in the macular where the
level of oxygen is significantly lower. As such, hypoperfusion
may be easily prone to this area and maybe another reason for
the reduced density in the DRCP of RSSI patients. Furthermore,
deep capillary plexus has been reported to consist of capillaries
(23) (more capillaries than superficial capillary plexus), which
are responsible for oxygen diffusion in the tissue (25). The
microvasculature in the deep capillary plexus is thinner and has a
small cross section, making it sensitive to any disease that affects
the retina; as such, any injury or insult to the capillary plexus
leads to the tissue receiving less oxygen. Additionally, pericytes
have been reported to play a pivotal role in the pathogenesis of
lacunar ischemic stroke. Reports have shown pericyte alterations
in the retinal capillaries of ischemic patients (26, 27). The
reduced microvascular density in the deep capillary plexus of
RSSI patients could also be as result of the pericyte alteration
during the disease cascade.

RPCs are situated around the ONH and constitute a unique
vascular network within pRNFL. The RPCs are also associated
with metabolism of the RNFL and ganglion cell layer (GCL)
(28–30). Because of their thin capillary anastomoses, RPCs are
suggested to be susceptible to changes that occur in the ONH
and macula (31, 32). Previous reports showed reduction of the
pRNFL thickness in ischemic stroke patients when compared
with healthy controls (33, 34); another report also showed optic
nerve atrophy in patients with minor stroke (6). Furthermore, a
previous report used the fundus photography to characterize the
density of vessels around the ONH in ischemic stroke patients
and found significantly lower values of the vessel area than in
healthy controls (9). The authors suggested that retinal imaging
could serve as a quantitative marker for cerebrovascular events.

To the best of our knowledge, this is the first study to evaluate
the microvascular density around the ONH in RSSI patients
using the OCTA. Our report showed that RSSI patients had
significantly reduced pRNFL thickness and RPC density than the
healthy controls; our data also showed a significant association
between the pRNFL thickness and RPC density in RSSI patients.
The optic nerve has been reported associated with the brain (35);
furthermore, the optic nerve is a boundary between the brain and
the retina; thus, changes in and around the optic nerve mirror
the changes that occur in the brain and retina. Besides, neural
activity has been reported to be correlated with local blood flow
(36); thus, the changes in the microvascular perfusion could be
a result of the neurodegeneration or vice versa. We suggest that
microvascular changes around the optic nerve mirror the neural
and microcirculation in the brain of these patients. Longitudinal
studies are needed to validate our hypothesis.

With the interaction between the neural activity and
microvasculature, we suggest that themicrovascular changes seen
in our report may be due to the neurodegeneration associated
with the disease cascade (37). Moreover, it has been reported that
retinal vascular changes precede apparent cerebral changes seen
on neuroimaging (38). With the connection between the activity
of neurons and the flow of blood (39, 40), changes in the thickness
of the pRNFL could lead to a secondary decrease in the density of
microvessels seen in our current study.

It has been reported that about 30% of all stroke patients suffer
from visual impairment (41). Our report found a significant
correlation between the decreased pRNFL thickness and VA in
RSSI patients. Although it has been suggested that patients with
stroke have reduced RNFL thickness than have healthy controls
(33, 34), an association between the reduced thickness and visual
function has not been reported yet. The pRNFL, which contains
axons (42), has been reported to play an important role in vision
because of its proximity to the optic nerve (cranial nerve II). The
association between pRNFL thickness and VA suggests that insult
to the pRNFL thickness have a significant effect on the VA of
RSSI patients.

Some limitations were seen in our current study. Our
participants were Chinese; thus, our data cannot be translated
across other ethnicities. Secondly, because of the observational,
cross-sectional plan of our study, our study did not investigate
the causative mechanism involved in our results. The OCT-A
imaging technique requires that patients focus and work together
with the examiner; therein, some of the images obtained were
unsuitable for imaging because some patients could not focus
and cooperate. Another limitation in our study is not evaluating
other significant layers of the macula, which are associated
with the neurodegeneration associated with the disease cascade
such as the GCC. Nonetheless, our current study used the
OCTA with an inbuilt software to assess the macula structure,
which limited our macula structure thickness to the retinal
sublayer thickness (RNFL) only. Reports with a segmentation
algorithm of the retina are needed to elucidate the association
between the macular thickness and microvascular densities.
Another limitation is that our current study did not assess the
association among the MRI parameters, OCTA measures, and
clinical variables.
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In conclusion, RSSI patients showed interrupted
capillary plexuses leading to its significant impairment and
neurodegeneration. Our report sheds light on the role of
macula microvasculature and shows the global changes
in macula microvasculature in RSSI. We also suggest that
the OCTA could be useful to evaluate and monitor the
microvasculature of the macula in patients with RSSI;
nonetheless, longitudinal studies are needed to validate
our report before the OCTA could be implemented as a
screening tool.
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Changes in geometry of the retinal microvascular network, including vessel width, vessel

density, and tortuosity, have been associated with neurological disorders in adults. We

investigated metrics of the retinal microvasculature in association with behavior and

cognition in 8- to 12-year-old children. Digital fundus images of 190 children (48.2% girls,

mean age 9.9 years) were used to calculate retinal vessel diameters, fractal dimension,

lacunarity, and tortuosity. Parents filled out a Strengths and Difficulties Questionnaire

(SDQ) for behavioral screening. Cognitive performance testing included a computerized

version of the Stroop test (selective attention), the Continuous Performance (sustained

attention), the Digit-Symbol (visual scanning and information-processing speed) and

the Pattern Comparison (visuospatial analytic ability) tests from the Neurobehavioral

Evaluation System (NES3) battery. Retinal vessel geometry was significantly associated

with the SDQ problem score, which increased with 1.1 points (95% CI: 0.3 to 1.9 points)

per interquartile (IQR) increment in retinal fractal dimension, and decreased 1.4 points

(95% CI: −2.4 to −0.4 points) or decreased 1.0 points (95% CI: −2.1 to 0.1 points)

per IQR increment in retinal vascular lacunarity or tortuosity, respectively. Sensitivity

analyses showed that results were driven by the hyperactivity/inattention and conduct

problem scales of the SDQ. Correspondingly, mean reaction time on the Continuous

Performance test increased by 11ms (95% CI: 4.4 to 17.6ms) with an IQR increase

in fractal dimension. The results indicate that a denser retinal microvascular network,

exemplified by a higher fractal dimension and lower lacunarity, are inversely associated

with behavioral outcomes and sustained attention in children.

Keywords: retina, microvasculature, geometry, fractal dimension, behavior, cognition, children

INTRODUCTION

Retinal vessel morphology changes are linked to cerebrovascular and neurobehavioral disorders (1–
6). Indeed, the retinal and cerebral microcirculation have similarities with respect to morphology
and physiology (7), with concomitant changes present in both microvascular beds of patients (8, 9).
In this context, the status of the retinal microvasculature can be quantified with several retinal vessel
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metrics that can be calculated from a digital fundus image.
Retinal vessel width is a frequently used metric, but retinal vessel
geometric properties such as vessel branching complexity, vessel
density, as assessed by fractal dimensions, and tortuosity are
gaining importance (10, 11).

Retinal vessel analysis has been introduced into clinical
research in adults in the field of different neurological disorders
such as schizophrenia, stroke, dementia, and Alzheimer’s disease
(12–19). The few studies with young children suggest that retinal
microvascular changes can be related to behavioral characteristics
or cognitive performance. Compared to an age- and sex-matched
reference group, children with attention deficit hyperactivity
disorder (ADHD) showed a decreased tortuosity of their retinal
arteries (20). Results from a longitudinal cohort study showed
wider retinal venular diameters in association with both poorer
neuropsychological functioning at midlife and a lower childhood
IQ tested 25 years earlier (21). In addition, wider retinal venular
diameters were also associated with psychosis symptoms in a
longitudinal twin-study (22). A decrease in total IQ, matrix
reasoning and spatial span was associated with smaller retinal
arteriolar vessel diameters in 11-year old children (23). A recent
study performed in children aged 4–5 years found retinal venular
widening and a higher vessel tortuosity in association with a
lower performance of short-term visual recognition memory
(24). In the current study, we investigated whether properties of
the retinal microvascular network, including retinal vessel width
and geometric complexity, could be associated with behavior
and cognitive performance outcomes in a panel of primary
school children.

MATERIALS AND METHODS

Study Population
This research was part of the COGNAC (COGNition and
Air pollution in Children) study (25). Children aged 8–12
years from two primary schools in Flanders (Belgium) were
invited for repeated clinical examinations conducted at their
school. The two schools were 3.7 km apart and located in
the agglomeration of Hasselt (∼70 km east from Brussels). Of
the 482 invited children, 221 (46%) agreed to participate of
which 72 (33%) underwent three clinical examinations, 124
(56%) completed two examinations and 25 (11%) had only
one examination, amounting to a total of 489 examinations.
The on-site examinations were done during school years
2012-2013 for one school and 2013-2014 for the other, from
November to February on Monday, Tuesday, Thursday, and
Friday between 8:30 a.m. and 3:30 p.m. The average (SD) time
between two consecutive examinations was 49 (19) days. The
clinical examinations of each child were scheduled on the same
time of the day and day of the week to minimize circadian
variation. Clinical examinations were performed by a trained
examiner and included assessment of cognitive performance,
acquisition of fundus images, andmeasurement of blood pressure
and heart rate.

