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Abstract 

Across neurodegenerative diseases, common mechanisms may reveal novel therapeutic targets based on neuronal 
protection, repair, or regeneration, independent of etiology or site of disease pathology. To address these mechanisms 
and discuss emerging treatments, in April, 2021, Glaucoma Research Foundation, BrightFocus Foundation, and the 
Melza M. and Frank Theodore Barr Foundation collaborated to bring together key opinion leaders and experts in the 
field of neurodegenerative disease for a virtual meeting titled “Solving Neurodegeneration”. This “think-tank” style 
meeting focused on uncovering common mechanistic roots of neurodegenerative disease and promising targets for 
new treatments, catalyzed by the goal of finding new treatments for glaucoma, the world’s leading cause of irreversi‑
ble blindness and the common interest of the three hosting foundations. Glaucoma, which causes vision loss through 
degeneration of the optic nerve, likely shares early cellular and molecular events with other neurodegenerative dis‑
eases of the central nervous system. Here we discuss major areas of mechanistic overlap between neurodegenerative 
diseases of the central nervous system: neuroinflammation, bioenergetics and metabolism, genetic contributions, and 
neurovascular interactions. We summarize important discussion points with emphasis on the research areas that are 
most innovative and promising in the treatment of neurodegeneration yet require further development. The research 
that is highlighted provides unique opportunities for collaboration that will lead to efforts in preventing neurodegen‑
eration and ultimately vision loss.
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Background
A wide spectrum of neurodegenerative disorders affects 
the central nervous system (CNS), causing a break-
down in connectivity and communication between 
neurons integral to sensory, motor, and cognitive pro-
cesses including vision, hearing, movement, speech and 

language, memory, and others. This breakdown in neu-
ronal connection is characterized by the progressive 
degradation of synapses and axons that lead to eventual 
neuronal death. Cases of neurodegeneration and demen-
tia worldwide are predicted to rise dramatically with the 
aging population, posing a significant threat to global 
healthcare systems [1,2]. Although neurodegenerative 
diseases are highly complex and can be etiologically dis-
tinct, uncovering commonalities in disease mechanisms 
and pathologies may yield a deeper understanding of 
the triggering events in neurodegeneration and generate 
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opportunities for novel pan-neurodegenerative therapeu-
tic avenues.

Main text
Etiological features of neurodegenerative disorders
Alzheimer’s disease and related dementias
The symptoms associated with neurodegenerative dis-
ease are largely dependent on the CNS tissue affected, 
which varies across diseases such as Alzheimer’s Disease 
(AD), Huntington’s Disease (HD), Parkinson’s Disease 
(PD), and Amyotrophic lateral sclerosis (ALS). Although 
each neurodegenerative disease is distinct in terms of eti-
ology, severity, and rate of progression, shared molecu-
lar changes and mechanisms can be identified offering 
potential avenues for research across multiple diseases.

Alzheimer’s Disease represents the most common form 
of dementia, predominantly afflicting the aged popula-
tion [3]. Over time, patients develop gradual but pro-
gressive memory loss and cognitive decline associated 
with the degeneration of neurons [4]. In AD, severity of 
symptoms is correlated with pathophysiological events 
caused by protein aggregations in the cerebral cortex 
[5–8]. These have been shown histologically as the depo-
sition of β-amyloid (Aβ) aggregated fibrils and plaques, 
and neurofibrillary tangles containing hyperphosphoryl-
ated Tau protein [5]. Amyloid precursor protein (APP) 
can be cleaved to form varying lengths (from 38 to 43 
amino-acids) of Aβ peptides [9]. Aβ monomers can bind 
to one another to eventually form oligomers and insolu-
ble plaques. The deposition and accumulation of Aβ oli-
gomers is generally accepted as central to pathogenesis of 
AD and the most toxic to neurons; however, other patho-
logical events such as tau aggregation, as well as neuro-
inflammation also play a major role and contribute to 
synaptic loss and neurodegeneration [3].