We conducted the study according to the principles outlined
in the Helsinki declaration for research on human participants.
The ethics committees of Hasselt University and Ziekenhuis

Oost-Limburg approved the study. Written informed consent
was obtained from the parents as well as oral assent from
the children. The parents filled out a questionnaire addressing
aspects related to sociodemographic and medical characteristics
of the child and its family.

Additional information on the indoor and outdoor
environment of the residence, including current smoking
status of the parents, was collected.

Behavior Assessment
Parents filled out a Strengths and Difficulties Questionnaire
(SDQ). The SDQ is a 25-item behavioral screening questionnaire
for children between 3 and 16 years old. The 25 items are
divided between five scales (5 items each): emotional symptoms,
conduct problems, hyperactivity/inattention, peer relationship
problems, and prosocial behavior. The first four scales combined
generate a total difficulties score (based on 20 items). Research
has shown that increases in this overall score increase the odds
for clinical mental disorders in children, such as autism spectrum
disorder (ASD) and attention deficit hyperactivity disorder
(ADHD) (26, 27).

Cognitive Performance Assessment
Cognitive performance tests were administered in groups of
4 children using an individual touch screen laptop with
additional hardware (headset/keyboard). The room in which the
examinations took place was quiet, appropriately lighted and
ventilated. The duration of the tests was ∼20min. The tests
consisted of a computerized version of the Stroop test and the
following tests of the Neurobehavioral Evaluation System (NES3)
battery: Continuous Performance, Digit-Symbol Substitution,
and Pattern Comparison test. A depiction of the tests is given in
Figure 1 and they are also described by Saenen et al. (25). The
Stroop test (Dutch translated version from Xavier Educational
Software Ltd, UK) assesses selective attention by presenting the
name of colors in a color not denoted by the name. During
the test, the name of a color appears on the screen printed in
a different color than the name. The task is to touch as fast
as possible the button that has the same color as the name,
ignoring the color of the printed name. The primary summary
measure was the mean reaction time in milliseconds between the
appearance of the name and touching the correct button. The
children were presented 48 trials.

The Continuous Performance test measures sustained
attention. Silhouettes of animals (e.g., a cat) are displayed on
the screen, one at the time and each for ∼200ms. The task is
to immediately respond to the cat’s silhouette in this case by
pressing the spacebar, but not the silhouette of another animal.
A new silhouette is displayed each 1,000ms. The primary
summary measure was the mean reaction time in milliseconds
for responding to the correct silhouette. Thirty-six trials were
presented to the children.

The Digit-Symbol Substitution test assesses visual scanning
and information-processing speed. A row of 9 symbols paired
with 9 digits is shown at the top of the screen. The same 9 symbols
but in a different order are displayed at the bottom of the screen.
During the test 27 digits appear consecutively on the screen.
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FIGURE 1 | Representation of the cognitive tests: Stroop-test (A), Continuous Performance test (B), Digit-Symbol test (C) and Pattern Comparison test (D).

When a digit is shown, the task is to indicate as fast as possible the
symbol which is paired with this digit in the row of symbols at the
bottom of the screen. A new digit appears only after the correct
symbol has been indicated. The primary summary measure was
the latency in seconds to complete responses to 27 target digits.

The Pattern Comparison test assesses visuospatial analytic
ability. Three matrices consisting of 10 by 10 blocks were
presented of which two were identical. The task was to indicate
which of the patterns was different from the other two. The
primary summary measure was the average response latency in
seconds of the items answered correctly. A test included 25 items.

Retinal Imaging and Analysis
The fundus of the left and right eye of each participant
were photographed with a Canon 45◦ 6.3-megapixel digital
non-mydriatic retinal camera (Hospithera, Brussels, Belgium)
as described by De Boever et al. (28). The widths of the
retinal arterioles and venules that pass completely through
the circumferential zone 0.5–1 disc diameter from the optic
disc margin were calculated automatically from the digital
fundus images using IVAN software. A trained grader verified
and corrected vessel diameters and vessel labels (arteriole or
venule) with the IVAN vessel editing toolbox. The diameters
of the 6 largest arterioles and 6 largest venules were used

in the revised Parr-Hubbard formula for calculating the
Central Retinal Artery Equivalent (CRAE) and Central Retinal
Venular Equivalent (CRVE) according to previously reported
protocols (29).

Geometric features of the retinal microvasculature were
extracted from the digital fundus images within an area
equal to 0.5–2 times the disc diameter from the optic
disc margin using vessel analysis software developed at
our institute [MONA REVA (version 2.1.1), http://mona.
health, VITO (Belgium)]. The MONA REVA algorithm
automatically segmented the retinal vessels. The segmentation
algorithm is based on a multiscale line filtering algorithm
inspired by Nguyen and coworkers (30). Post-processing
steps such as double thresholding, blob extraction, removal
of small connected regions and filling holes were performed.
Complexity of the retinal vessel network was captured from
this segmented image by calculating fractal dimension and
lacunarity. Fractal dimension represents a direct measure
of retinal vessel branching complexity, while lacunarity
quantifies how the vessel pattern fills space in the retinal
microvascular network.

The monofractal dimension Df was computed using the
sliding box-count method (31, 32). Boxes with side length δ slide
across the image and for each δ the number of boxes (N) required
to cover the segmented image is recorded. The fractal dimension
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Df is expressed as follows (33):

Df = lim
δ→0

−

log (N)

log (δ)
(1)

Lacunarity is computed like Df but uses the standard deviation of
the pixel count for boxes with side length δ that slide across the
image. (32).

The tortuosity index, which reflects the curviness of retinal
vessels, was computed as the average tortuosity of the branch
segments; i.e. the ratio of the line traced on each tree along the
vessel axis from 0.5–2 times the disc radius from the optic disc
and the line connecting the endpoints. Tortuosity of individual
vessel segments was calculated as reported by Lisowska et al.
(34). Tortuosity index for the vessel network is similar as in
Prabhakar et al. (32).

Intraclass correlation coefficients on the repeated
measurements of the geometric properties ranged from
0.72 to 0.88, indicating a good reliability. The microvascular
features were averaged over the different examinations to reduce
technical variation and data were averaged over both eyes to
reduce biological variation within the same child.

Blood Pressure and Heart Rate
Measurement
Blood pressure and heart rate were measured according to the
guidelines of the European Society of Hypertension (35). A
child rested for 5min, after which heart rate, systolic (SBP)
and diastolic (DBP) blood pressure were measured five times
consecutively using an automated upper arm blood pressure
monitor (Stabil-O-Graph, EuroMedix, Leuven Belgium) with a
special sized cuff for children. The last three measurements were
averaged and used to calculate mean arterial pressure.

Statistical Analysis
SAS software (version 9.4, SAS Institute Inc., Cary, NC, USA)
was used for database management and statistical analysis.
The association between retinal microvascular features and
SDQ problem scores or cognitive performance outcomes was
investigated using the PROC GLM procedure.

We adjusted the multiple regression models for an a priori
chosen list of covariates including sex, age, age-adjusted BMI (36)
(categorized as <5th percentile, 5th−85th percentile, 85th−95th
percentile, and ≥95th percentile, respectively, corresponding to
underweight, normal weight, overweight, and obese), (37) mean
arterial pressure, maternal occupation (low: no occupation or
blue collar workers; high: white collar workers or self-employed)
and passive smoking (yes/no). Both linear and quadratic terms
of age were tested. The quadratic term was not significant
and was therefore removed from the model. Q-Q plots of the
residuals were used to test the assumptions of the model. Of
the 221 examined children, 190 (86%) were included in the data
analysis. Exclusions were due to underlying medical conditions
such as diabetes (n = 2) or missing data (n = 29); i.e., SDQ
questionnaire not filled out, no information on passive smoking
or maternal occupation, or low retinal image quality in such that
retinal vascular features could not be extracted. Power calculation

showed that n = 190 was enough to pick up correlations of 0.20,
corresponding to 80% power and an alpha of 5%.

Estimates are given as change in SDQ score or mean
latency per cognitive performance test associated with
an interquartile range (IQR) increment in retinal vessel
diameter or fractal dimension, lacunarity, or tortuosity of the
retinal microvasculature.

RESULTS

Details on the study population of 190 school children are
summarized in Table 1. There was an approximately equal
number of boys and girls. Most of the children had a normal
age-adjusted BMI (80.0%), were not exposed to passive smoking
(91.6%), and had a high socio-economic status based on the
mother’s employment (83.2%).

SDQ problem scores ranged from 0 to 23 with a median
(IQR) of 7 (5) points. Most problems were reported in the
hyperactivity/inattention scale, with scores ranging from 0 to 10
with a median (IQR) of 3 (4) points.

Mean reaction time (SD) was 1,403 (266) ms for the Stroop
test, 598 (48) ms for the Continuous Performance test; Latency
(SD) was 126 (22) s for the Digit-Symbol Substitution test and
4.3 (0.9) s for the Pattern Comparison test. The SDQ problem
score showed a significant positive correlation with all cognitive
performance measures.

Boys had 1.5 points (95% CI: 0.09 to 2.8) higher SDQ problem
score than girls. A 1-year increase in age was significantly
associated with a decrease in SDQ problem score of 0.8 points
(95% CI: 0.2 to 1.4). Children from mothers with a higher

TABLE 1 | Description of the study population (n = 190).

Anthropometrics

Age 9.9 ± 1.2

Girls 92 (48.2)

Categorized body mass index (BMI)

Underweight (<5th age-adjusted percentile) 16 (8.4)

Normal weight (5th−85th percentile) 152 (80.0)

Overweight (85th−95th percentile) 17 (9.0)

Obese (≥95th percentile) 5 (2.6)

Mean arterial pressure, mm Hg 80.0 ± 6.5

Exposed to passive smoking 16 (8.4)

Socio-economic status: maternal occupation

Low (no occupation or blue-collar workers) 32 (16.8)

High (white collar workers or self-employed) 158 (83.2)

Retinal microvasculature metrics

Fractal dimension 1.500 ± 0.034

Lacunarity 0.495 ± 0.042

Tortuosity 0.857 ± 0.012

Central retinal arteriolar equivalent (CRAE) 163.8 ± 12.2

Central retinal venular equivalent (CVRE) 223.3 ± 16.5

Values are number (%) or arithmetic mean ± SD. Fractal dimension, lacunarity and

tortuosity are given in arbitrary units, Central Retinal Arterial/Venular Equivalent are given

in micrometer.
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level of occupation had 2.2 points (95% CI: 0.3 to 4.1) lower
SDQ problem score whereas children passively exposed to
tobacco smoke had 2.7 points (95% CI: 0.2 to 5.3) higher SDQ
problem score.

A better performance was observed in all cognitive
performance tests with increasing age. Occupation of the
mother was significantly associated with reaction time in the
Stroop test and latency in the Digit-Symbol Substitution test,
showing a higher reaction time of 180.1ms (95% CI: 74.0 to
286.2) and latency of 7.3 s (95% CI: 1.3 to 13.4), respectively,
in children from mothers with a lower level of occupation
compared to children from mother with a higher level of
occupation. Furthermore, girls had a lower latency time of 0.28 s
on the Pattern Comparison test compared to boys (95% CI:
−0.50 to−0.06).

The study population’s average retinal vessel metrics are
presented in Table 1. Girls had significantly wider retinal
arteriolar and venular diameters compared to boys. A
1mm Hg higher mean arterial pressure was significantly
associated with 0.57µm narrower retinal arterioles (95%
CI: −0.85 to −0.28). Children from mothers with a lower
level of occupation had narrower retinal diameters. Age
was the only significant determinant of fractal dimension
and lacunarity of the retinal microvasculature, showing a
decrease in fractal dimension and an increase in lacunarity with
increasing age.

Higher mean arterial pressure was associated with 0.003 lower
retinal vessel tortuosity per 10mm Hg increase (95% CI: −0.006
to−0.0006).

Retinal vessel geometry was significantly and independently
associated with the SDQ problem score (Table 2). The score
increased with 1.1 points (95% CI: 0.3 to 1.9) per IQR increment
in fractal dimension and decreased by 1.4 points (95% CI:
2.4 to 0.4) and 0.99 points (95% CI: −0.13 to 2.1) per IQR
increment in vascular lacunarity and tortuosity, respectively.
Sensitivity analyses showed that these results were driven
by the hyperactivity/inattention and conduct problem scales
of de SDQ. We found no associations between the retinal
width metrics (CRAE or CRVE) and the SDQ problem score
(Supplementary Table 1).

Additionally, retinal vessel geometry was significantly
associated with sustained attention, as measured by the
Continuous Performance test (Table 3). Mean reaction time
on this test increased by 11ms (95% CI: 4.4 to 17.6) with an
IQR increase in fractal dimension. Increases in lacunarity and
tortuosity were associated with a decrease in reaction time
of 11.1ms (95% CI: −19.0 to −3.2) and 13.4ms (95% CI:
−21.9 to −4.8), respectively. No significant associations were
found between retinal vessel geometry and selective attention
measured by the Stroop test or visuospatial analytic ability in
the Pattern Comparison test. Increases in fractal dimension
tended to decrease visual processing speed as measured by the

TABLE 2 | Estimated change (95% confidence interval) overall and subscale problem scores of the Strengths and Difficulties Questionnaire (SDQ) with an interquartile

range (IQR) increase in fractal dimension (IQR = 0.04), lacunarity (IQR = 0.06), and tortuosity (IQR = 0.02) of the retinal microvasculature.

SDQ problem score Retinal microvascular geometry

Fractal dimension Lacunarity Tortuosity

Estimated change P-value Estimated change P-value Estimated change P-value

Overall problem score 1.12 (0.30 to 1.94) 0.007 −1.38 (−2.36 to −0.40) 0.006 −0.99 (−2.11 to 0.13) 0.08

Subscale problem scores

Emotional symptoms 0.06 (−0.31 to 0.44) 0.74 −0.13 (−0.58 to 0.32) 0.58 −0.10 (−0.60 to 0.41) 0.70

Conduct problems 0.34 (0.15 to 0.52) 0.0003 −0.23 (−0.45 to −0.003) 0.047 −0.38 (−0.62 to −0.13) 0.003

Hyperactivity/inattention 0.63 (0.21 to 1.06) 0.003 −0.88 (−1.39 to −0.38) 0.0007 −0.53 (−1.11 to 0.05) 0.07

Peer relationship problems 0.09 (−0.15 to 0.32) 0.46 −0.14 (−0.42 to 0.14) 0.33 0.02 (−0.30 to 0.33) 0.92

Analyses adjusted for sex, age, categorized age-adjusted BMI, maternal occupation, passive smoking, and mean arterial pressure.

TABLE 3 | Estimated change (95% confidence interval) in cognitive performance tests associated with an interquartile range (IQR) increase in fractal dimension (IQR =

0.04), lacunarity (IQR = 0.06), and tortuosity (IQR = 0.02) of the retinal microvasculature.

Cognitive performance test Retinal microvascular geometry

Fractal dimension Lacunarity Tortuosity

Estimated change P-value Estimated change P-value Estimated change P-value

Stroop (ms) 6.86 (−42.3 to 56.1) 0.78 −14.7 (−73.0 to 43.7) 0.62 −51.6 (−114.7 to 11.4) 0.11

Continuous Performance (ms) 11.0 (4.4 to 17.6) 0.001 −11.1 (−19.0 to −3.2) 0.006 −13.4 (−21.9 to −4.8) 0.002

Digit-Symbol substitution (s) 2.63 (−0.17 to 5.43) 0.07 −2.24 (−5.57 to 1.10) 0.19 −3.06 (−6.67 to −0.56 0.10

Pattern Comparison (s) 0.03 (−0.11 to 0.17) 0.69 −0.02 (−0.18 to 0.15) 0.82 −0.10 (−0.29 to 0.08) 0.26

Analyses adjusted for sex, age, categorized age-adjusted BMI, maternal occupation, passive smoking, and mean arterial pressure.
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Digit-Symbol Substitution test, showing an increase in latency
by 2.6 s (95% CI: −0.17 to 5.4). An increased tortuosity on
the other hand decreased latency by 3.1 s (95% CI: −0.56 to
6.7). Lacunarity was not associated with latency in the digit-
symbol substitution test. CRAE or CRVE were not significantly
associated with the outcomes of the cognitive performance tests
(Supplementary Table 1).

DISCUSSION

Children aged 8–12 are more likely to have higher problem
scores, especially in the hyperactivity/inattention and conduct
problem scales of the Strength and Difficulties Questionnaire
when they have a denser retinal vascular network. The finding
of our study is further supported by the fact that a higher
fractal dimension is significantly associated with lower sustained
attention, as measured with the Continuous Performance test.
The observations are independent of age, sex, age-adjusted body
mass index, maternal occupation, passive smoking, and mean
arterial pressure.

Consistent changes in the microvascular geometrical pattern
were observed in association with behavioral problem scores and
cognitive performance outcomes related to attention. A higher
fractal dimension, indicating more vessel network complexity,
showed a negative association with attention (longer time on
Continuous Performance and Digit-Symbol Substitution tests).
In a recent study, it was found that patients with major psychoses
such as schizophrenia and bipolar disorder have higher retinal
fractal dimensions compared to apparently healthy counterparts.
Individuals with these affective disorders have symptoms across
the attention and behavior spectrum that are often accompanied
by vascular co-morbidities. The results suggest that some of
these effects can be captured by retinal vessel complexity
metrics (38). In contrast, a sparser retinal microvascular network
was associated with poorer cognitive performance in older
populations (15, 39). Likewise, cognitive dysfunction in about
1,200 participants of the Singapore Malay Eye Study paralleled
rarefaction of retinal vessels (13). Then again, McGrory et al.
concluded from a study with 700 participants of the Lothian Birth
Cohort that quantitative retinal parameters are not significantly
associated with cognitive functioning or cognitive change at 70
years of age (40). To the best of our knowledge, we are the
first to have investigated an association between retinal vessel
complexity and behavior and attention in school children.

Additionally, we found that tortuosity, a proxy for the
tortuous character of retinal blood vessels, was inversely
correlated with the results on the conduct problem subscale of
the SDQ and the outcome of the Continuous Performance test.
Along similar lines, Grönland et al. showed a decreased tortuosity
of retinal arteries in children (mean age 12 years) with ADHD
compared to an age- and sex-matched reference group (20). In
a study with adults having bipolar disorder or schizophrenia, a
higher retinal arteriolar tortuosity index was observed (41).