While AD accounts for 60–80% of dementia cases, vas-
cular cognitive impairment and dementia (VCID) are the 
second leading cause of dementia [10]. Recent mount-
ing evidence supports an underlying vascular element 
in the pathophysiology of AD [11]; abnormal microvas-
culature in AD patients is present post-mortem in the 
brains of patients [11–13]. In fact, the role of cerebrovas-
cular alterations in dementia-associated neurodegenera-
tive diseases has been highlighted as a primary cause of 
cognitive impairments and as a factor that contributes 
directly to dementia associated with neurodegeneration 
[14, 15].

PD, the second most common form of neurodegen-
erative disorder [16], is also characterized by progres-
sive loss of neurons. Neurodegeneration in PD leads to 
the impairment of basal ganglia in the brain, present-
ing in the clinic as difficulty with motor-movement, 
cognitive impairment, autonomic failure and other 

neuropsychiatric symptoms [17]. Similar to AD, PD 
symptoms also correlate with aggregates of misfolded 
protein, in this instance α-synuclein, leading to the sub-
sequent formation of Lewy bodies [18]. PD falls under an 
umbrella of synucleinopathies which also include multi-
ple system atrophy and dementia with Lewy bodies [19].

Among neurodegenerative disorders, ALS is the most 
rapid to progress to fatality; where PD and AD symptoms 
can begin in a prodromal period that can last many years, 
ALS can begin and span to death in under 2–3 years [20]. 
ALS manifests as widespread motor neuron abnormali-
ties involving the brain, spinal column and peripheral 
neuromuscular system; speech impairment, difficulty 
swallowing followed by progressive paralysis of the arms 
and legs are common [20]. Progress in therapeutics for 
ALS patients is slow due to the complexity and hetero-
geneity of disease mechanisms. Some 15% of ALS cases 
are familial can be directly attributed to disease-caus-
ing alleles of genes such as SOD1, TARDBP, FUS, and 
OPTN  [20]. Pathological mechanisms in ALS include 
metabolic impairment (gross mitochondrial morphologi-
cal and functional changes), glutamate-induced excito-
toxicity, and neuroinflammation [20]. Again, in line with 
other neurodegenerative diseases, ALS pathophysiology 
also includes protein aggregation, this time of the TAR 
DNA-binding protein 43 (TDP43) which can occur in 
sporadic and familial forms of ALS [21].

The etiologies of AD, PD, ALS, and other related 
dementias are highly complex. In addition to the patho-
physiological changes seen post-mortem, such as dep-
osition of insoluble protein aggregations, there are 
overlapping and common mechanisms of neurodegen-
eration that include neuroinflammatory, metabolic, neu-
rovascular, and genetic factors.

Neurodegeneration of the visual system
Glaucoma is the leading cause of irreversible blindness 
worldwide [22]. The disease encompasses a group of 
optic neuropathies that lead to the progressive degen-
eration of retinal ganglion cells (RGCs), the output neu-
rons of the retina, along with their axons which form the 
optic nerve - the sole neuronal projection to the brain’s 
higher vision centers. Like many other neurodegenera-
tive diseases, glaucoma is associated with increasing age; 
as our population ages, it is estimated that approximately 
112  million people will be affected worldwide by 2040 
[23]. Besides age, elevation in intraocular pressure (IOP) 
is amongst other prominent risk factors for the disease 
which include race, severe myopia, central corneal thick-
ness, and genetic predisposition to congenital glaucoma.