Retinal vessel width changes occur in neurodegenerative
and behavioral diseases in adults. Smaller venular diameters
have been found when comparing patients with Alzheimer to

cognitive normal elderly (1). Cheung et al. reported smaller
arteriolar diameters and wider venules in Alzheimer patients
(14). Wider venules are also suggested to be a marker to
psychosis symptoms and anxiety (22, 42). The number of studies
investigating retinal microvascular parameters in association
with neurobehavioral outcomes at a young age are limited.
One study reports an association between wider retinal venular
diameters and worse neuropsychological functioning in a
population-based cohort of adults approaching midlife (21).
Their childhood IQ measured 25 years before was inversely
associated with venular diameter. Wei and colleagues report an
association between cognitive performance and retinal arteriolar
diameter in 11-year old children born preterm and at term (23).
Van Aart et al. showed an association between retinal vessel
diameters and psychosocial stress in childhood but found no
association with SDQ problem scores (43). Similarly, we also
found no significant association between retinal vessel diameters
and SDQ problem scores or cognitive performance.

The retina is an outgrowth of the embryonic diencephalon
and has anatomic similarities and functional characteristics
with the brain. Given the fact that retinal vessels resemble
their cranial counterparts both in size and functioning, they
provide a view on variations in microvascular networks that
can be associated with cognitive dysfunction (4). Our results
suggest that changes in retinal vascular features may reflect
physiological adaptations that are linked to deviations from
neurodevelopmental normative trajectories. Unfortunately, the
underlying mechanism remains to be elucidated. In support
of our reasoning, animal studies confirm that chronic hypoxia
during fetal development induces a compensatory increase in
brain blood vessel outgrowth (44). Furthermore, an increased
vascular complexity was observed in the neonatal rat brain
following fetal/neonatal iron deficiency with anemia, (45) which
can be associated with brain development deficits and poor
cognitive outcomes (46). If our results get further confirmation,
then they contribute to the Developmental Origin of Health
and Disease hypothesis and provide support for a better
understanding of the link between attention disorders and
underlying microvascular alterations that affecting oxygen and
nutrition supply to the brain.

Our study must be interpreted within the context of
its strengths and limitations. The repeated measures of the
retinal phenotypes showed a stable geometric pattern of the
retinal microvascular network over the time period of a
school year, with intraclass correlation coefficients ranging
from 0.72 to 0.88. In order to reduce technical variation, the
measurements were averaged over the different examinations.
Digital fundus photography visualizes a significant part of the
retinal microcirculation but because of limitations in image
resolution and contrast limits, vessels smaller than 20µm are
usually impossible to identify in a reliable manner. Newer
techniques such as optical coherence tomography can bring a
solution to also image these tiny blood vessels. However, optical
coherence tomography is more challenging to perform on young
children during a field study.

The cross-sectional nature of the study is a limitation
for drawing conclusions regarding the temporality of the
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associations. Our participation rate was just under 50%, which
limits the representativeness for the population. Low maternal
occupation was 17% in our study population while we expected
26% (47). Although we corrected for different correlates,
we cannot exclude residual confounding due to unmeasured
elements. The children in our study were free of vascular diseases
and other major traditional risk factors, hence introducing less
confounding (48).

In conclusion, we showed that a denser retinal microvascular
network in primary school children is linked to higher score
on the SDQ behavioral screening scale and poorer performance
on a computer-based test for assessing sustained attention
in primary school children. The retinal microvasculature is
a proxy for microvascular properties of the brain, and the
consequent behavioral and cognitive traits observed here
warrant further research into the potential value of an
aberrant retinal microvascular network as a phenotype for
neurodevelopmental disorders.
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Background: Growing evidence demonstrate that diabetic retinopathy (DR) patients

have a high risk of cognitive decline and exhibit abnormal brain activity. However,

neuroimaging studies thus far have focused on static cerebral activity changes in

DR patients. The characteristics of dynamic cerebral activity in patients with DR are

poorly understood.

Purpose: The purpose of the study was to investigate the dynamic cerebral

activity changes in patients with DR using the dynamic amplitude of low-frequency

fluctuation (dALFF) method.

Materials and methods: Thirty-four DR patients (18 men and 16 women) and 38

healthy controls (HCs) (18 males and 20 females) closely matched in age, sex, and

education were enrolled in this study. The dALFF method was used to investigate

dynamic intrinsic brain activity differences between the DR and HC groups.

Results: Compared with HCs, DR patients exhibited increased dALFF variability in the

right brainstem, left cerebellum_8, left cerebellum_9, and left parahippocampal gyrus. In

contrast, DR patients exhibited decreased dALFF variability in the left middle occipital

gyrus and right middle occipital gyrus.

Conclusion: Our study highlighted that DR patients showed abnormal variability of

dALFF in the visual cortices, cerebellum, and parahippocampal gyrus. These findings

suggest impaired visual and motor and memory function in DR individuals. Thus,

abnormal dynamic spontaneous brain activity might be involved in the pathophysiology

of DR.

Keywords: diabetic retinopathy, dynamic amplitude of low-frequency fluctuation, functional magnetic resonance

imaging, network centrality, functional network

INTRODUCTION

Diabetic retinopathy (DR) is a serious diabetic retinal microvascular complication (1). The
global prevalence of DR is reportedly 34.6% worldwide (2). There are several risk factors
for the development of DR, including diabetes duration, hemoglobin A1c (HbA1c) level, and
blood pressure (3). DR is mainly divided into non-proliferative retinopathy and proliferative
retinopathy (4). The retinal vasculature shares similar anatomical, physiological, and embryological
characteristics with cerebral vessels. There is growing evidence to support a link between DR and
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microvascular stroke (5, 6). Furthermore, DR is a potential
independent risk factor for cognitive decline (7, 8). However, the
etiology of this increased risk is unclear.

Recently, growing neuroimaging studies using the fMRI
method have demonstrated that DR patients are associated
with abnormal brain activity. Wang et al. (9) demonstrated
that DR patients had widespread abnormal ALFF values in
the occipital gyrus, cerebellar lobe, and parahippocampal gyrus,
relative to healthy controls (HCs). Wang et al. (10) revealed
that DR patients showed lower degree centrality in the right
inferior temporal gyrus and left subcallosal gyrus regions, as well
as higher degree centrality in the bilateral precuneus relative
to health controls. Liao et al. (11) demonstrated that DR
patients had increased regional homogeneity (ReHo) values in
the bilateral posterior lobes of the cerebellum relative to HCs
and decreased ReHo values in the right anterior cingulate gyrus,
right cuneus, bilateral precuneus, and left-middle frontal gyrus
relative to healthy controls. DR leads to local brain activity
changes, as well as brain functional network dysfunction. Our
previous study demonstrated that DR patients had abnormal
function in the default-mode, visual, salience, and sensorimotor
networks (12). Notably, van Duinkerken et al. (13) demonstrated
widespread brain network dysfunction. However, existing studies
have mainly focused on static cerebral activity changes in DR
patients. There is increasing evidence of the dynamic nature
of brain activity and connections (14, 15). Thus, we presume
that dynamic brain activity analyses can be used to deepen our
understanding of neural mechanism changes in DR patients.

Low-frequency oscillations (<0.08Hz) of blood-oxygenation-
level dependent (BOLD) signaling in the human brain are
physiologically meaningful (16, 17). The human brain is a
complex dynamic system capable of non-stationary neural
activity and rapid changes in neural interaction. Dynamic
characteristics of brain activity are reportedly associated with
various physiological functions, such as consciousness (18) and
cognition (19). The ALFF method is a reliable and sensitive
fMRI technology quantifying local intrinsic brain activity (20)
Combining the ALFF with sliding-window approaches, the
dALFFmethod can be used to calculate the variance of ALFF. The
dALFF method provides a new approach for the investigation
of dynamic brain activity (21). Recently, dALFF analysis was
successfully applied to assess the dynamic cerebral activity
changes in patients with generalized tonic-clonic seizures (22),
poststroke aphasia (23), and schizophrenia (24). Thus, we
hypothesized that DR patients might have dynamic cerebral
activity changes.

To address this issue, the purpose of this study was to
determine whether altered dynamic spontaneous neural activity
was present in DR patients, using ALFF with sliding-window
approaches for assessment.

MATERIALS AND METHODS

Participants
Thirty-four DR patients (18males and 16 females) and 38 healthy
controls (HCs) (18 males and 20 females) matched for age, sex,
education participated in the study.

The diagnostic criteria of DR patients were: (1) fasting
plasma glucose ≥7.0 mmol/L, random plasma glucose ≥11.1
mmol/L, or 2-h glucose ≥11.1 mmol/L; (2) the non-proliferative
DR group showed microaneurysms, hard exudates, and
retinal hemorrhages.

The exclusion criteria of DR individuals in the study
were: (1) proliferative DR with retinal detachment; (2)
vitreous hemorrhage;

All HCs met the following criteria: (1) fasting plasma glucose
<7.0 mmol/L, random plasma glucose <11.1 mmol/L, and
HbA1c <6.5%; (2) no ocular diseases; (3) binocular visual
acuity ≥1.0.

Ethical Statement
The research protocol followed the Declaration of Helsinki and
was approved by the medical ethics committee of the Renmin
Hospital of Wuhan University. All subjects provided written
informed consent to participate in the study.

MRI Parameters
MRI scanning was performed on a 3-tesl magnetic resonance
scanner (Discovery MR 750W system; GE Healthcare,
Milwaukee, WI, USA) with an eight-channel head coil. All
subjects underwent MRI scanning (8min) with eyes closed
without falling asleep. A total of 240 functional images
were obtained. Detailed scanning parameters are shown
in Table 1.

fMRI Data Processing
All pre-processing was performed using the toolbox for Data
Processing & Analysis of Brain Imaging (DPABI, http://www.
rfmri.org/dpabi) (25), using the following steps: (1) the first 10
volumes were removed and slice timing effects were motion
corrected. (2) Individual 3D-BRAVO images were registered
to the mean fMRI data (26) Normalized data [in Montreal
Neurological Institute (MNI) 152 space] were re-sliced at a
resolution of 3× 3× 3mm3. (3) Detrending; (4) linear regression
analysis was used to regress out several covariates. (5) temporal
band-pass was filtered (0.01–0.08Hz). No Scrubbing regression
was not performed (27).

TABLE 1 | The details on scanning parameters.

Three-dimensional brain

volume imaging (3D-BRAVO)

sequence

Gradient-echo-planar imaging

sequence

Repetition

time/echo time

8.5/3.3 Repetition

time/echo time

2,000 ms/25 ms

Slice thickness 1.0mm Slice thickness 3.0 mm

Acquisition matrix 256 × 256 Gap 1.2 mm

Field of view 240 × 240 mm2 Acquisition matrix 64 × 64

Flip angle 12◦ Flip angle 90◦

Field of view 240 × 240 mm2

Voxel size 3.6 × 3.6 × 3.6 mm3

Frontiers in Neurology | www.frontiersin.org 2 February 2021 | Volume 12 | Article 611702264

http://www.rfmri.org/dpabi
http://www.rfmri.org/dpabi
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Huang et al. Dynamic Brain Activities in DR Patients

dALFF Variance Computing
A sliding window approach was used to compute the dALFF
using the Dynamic Brain Connectome (DynamicBC) toolbox
(v2.0, www.restfmri.net/forum/DynamicBC) (28). For the
sliding-window approach a window size of 50 TRs (100 s) and a
window shifted by 10 TRs were selected (29) Figure 1.

Clustering Analysis
A k-means clustering method was used to analyze dALFF
of all subjects using the DynamicBC toolbox (v2.0,
www.restfmri.net/forum/DynamicBC) (30). The Manhattan
(L1) distance function method was performed to assess the
reoccurrence over time in patterns of ALFF. The clustering
centroids were used for the departure points to cluster all
dALFF windows.

Clinical Evaluation
The visual acuity of all subjects was measured by applying
the logarithm of the minimum angle of the resolution table.
All DR patients underwent biochemical examinations including
for fasting blood glucose level, low density lipoprotein (LDL)

cholesterol, high density lipoprotein (HDL) cholesterol, total
cholesterol, and triglyceride.

Statistical Analysis
The Chi-square (x2) test and independent-sample t-test were
used to assess the clinical data between two groups using SPSS
version 20.0.

A one-sample t-test was conducted to assess intra-group
patterns of zdALFF maps and a two-sample t-test was used
to compare zdALFF map differences between the two groups’
regressed covariates of age and sex and FD. The Gaussian random
field (GRF) method was used to correct for multiple comparisons
(two-tailed, voxel-level P < 0.01, GRF correction, cluster-level
P < 0.05).

Independent-sample t-test were performed to assess the
different temporal properties of dALFF patterns between two
groups including the mean dwell time (MDT) and the number
of transitions (NT).

Verification Analyses
To validate our dALFF findings, two different window lengths
[30 TRs [60 s] and 100 TRs [200 s]] were calculated in the
validation analysis.

FIGURE 1 | Illustration of analysis steps and temporal variability of dALFF pattern. (A) The pre-processed full-length BOLD fMRI time series was segmented into

several sliding windows (50TRs). The temporal variability of the dALFF was defined as the variance of dALFF maps across the sliding windows. The pattern of

temporal variability of the dALFF in the DR group (B) and HC group (C). The different temporal variability of dALFF between two groups. (D) dALFF, dynamic

amplitude of low-frequency fluctuation; DR, Diabetic Retinopathy; HC, Health Controls.
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TABLE 2 | Demographics and visual measurements between two groups.

DR group HC group T-values P-values

Gender (male/female) 18/16 15/23 N/A N/A

Age (years) 53.52 ± 8.67 47.10 ± 13.83 2.329 0.023

Handedness 34 R 38 R N/A N/A

BMI (kg/m2 ) 23.76 ± 2.33 23.02 ± 1.91 1.488 0.141

Duration of diabetes

(years)

5.02 ± 6.67 N/A N/A N/A

BCVA-OD 0.48 ± 0.28 1.36 ± 0.15 −16.454 <0.001

BCVA-OS 0.41 ± 0.31 1.14 ± 0.20 −16.454 <0.001

HbA1c (%) 7.34 ± 1.34 N/A N/A N/A

Fasting blood glucose

(mmol/L)

7.87 ± 2.54 N/A N/A N/A

LDL cholesterol

(mmol/L)

2.22 ± 0.60 N/A N/A N/A

HDL cholesterol

(mmol/L)

1.11 ± 0.28 N/A N/A N/A

Total cholesterol

(mmol/L)

1.91 ± 1.38 N/A N/A N/A

Triglyceride (mmol/L) 3.69 ± 1.22 N/A N/A N/A

MoCA 24.97 ± 0.72 27.03 ± 0.82 −11.250 <0.001

χ2-test for sex (n). Independent t-test for the other normally distributed continuous

data (means ± SD). DR, diabetic retinopathy; HC, health control; N/A, not applicable;

BCVA, best corrected visual acuity; OD, oculus dexter; OS, oculus sinister; Hb,

glycosylated hemoglobin; BMI, body mass index; LDL, low density lipoprotein; HDL, high

density lipoprotein.

RESULTS

Demographic Measurements
There are no significant differences in age between the two
groups. There are significant differences in BCVA (p < 0.001)
between the two groups. Details are shown in Table 2.

Dynamic ALFF Variance Differences
The spatial distribution of dALFF maps for the two groups
is shown in Figure 2. Compared with HCs, DR patients
exhibited increased dALFF variability in the right brainstem,
left cerebelum_8, left Cerebelum_9, and left parahippocampal
gyrus (Figures 3A,B (red) and Table 3). In contrast, DR patients
exhibited decreased dALFF variability in the left middle occipital
gyrus and right middle occipital gyrus (Figures 3A,B (blue) and
Table 3). The mean values of altered dALFF values between the
DR and HC groups (Figure 3C).

Clustered Dynamic ALFF States
All the subjects showed three different states (Figure 4A). The
transition matrices of different states based on dALFF, were
extracted using the K-means clustering method with three
clusters (Figure 4B). Compared with the HC group, the DR
group showed a shorter number of transitions between states
(t = −1.524, p = 0.143) (Figure 4C). Moreover, the DR group
showed a different mean dwell time in three states relative to the
HC group (Figure 4D). Themore details were showed inTable 4.

FIGURE 2 | Spatial patterns of dALFF variance were observed at the group level in DR and HC groups. Within group mean dALFF variance maps within the DR

(A) and HC (B). dALFF, dynamic amplitude of low-frequency fluctuation; DR, Diabetic Retinopathy; HC, Health Controls; L, left; R, right.
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FIGURE 3 | Comparison of different dALFF values between the DR group and HC group. Significant dALFF value differences were observed in the R-BS, L-CER_8,

L-CER_9, L-PHG, L-MOG, R-MOG (A,B). The mean values of altered dALFF values between the DR and HC groups (C). dALFF, dynamic amplitude of low-frequency

fluctuation; DR, Diabetic Retinopathy; HC, Health Controls; GRF, Gaussian random field; BS, Brainstem; CER, Cerebellum; PHG, Parahippocampal; MOG, middle

occipital gyrus; L, left; R, right.

TABLE 3 | Significant differences in the dALFF values between two groups.

Condition/brain regions BA Peak T-scores MNI coordinates Cluster size (voxels)

x y z

DR>HC R-Brainstem – 4.26 −9 −30 −48 239

DR>HC L-Cerebelum_8 – 4.2701 −12 −66 −45 390

DR>HC L-Cerebelum_9 – 3.5938 −6 −54 −54 36

DR>HC L-Parahippocampal 34 3.8218 −15 0 −18 54

DR<HC L-Middle Occipital gyrus 18 −4.9639 −24 −99 3 153

DR<HC R-Middle Occipital gyrus 18 −4.2268 33 −93 0 196

The statistical threshold was set at the voxel level with p < 0.01 for multiple comparisons using Gaussian random-field theory (two-tailed, voxel-level P < 0.01, GRF correction, cluster-

level P < 0.05). dALFF, dynamic amplitude of low-frequency fluctuation; BA, Brodmann area; DR, diabetic retinopathy; HC, health control; MNI, Montreal Neurological Institute; GRF,

Gaussian random field; L, left; R, right.

Receiver Operating Characteristic Curve
The areas under the ROC curve for dALFF values were:
DR>HC, for right brainstem 0.874 (P < 0.001; 95% CI:
0.794–0.955); for left cerebelum_8 0.859 (P < 0.001; 95%
CI: 0.769–0.948); for left Cerebelum_9 0.809 (P < 0.001;
95% CI: 0.708–0.910); for left parahippocampal gyrus 0.806
(P < 0.001; 95% CI: 0.701–0.910) (Figure 5A); DR<HC, for
left middle occipital gyrus 0.800 (P < 0.001; 95% CI: 0.699–
0.901); for right middle occipital gyrus 0.803 (P < 0.001; 95% CI:
0.702–0.904); (Figure 5B).