Forms of glaucoma are classified clinically according to 
a key anatomic feature of the anterior segment, the irido-
corneal angle, which is defined by the angle formed where 
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the iris and cornea meet. In the most prevalent form of 
the disease, primary open-angle glaucoma (POAG), the 
angle is open but there is a progressive resistance within 
the aqueous humor outflow pathways that gradually leads 
to an increase in IOP. However, not all glaucoma patients 
suffer from elevations in IOP; normotensive glaucoma 
patients never experience increases in IOP [24, 25] and 
conversely some patients with extremes in IOP at risk for 
glaucoma do not exhibit neurodegeneration [26]. IOP 
remains the only treatable risk factor, and although inter-
ventions in the clinic such as IOP-lowering drops or IOP-
lowering surgery are available, many patients progress 
with neurodegeneration of the visual projection despite 
treatment [27]. As advances are made in research we are 
beginning to understand that glaucoma is characterized 
by the sensitivity of the optic projection to IOP, rather 
than IOP itself [27]. How this sensitivity begins or evolves 
throughout disease progression, or which IOP-independ-
ent mechanisms are at play remain to be determined but 
may hold the key to early detection and prevention in the 
disease.

The optic nerve head (ONH), where over 1.5 million 
unmyelinated RGC axons converge to exit the globe 
and form the optic nerve proper in humans, is a critical 
juncture for pathogenic neurodegenerative processes 
that occur in glaucoma. The vulnerability of axons at 
this site is by virtue of the unique structure and physi-
ology of the ONH [28–31]. There, a complex interplay 
is seen between neuronal, glial, vascular, and biome-
chanical components that can change with age to influ-
ence sensitivity of the optic projection to any given IOP 
[28, 29, 32, 33]. All tissues in the human body show nat-
ural variations in stiffness, and changes in this stiffness 
occur naturally with aging, but can also be exacerbated 
as a result of inflammatory events (i.e., increased depo-
sition of collagen and extracellular matrix components 
by cells, or proliferation of glia, namely astrocytes). In 
addition, remodeled tissue and increased stiffening act 
as environmental cues to further drive inflammation 
[34]. There appears to be an interplay between inflam-
mation and cellular biomechanics that may be relevant 
in glaucoma and tissues of the ONH [34]. Changes in 
the retina and ONH associated with mechanosensi-
tivity [35, 36], as well as alterations in ocular stiffness 
with age [37], have been independently investigated in 
glaucoma pathogenesis, along with extracellular matrix 
deposition due to inflammation. Making the connec-
tion between tissue biomechanics and inflammation 
as a key molecular driver of pathogenesis may uncover 
novel areas of therapeutic intervention in glaucoma. It 
is also becoming apparent, in a range of neurodegen-
erative diseases, that the immune and glial responses 
are not dependent on any one genetic mutation or 

predisposition for disease – making understanding of 
these mechanisms important for all patients.

The variety in etiology of glaucoma combined with the 
ineffectiveness of IOP-lowering drugs for many patients 
suggests multiple mechanisms of neurodegeneration. 
By considering glaucoma a neurodegenerative disease, 
research into the triggers (i.e., early molecular events) 
and drivers of neurodegeneration can identify novel 
areas of therapeutic intervention to preserve and restore 
vision. In addition, the optic projection is an accessible 
extension of the CNS that allows investigators to directly 
visualize CNS neurons and define mechanisms that may 
be leveraged for understanding other neurodegenerative 
diseases.

Mechanisms of progression
It is no coincidence that as humans age, so too does the 
incidence of neurodegenerative disease as homeostatic 
cellular mechanisms begin to malfunction, and new cel-
lular functions associated with diseases arise. Neuro-
degeneration involves complex interactions between 
adjacent cells and their axonal projections; neurons have 
both proximal and distal regions that have distinct cel-
lular environments and in turn distinct mechanisms of 
disease pathology. Furthermore, the CNS does not always 
act in isolation; the peripheral nervous system (PNS) and 
peripheral immune system are increasingly implicated as 
active players in the degeneration of the CNS. Identify-
ing molecular commonalities will enhance understand-
ing of neurodegenerative events, which could then be 
harnessed in the design of broad-stroke therapeutics for 
neurodegenerative mechanisms across multiple diseases. 
To reach this goal of broadly applicable therapeutics for 
neurodegenerative disease some knowledge gaps remain: 
(i) common molecular events in the early stages of dis-
ease progression, i.e., triggering events that tip the scale 
in an amplification cascade that leads to neurodegen-
eration, (ii) events in progression that catalyze already 
existing neurodegenerative events, (iii) which cell types 
are involved, (iv) common pathological endpoints, i.e., 
how can we back-track from these events to prevent or 
replace diseased tissue, and finally (v) discerning which 
events are pro-degenerative vs. reparative or even pro-
regenerative. As a collective, we have identified several 
common mechanistic areas of focus that may provide 
potential pan-neurodegenerative therapeutic strate-
gies. These include: environmental factors, neuroinflam-
mation, metabolic stress, neurovascular coupling, and 
genetic contributions to disease (Fig. 1).