Verification Analyses
In the verification analyses, we found that the different dALFF
variabilities between the two groups with different window
lengths [30 TRs [60 s] and 100 TRs [200 s]] were similar to
those of the main findings. In the 30 TRs window length step
analyses, the DR group had significantly increased dALFF
values in the R-BS, L-CER_10, R-CER_10, L-PHG, R-CER_8,
and L-ITG, and decreased dALFF values in the L-MOG and
R-MOG relative to the HC group (Supplementary Figure 1

and Supplementary Table 1). Furthermore, in the 100 TRs
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FIGURE 4 | The temporal properties of dALFF patterns between the DR group and HC group. The K-means clustering method with three clusters (A). Transition

matrices of different states (B). The number of transitions between states (C). Mean dwell time (D). dALFF, dynamic amplitude of low-frequency fluctuation; DR,

Diabetic Retinopathy; HC, Health Controls.

TABLE 4 | The temporal properties of dALFF patterns between two groups.

DR group HC group T-values P-values

Number of transitions

between states

1.90 ± 0.73 2.57 ± 1.40 −1.524 0.143

Mean Dwell Time

State 1 5.58 ± 7.37 7.35 ± 8.29 −0.935 0.353

State 2 11.77 ± 8.51 7.07 ± 8.23 2.342 0.022

State 3 0.00 ± 0.00 1.98 ± 5.40 −2.267 0.029

Independent t-test for the other normally distributed continuous data (means ± SD). DR,

diabetic retinopathy; HC, health control.

window length step analyses, the DR group had increased
dALFF values in the L-BS, R-BS, L-CER_8, L-CER_4_5,
Vermis_6, and decreased increased dALFF values in the

L-ITG relative to HC group (Supplementary Figure 2

and Supplementary Table 1).

DISCUSSION

Our results showed that DR patients exhibited decreased dALFF
values in the left middle occipital gyrus and right middle
occipital gyrus. Furthermore, DR patients exhibited increased
dALFF variability in the right brainstem, left cerebellum_8, left
cerebellum_9, and left parahippocampal gyrus.

In our study, we demonstrated that the DR group
showed significantly decreased dALFF values in the middle
occipital gyrus, which plays an important role in visual
information processing. DR patients exhibited progression of
retinal hemorrhage and retinal exudate, followed by retinal
neovascularization and retinal detachment, which led to vision
loss. Thus, reduced retinal input might lead to decreased
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FIGURE 5 | ROC curve analysis of the mean dALFF for altered brain regions. ROC curve in dALFF values: DR>HC, for R-BS 0.874 (P < 0.001; 95% CI:

0.794–0.955); for L-CER_8 0.859 (P < 0.001; 95% CI: 0.769–0.948); for L-CER_9 0.809 (P < 0.001; 95% CI: 0.708–0.910); for L-PHG 0.806 (P < 0.001; 95% CI:

0.701–0.910); (A) DR<HC, for L-MOG 0.800 (P < 0.001; 95% CI: 0.699–0.901); for R-MOG 0.803 (P < 0.001; 95% CI: 0.702–0.904); (B). ROC, receiver operating

characteristic; dALFF, dynamic amplitude of low-frequency fluctuation; AUC, area under the curve; BS, Brainstem; CER, Cerebelum; PHG, Parahippocampal; MOG,

middle occipital gyrus; L, left; R, right.

dALFF values in the visual cortex in DR patients. Moreover,
Ozsoy et al. (31) demonstrated that DR patients had decreased
N-acetyl-aspartate (NAA) in the visual cortex, accompanied by
high HbA1c levels. Another study revealed that DR patients had
reduced gray matter density in the right occipital lobe (32). Our
previous study demonstrated that DR patients had decreased
functional connectivity in the visual network (33). Consistent
with these findings, the present study revealed that patients with
DR had significantly lower dALFF values in the middle occipital
gyrus. dALFF reflects flexibility in spontaneous neural activity,
which represents temporal changes in energy consumption and
reflects neural network adaptability. Thus, the decreased dALFF
values in the middle occipital gyrus might reflect impaired visual
processing in DR patients.

In addition, we demonstrated that DR patients exhibited
increased dALFF values in the left cerebellum_8 and left
cerebellum_9. The cerebellum plays an important role in
sensorimotor and vestibular control; it is also involved in
cognition and emotion. Heikkilä et al. (34) demonstrated that
diabetes does not alter glucose content or uptake in the
cerebellum. Fang et al. (35) reported that T2DM patients showed
abnormal anatomical connections in the cerebellum. Mazaika
et al. (36) found that children with diabetes showed decreased
white matter volume throughout the cortex and cerebellum.
ÖzdemIr et al. (37) also revealed significant ultrastructural
alterations in the diabetic rat cerebellum. In the context of these
previous findings, we found that DR patients had significantly
increased dALFF in the left cerebellum_8 and left cerebellum_9,
which suggests increased flexibility of the brain’s activity in
the cerebellum. Thus, we speculated that increased flexibility of
dALFF in the cerebellummight reflect motor control impairment
in DR patients.

Notably, we found that DR patients displayed increased
dALFF variability in the left parahippocampal gyrus, which plays
an important role in memory (38) and cognition (39). Yau et al.
(40) demonstrated that T2DM patients with verbal memory
impairment showed abnormal microstructural integrity in the
left parahippocampal gyrus. Furthermore, Northam et al. (41)
reported that patients with type 1 diabetes exhibited decreased
gray matter in the right parahippocampal gyrus and decreased
white matter in bilateral parahippocampi, relative to HCs. Grillo
et al. (42) also demonstrated that hippocampal insulin resistance
was associated with cognitive deficits; thus, the restoration of
insulin activity in the hippocampus may be an effective strategy
to reduce the cognitive decline in T2DMpatients (43). Consistent
with these findings, our result revealed that patients with DR had
significantly increased dALFF in the left parahippocampal gyrus,
whichmight reflect increased flexibility of brain activity in the left
parahippocampal gyrus. Thus, we presume that increased dALFF
in the left parahippocampal gyrus might indicate memory and
cognitive impairment in DR patients.

Importantly, there were significant differences in the temporal
properties of dALFF states between the two groups. Our results
revealed that patients with DR showed fewer transitions between
states than HCs. Meanwhile, patients with DR showed different
mean dwell times in three states, relative to HCs. However,
these findings have not been mentioned in previous studies.
A previous study demonstrated that patients with Parkinson’s
disease showed an extended mean dwell time in the segregated
state and a reduced number of transitions between states
(44). However, the specific neural mechanism underlying these
temporal properties remains unknown. Thus, we speculate that
these temporal properties of dALFF states constitute potential
biomarkers of cognitive impairment in DR patients.
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There were some limitations in this study. First, we selected
50 TR as the window length based on the criterion that the
minimum length should be >1/fmin. Moreover, our findings
regarding dALFF were relatively stable. Second, our study used
a relatively small sample size. We intend to use a larger sample
size in future studies.

Our study highlighted that DR patients showed abnormal
dALFF in the visual cortices, cerebellum, and parahippocampal
gyrus, which might reflect impaired visual, motor, and memory
function in DR individuals.
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Real-time ocular responses are tightly associated with emotional and cognitive

processing within the central nervous system. Patterns seen in saccades, pupillary

responses, and spontaneous blinking, as well as retinal microvasculature and

morphology visualized via office-based ophthalmic imaging, are potential biomarkers for

the screening and evaluation of cognitive and psychiatric disorders. In this review, we

outline multiple techniques in which ocular assessments may serve as a non-invasive

approach for the early detections of various brain disorders, such as autism spectrum

disorder (ASD), Alzheimer’s disease (AD), schizophrenia (SZ), and major depressive

disorder (MDD). In addition, rapid advances in artificial intelligence (AI) present a growing

opportunity to use machine learning-based AI, especially computer vision (CV) with

deep-learning neural networks, to shed new light on the field of cognitive neuroscience,

which is most likely to lead to novel evaluations and interventions for brain disorders.

Hence, we highlight the potential of using AI to evaluate brain disorders based primarily

on ocular features.

Keywords: ocular assessment, retina, computer vision, cognitive neuroscience, brain disorders, eye-brain

engineering

INTRODUCTION

The neurosensory retinas play a critical role in the functioning of our central nervous system
(CNS), the latter of which processes our sensory input, motor output, emotion, cognition, and
even consciousness (1). Multiple studies have shown that ocular evaluations can be used to
assess CNS disorders (2). Many neurological and psychiatric disorders—such as glaucoma, stroke,
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Parkinson’s disease (PD), autism spectrum disorder (ASD),
Alzheimer’s disease (AD), major depressive disorder (MDD),
and schizophrenia (SZ)—lead to considerable personal suffering,
financial costs, and social burden (3). Distinct ocular findings
have exhibited the possibility of ocular assessments as early
biomarkers for these disorders (2, 4). Since brain disorders
represent one of the most challenging issues to modern
humans, indeed, novel approaches are needed to advance
psychiatric medicine, especially in terms of objective cognitive
measurements (5) and real-time interventions for cognitive
problems (6).

Recently, the Google/DeepMind was able to detect retinal
diseases and cardiovascular risk factors using artificial
intelligence (AI) algorithms on retinal images (7, 8). AI
studies have already shown that AI-based detection to various
diseases is possible and the potential of AI to impact the next
generation of medical care as well (9). Given the increasing
data connecting ocular parameters with brain disease states, it is
possible that applying AI algorithms on ocular patterns would
be helpful for the detection and evaluation of these diseases,
especially with the rapid advancement of computer vision (CV)
and deep-learning algorithms [(9, 10); Figures 1A,B]. In this
present review, we discuss and highlight a novel approach of
using CV with advanced AI to evaluate human brain disorders
based primarily on ocular responses.

EYE–BRAIN CONNECTION

The eyes and the brain are intimately connected. Approximately
80% of the sensory input to the human brain initiates from the
vision system, which begins at the retinas (1, 2). The axons of
retinal ganglion cells (RGCs) send visual information collected
on the neurosensory retinas to the CNS. There are at least
20 nuclei that receive projections from the retinas into the
mammalian brain (13, 14); for example, the lateral geniculate
nucleus serves as a thalamic visual relay to primary visual cortex,
the superior colliculus is responsible for visuomotor processing,
and the hypothalamic suprachiasmatic nucleus is involved in
non-visual hormonal photoentrainment (15).

The eyes are usually linked to facial expressions, such as
eye widening can be a sign of fear, whereas eye narrowing
can be a sign of disgust (16). Lee et al. demonstrated that
eye widening enhances one’s visual field, thereby improving
stimulus detection, while eye narrowing increases visual acuity,
which improves objective discrimination (17, 18). Moreover,
visual attention, pupillary responses, and spontaneous blinking
are regarded as non-invasive and complementary measures of
cognition (19). Vision-based attentional control includes the
planning and timing of precise eye movements, which has
been shown to be controlled by neural networks spanning
cortical, subcortical, and cerebellar areas that have been
extensively investigated in both humans and non-human
primates [(20–22); Figure 1C]. Pupillary responses are primarily
modulated by norepinephrine in the locus coeruleus, which
controls physiological arousal and attention (23–25), whereas
spontaneous eye-blink rates are tightly correlated with CNS

dopaminergic levels and are associated with processes underlying
learning and goal-directed behavior [(26, 27); Figure 1D]. Below,
we outline in detail the connections between ocular assessments
and some brain disorders including autism spectrum disorder
(ASD), Alzheimer’s disease (AD), schizophrenia (SZ), and major
depressive disorder (MDD).

AUTISM SPECTRUM DISORDER:

WITHOUT NORMAL EYE CONTACT

A lack of normal eye contact during social interaction is
one of the main clinical features of ASD (28). Screening for
ocular fixation at 2–6 months old can provide early detection
and even interventions for children with ASD (29). Full-
field electroretinogram (ERG), which measures specific cellular
functions within the retinas, further exhibits decreases in rod
b-wave amplitude in ASD individuals (30). Different types of
oculomotor dysfunction—such as saccade dysmetria (over- or
undershooting of visual targets), loss of saccadic inhibition, and
fixation impairment—have all been documented in patients with
ASD (11). Saccade dysmetria may be caused by the dysfunction
of neural networks connecting the cerebellar vermal–fastigial
circuitry to the brainstem premotor nuclei that regulate
oculomotor movements [(28, 29); Figure 1C]. A diminished
ability to inhibit reflexive saccades during anti-saccade tasks
is thought to be associated with the characteristic repetitive
behaviors seen in patients with ASD (31, 32). In addition,
fixation is often significantly impaired in ASD patients, which
is more likely secondary to a reduced top–down modulation of
sensorimotor processing (33, 34).

ALZHEIMER’S DISEASE: DEMENTIA

FEATURE IN THE EYES

Ocular assessments of AD patients have demonstrated saccadic
dysfunctions indicative of poor visual attention. In particular, AD
patients have difficulty focusing on fixed objects (35). Prettyman
et al. showed early in 1997 that there was a 75% greater latency
in pupillary constriction in AD patients compared with that
in age-matched controls (36). Additionally, AD patients have
markedly decreased visual contrast sensitivity, which is evident
even at the early stage of AD (37). Patients with AD also
have altered retinal microvasculature, such as sparser and more
tortuous retinal vessels and narrower retinal venules (38) and
decreased retinal blood flow/blood-column diameter as indicated
by laser Doppler flowmetry (39). Studies using optical coherence
tomography (OCT) have indicated a gradual decrease in retinal
nerve fiber layer thickness (RNFL), most prominently in the
superior quadrants, when comparing patients with no AD to
mild AD to severe AD (40, 41). AD patients exhibit a number
of specific ocular findings; these ocular findings provide an
opportunity for their collective use as biomarkers for machine
learning algorithms to test AD (42).
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FIGURE 1 | The eye as a window to uncover a healthy level of the brain. (A1) A restful and calm eye (positive state) is shown compared with (A2) a stressful and

anxious eye (negative state). Note that a positive state is more frequently associated with an upside view of the eyes, whereas a negative state exhibits a more

(Continued)
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FIGURE 1 | downside view of eyes. The eye images shown here are presented following permission from the corresponding subjects. (B1) Example of a retinal

fundus image in color, whereas (B2, B3) show the same retinal image but in black and white. Machine learning predictions of diabetes and body mass index (BMI)

states mainly rely on the features of the vasculature and optic disc, as indicated by the soft attention heat map with green color in those images. The images in

(B1–B3) were adapted from Poplin et al. (8) (with permission). (C) Complex neural networks spanning the cortical, subcortical, and cerebellar areas are involved in

voluntary saccadic eye movements for attentional control. The image was modified from that of Johnson et al. (11). Red arrows indicate the direct pathway (PEF, the

parietal eye fields; FEF, frontal eye field; SEF, supplementary eye field) to the superior colliculus (SC) and brainstem premotor regions, while yellow arrows indicate the

indirect pathway to the SC and brainstem premotor regions via the basal ganglia (striatum, subthalamic nucleus, globus pallidus, and substantia nigra pars reticularis).

(D) An architectural model of the hierarchy of visual cortical circuitry, modified from Felleman and Van (12). There is a feedforward ascending pathway of the vision

system from the retinas to the cortex, as well as a feedback descending pathway from the cortex to multiple downstream areas. (E) A potential application of

eye–brain engineering developed to compute human brain states mainly based on smart cameras to detect ocular responses, combined with other biological signals

including electroencephalography (EEG) and photoplethysmography (PPG).

SCHIZOPHRENIA: TO SEE OR NOT TO SEE

Visual processing impairment including visual hallucination,
distortion of shapes, or light intensity, is commonly observed
in patients with SZ (43). Abnormal retinal findings like dilated
retinal venules, RNFL thinning, and ERG abnormalities were
present in SZ patients (44, 45). A twin study showed a positive
correlation between wider retinal venules and more severe
psychotic symptoms (46), suggesting the possible use of retinal
venule diameter as a biomarker for SZ. In addition, RNFL
thinning, which corresponds to the loss of RGCs axons, is seen
in SZ patients (47, 48) and also in patients with PD (49) and AD
(50). ERG abnormalities in SZ indicate reduced functionalities
of rod and cone photoreceptors, bipolar cells, and RGCs, all
of which can reflect the deregulation of neurotransmitters such
as dopamine (51, 52). Furthermore, a portable handheld ERG
device was made and can be used in psychiatry clinics for
screening and evaluation of SZ (53).

MAJOR DEPRESSIVE DISORDER: A GRAY

WORLD OF EYES

Reduced contrast sensitivity is frequently seen in individuals
with MDD, both medicated and unmedicated (54). There is
even a strong correlation between contrast gain and depression
severity, as indicated by pattern electroretinogram (PERG) (54,
55). When compared with healthy controls, patients with MDD
often have higher error rates and increased reaction times in
performing anti-saccade tasks (56, 57). Furthermore, patients
with melancholic depression, when compared with saccade
parameters in healthy controls and non-melancholic depressed
patients, exhibit longer latencies, reduced peak velocities,
and greater hypometricity during saccadic eye movement
tasks (58). Patients with seasonal affective disorder (SAD,
namely, winter depression) have a significantly reduced post-
illumination pupillary response (PIPR) as demonstrated by
infrared pupillometry (59, 60). These features are most likely to
associate with dysfunction of melanopsin-expressing intrinsically
photosensitive RGCs (ipRGCs), since ipRGCs often contribute to
pupillary response function, particularly during sustained-state
pupillary constriction (61, 62). However, the change in PIPR in
response to blue light stimuli only happened in SAD patients
carrying the OPN4 I394T genotype (59).

As previously outlined, different brain disorders usually have
ocular manifestations. However, those ocular features may be
either shared among multiple diseases or specific to a singular
disease, as shown in detail in Table 1. Vast psychological and
economic burdens caused by brain disorders call for more precise
analyses of those disorders. It is a good choice for analysis in
advance to combine with machine learning particularly deep-
learning algorithms.

COMPUTER VISION: WITH ADVANCED

ARTIFICIAL INTELLIGENCE

CV, as one of the most powerful tools to push AI applications
into healthcare areas, exhibits a high capability of auto-screening
diseases, such as skin cancer (66) and diabetic retinopathy (10,
67). Following a rapid development of deep learning-based AI,
CV now has an impressive resolution that is close to that of
human vision and maybe beyond sometime (9, 68). Hence, CV
is likely to drive AI to provide novel tools for brain disorders,
as machines have now been able to be trained to read human
emotional and cognitive states, especially in terms of automated
detection of facial expressions like fear and fatigue (18, 69).
Individuals with brain disorders may benefit from CV-based
AI applications in neurological healthcare, particularly to aid in
patient self-monitoring of symptoms and in conducting real-
time interventions for recovery of social and psychological
abilities (70). Furthermore, CV-based AI recognition of human
emotional and cognitive states will be more precisely achieved
with automated detection and analyses of ocular responses.