Environmental contributions to neurodegeneration
Environmental factors can have a profound impact 
on cellular and epigenetic contributions to disease 
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progression. For example, these factors include age, diet, 
exercise, and exposure to neurotoxic substances that can 
act to trigger and/or exacerbate underlying neurode-
generative events. As such, environmental factors play 
a role in many of the shared degenerative mechanisms 
discussed below. Across many diseases, age is a primary 
risk factor and tissues that are comprised of postmitotic 
cells, such as neurons in the brain and retina, are par-
ticularly sensitive to the effects of aging [38]. Hallmarks 
of aging cells include genomic instability, epigenetic 
alterations, dysregulated signaling pathways, and mito-
chondrial dysfunction. Changes that occur with age can 
impact homeostatic functions in cells, rendering them 
sensitive to neurodegeneration. Other external factors, 
such as diet and exercise, are proving to be crucial fac-
tors in maintaining CNS health [39, 40]. Micronutrients, 
such as vitamins and trace elements are integral to many 
key biological processes, such as mitochondrial ATP 
production and immune responses, which in turn affect 

CNS physiology [39]. Recognizing the role that external 
factors play in degeneration and the impact on cellular 
mechanisms as outlined blow (i.e., signaling pathways 
such as neuroinflammation, metabolism, mitochondrial 
dysfunction), will help to provide novel therapeutic strat-
egies for neurodegenerative diseases.

Neuroinflammation
Inflammatory events that influence the CNS (what is 
sometimes referred to as “neuroinflammation”) have 
multifaceted outcomes, which can be neuro-protective, 
neuro-regenerative and neurodegenerative, defined by 
location, timing, and duration. Inflammation outside of 
the CNS involves the infiltration of circulating mono-
cytes and other immune cells, whereas inflammation 
within the CNS is usually (but not always) independent 
of peripheral inflammatory infiltration and involves resi-
dent glia, such as microglia and astrocytes [41]. Neuro-
inflammation in neurodegenerative disease was always 

Fig. 1  Common mechanisms of neurodegeneration. Across neurodegenerative diseases, five main areas of mechanistic overlap exist, these 
include: (1) environmental factors such as diet, age, and, exercise; (2) metabolic stress, e.g., mitochondrial dysfunction, increased reactive oxygen 
species (ROS); (3) genetic contributions, e.g., genome-wide association study-linked risk alleles (GWAS), sex-linked genetic contributions; (4) 
neurovascular coupling, e.g., breakdown of the blood-brain-barrier and dysfunctional neurovascular coupling and; (5) neuroinflammation, e.g., 
infiltration of peripheral immune cells, and increased glial reactivity. Environmental factors contribute to all mechanistic areas of degeneration
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assumed to be merely a response of the system to other 
pathophysiological events. However, emerging data from 
preclinical and clinical studies across a range of neurode-
generative diseases including AD, PD and Huntington’s 
Diseases, ALS, and multiple sclerosis, among others, 
have established that immune-mediated events can trig-
ger and drive pathogenesis [42–45].