Nevertheless, currently available CV datasets on emotional
recognition—such as JAFFE, FERA, and CK+–have usually been
based on thousands of facial images captured in the laboratory,
but often neglected human eye movement and other primary
ocular parameters, which usually contain abundant information
on human affective states (16). Since Google AI applications
focused on retinal and eye features have already demonstrated
that this approach non-invasively and conveniently yields much
information of physical health (7, 10), such eye-focused CV-
based AI should be explored further for clinical neurosciences
in the future. Hence, the eye as a window into the brain
can be used to obtain health information, not only for eye
diseases but also for determining cardiovascular risk factors
(8) and even for brain disorders (Table 1). In order to achieve
reliable detection of human emotional and cognitive states for
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TABLE 1 | Multiple changes in ocular parameters via ophthalmological assessments are associated with neurological disorders.

Saccades Pupillary/blinking

response

RNFL Microvasculature ERG

Autism Decrease eye fixation at 2–6

months old (29); saccade

dysmetria (11); impaired tracking

of moving targets (33)

A longer latency of the

blink reflex in

high-functioning autism

(63)

– – Decreased rod b-wave

amplitude in flash ERG

(30)

Alzheimer’s disease Poor eye fixation (35) Delayed pupillary

constriction (36, 60)

Reduced RNFL thickness

especially in the superior

quadrant (40, 41)

Narrower retinal

venules and sparser

and more tortuous

retinal vessels (38)

Markedly decreased

contrast sensitivity (37)

Schizophrenia Performed worse in predictive,

reflexive, and antisaccade tasks

(64)

Blink rates are frequently

elevated (65)

Thinning of RNFL (47, 48) Widened retinal

venules (46)

Abnormal ERG

amplitudes including

rods, cones, bipolar

cells, and RGCs (53)

Major depression Elevated error rates and increased

reaction times (56, 57)

Reduced PIPR and a

lower PIPR percent

change in response to

blue light in patients with

SAD (59)

– – Significantly reduced

contrast sensitivity

using PERG (54, 55)

Some similar features among these diseases further indicate a requirement of more precise analyses via machine learning and deep learning. ERG, electroretinogram; PERG, pattern

electroretinogram; PIPR, post-illumination pupillary response; RNFL, retinal nerve fiber layer thickness; SAD, seasonal affective disorder.

brain disorders, a more quantitative representation of emotional
recognition via AI algorithms is necessary, which will require
more informative databases with dynamic features including
eye movements captured with the natural responses, and
furthermore, investigations to the neural mechanism involved
action units of facial expression as well (71).

DISCUSSION

Medical issues engaged in challenging human diseases are often
tightly associated with big data, and AI algorithms have been
demonstrated to leverage such big data to aid in solving these
issues (9). AI applications in medicine are only at an early
stage; however, AI-based automated diagnoses have already
contributed to the identification of several types of cancers
and retinal diseases (10, 66, 67). Some case reports on AI
practices engaged in medical diagnoses have involved image
recognition via supervised learning using deep neural networks,
which has helped in effectively interpreting cancer slides (72),
retinal images (73), and brain scans as well (74); nevertheless,
most of these applications have only been completed at the
preliminary stage.

AI performance has been frequently leveraged in
ophthalmology since retinal images are relatively easy to
obtain using fundus imaging or OCT without any invasion.
Additionally, diagnostic standards of eye diseases have become
more well-defined. Many eye diseases—including diabetic
retinopathy (75), age-related macular degeneration (76), and
congenital cataracts (77)—have already been assessed via
deep-learning neural networks, and many applications have
exhibited remarkable accuracies comparable with those of
eye specialists (9). Since the neurosensory retinas as a key
component of the vision system is a direct embryological

extension of the CNS (1), the utility of AI algorithms to detect
abnormal ocular responses associated with brain disorders is
reasonable to test for its feasibility and efficacy (2, 78). CV-
based AI algorithms for automated detection and analyses of
ocular responses is more likely to represent promising tools
for non-invasively detecting differences in ocular responses
(16), particularly those associated with different types of brain
disorders (78). Brain disorders tend to be more complicated
than other medical issues, and often lead to a greater burden
to human society, as indicated by at least 350 million people
currently suffering from major depression in the world
(79). There is a huge potential for AI to lend its power to
patients with affective disorders and the caregivers helping
these patients.

Undoubtedly, AI has begun to shed new light on brain
disorders. Cognoa applied clinical data from thousands of
children at risk for ASD to train and develop an AI
platform, whichmay provide earlier diagnostics and personalized
therapeutics for autistic children (80) and was approved by
the FDA in 2018. In terms of autoscreening depression,
Alhanai et al. used audio and text features to train a neural
network with long short-term memory, which was found
to be comparable with traditional evaluations via depression
questionnaires (81). An eye tracking-based assessment has
been already developed with video movies shown at the
monitor, in order to evaluate cognitive impairments such
as ASD and AD (82, 83). Haque et al. trained their AI
using spoken language and 3D facial expressions commonly
available in smartphones to measure depression severity (84).
A project in our team is currently running and is aimed at
developing an AI platform that utilizes ocular data to train
a model to detect brain states under natural conditions. This
AI platform is designed mainly based on real-time ocular
responses and is likely to determine brain emotional and
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cognitive states of individuals with brain disorders. This core
function will be accessed through a wearable smart glasses and
an ordinary smartphone (in Figure 1E, the related patent was
in progress).

Nevertheless, some issues regarding AI implementation in
healthcare require consideration. The first issue is how to
effectively collect big data with a high quality of valid features for
AI algorithms. In terms of AI recognition of facial expression,
high-resolution imaging is often required, especially for the
potential application of brain disorders. Multiple ocular data
should not be neglected for emotional recognition since eye
expression plays a key role in social communication (16).
Parameter patterns such as saccades, pupillary response, and
blinking rate (Table 1) contain detailed and fruitful information
on human affective states (19). Micro-expression detection
is also sometimes required for the ground truth of facial
expression (85). Some key features are unable to be shown
by one single image and, instead, require dynamic videos
with high frame rates. In addition, high-resolution imaging is
potentially beneficial for obtaining more healthcare data via
photoplethysmography (PPG) (86), such as heart rate variability
(87). Another key issue is in terms of privacy protection
when facial data are obtained to develop AI algorithms (88).
Participants need to be provided informed consent regarding
data collection. Investigators need to advise participants of their
rights, summarize what is expected for participation during
the study, and then keep the data safety continuously after
the study (88). In our pilot design, all facial or ocular data
will be obtained and stored by participants themselves through
their smartphones, and they have the right to decide if data
are shared without identifying their personal information. The
third issue is some portable or wearable devices are required
to develop for data collection of brain healthcare. It is better
for early detection of symptoms involved in brain disorders
(70), rather than diagnosing symptoms at the later and severe
stages using functional MRI for evaluating depression (89) and
computed tomography (CT) for screening head trauma (90).
The wearable smart glasses that we designed (Figure 1E) can
collect many different parameters involving ocular responses
like saccades, pupillary response, and blinking parameters.
Also, other biological data will be considered as well, such as
electroencephalography (EEG) and PPG (Figure 1E). It will be
defined as an integrated eye–brain engineering tool for human
state recognition that enables powerful detection and evaluation
of brain states in real time with machine learning. It is more likely
to benefit some patients with brain disorders, even including
stroke and bipolar disorders.

As AI is still at the early stage of being integrated into
mental healthcare, integration of human biological intelligence
(BI) and machine learning-based AI will need to be further
promoted. AI alone is known to be insufficient for detecting
brain disorders since machine learning is entirely dependent on
the availability of collected data. The quality of collected data
is vital, which will require the use of more knowledge from BI.
Current AI representation of human facial expressions is often
only achieved at a qualitative level that has been categorized into
seven basic expressions plus some composite expressions, with

an accuracy ratio of <70% (91, 92). Therefore, it requires the
improvement to a quantitative level via more BI, especially with
cognitive neuroscience and neuro-ophthalmology. Then we can
perhaps learn more clearly about the threshold values of brain
disorders distinguished from normal brain functions and learn
more about specific features of different brain disorders. More
interestingly, vision intervention with some ocular responses
also directly exhibited the benefits to rescue brain disorders, for
example, blue-enriched light therapy tomajor depression (14, 93)
and 40-Hz light flicker to attenuate AD-associated pathology
(94, 95). This type of vision-based therapy may be much
beneficial for conducting non-invasive and timely prevention
and even treatment for brain disorders in the near future. To
this aim, machine learning-based AI, especially deep-learning
neural networks, will likely be instrumental in further advances
in clinical neuroscience (96, 97).

CONCLUSION AND PERSPECTIVE

In general, brain disorders can be assessed by ocular detection,
while that certainly needs to consider the exclusion of the
eye disease situation and that well-trained AI will offer its
support again (7). After all, advanced AI will help those patients
with brain disorders directly and currently, differing from gene
therapy, which often plans to benefit for the next generation of
those patients. It can be achieved mainly through autodetection
with AI algorithms, self-evaluation with wearable sensors, and
timely intervention with brain–computer interface as well. May
the force of AI be with patients of brain disorders particularly
using an approach with ocular representation in the real time.
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