Increasing age is associated with increased low-grade 
chronic inflammation, or inflamm-aging [46] due to dys-
regulation of immune [47], glia [48, 49], or metabolic 
homeostasis [50]. In humans, age leads to elevations in 
circulating inflammatory markers such as C-reactive 
protein [51] and inflammatory cytokines [52, 53]. Dys-
functional inflammatory responses that occur with aging 
alone may act to induce or simply aggravate inflamma-
tory events already underway in neurodegeneration. 
Such dysfunction in immune surveillance (usually con-
ducted by microglia and astrocytes) that occurs with age 
may be the instigator in triggering prolonged inflamma-
tion. In AD, a hallmark of disease pathology is the pres-
ence of neuroinflammation in the brain, which appears to 
manifest as reactive responses by astrocytes and micro-
glia [54]. Elevation in pro-inflammatory cytokines in the 
brains of AD patients leads to an accumulation of Aβ 
and Tau plaques which ultimately result in neuronal loss 
[55–57]. Neuronal injury due to accumulating Aβ exists 
in a perpetuating cycle whereby production of inflam-
matory cytokines causes release of neurotoxic Aβ, which 
in turn triggers reactive microglia to release more pro-
inflammatory cytokines [56, 58]. In AD, microglia are 
the primary cell type that engulfs and proteolyzes neuro-
toxic Aβ [3]. Since Aβ plaques are difficult to break down, 
the efficiency of the microglial clearance dissipates with 
time leading to increased amyloid and enhanced release 
of pro-inflammatory cytokines [57]. As such, microglial 
responses are likely neuroprotective in the early stage but 
neurotoxic in the late stage of AD [59].

In humans, inheritance of the apolipoprotein E ε4 
(APOE4) allele strongly increases the chance of devel-
oping AD [60]. The reactive response of microglia and 
astrocytes in the brain is increased in human patients 
and mouse models expressing the APOE4 allele. APOE4 
alters the baseline pro-inflammatory response even in the 
absence of disease, suggesting that APOE4 may indeed 
cause dysfunctional inflammatory responses that trig-
ger neurodegeneration [61–63]. Furthermore, APOE4 
is correlated with dysfunctional microglial clearance of 
Aβ [64]. Although the majority of people carrying the 
APOE4 genetic variant have an enhanced predisposition 
for AD, the effect size is lower or absent in populations of 
people with African ancestry compared with Europeans 
or Chinese [65]. For example, some South American non-
industrialized populations appear to benefit from APOE4 

in order to survive parasitic infection in early childhood, 
with no apparent adverse AD-associated effects in aged 
individuals [66].This lack of association of the allele with 
disease highlights how genetic variation, environmental 
factors and epigenetics may affect gene-associations of 
disease.

Similarly, in age-related macular degeneration (AMD) 
and glaucoma, APOE4 is protective against the disease 
[67, 68]. The reason why this inverse relationship is seen 
in retinal disease and a positive correlation with disease is 
seen in AD is intriguing. In a mouse model of AMD, mice 
with the human APOE4 variant had less reactive micro-
glia [69]. Reactive microglia in the retina are already 
proven to be pathological in glaucoma, so perhaps less-
reactive glia in the retina are protective in the case of 
APOE4 variants whereas dysfunctional microglia in AD 
are detrimental. A deeper understanding of evidence 
across disease pathologies like this that will enhance our 
understanding of glaucoma as a neurodegenerative dis-
ease and will allow us to understand how neuroinflam-
matory events contribute to disease pathology across the 
spectrum of human populations.

Not all disease-linked mutations cause direct responses 
from cells to increase inflammatory mediators. In ALS 
patients, harboring genetic mutations in the superoxidase 
dismutase enzyme (SOD1) accounts for about 5% of ALS 
cases. These mutations do not alter the basal microglial 
or astrocyte transcriptome, but instead drastically lower 
the astrocyte threshold to inflammation making them 
poised to respond faster and more aggressively [70]. Such 
studies highlight the importance of investigating prodro-
mal and secondary inflammatory responses and func-
tions in cells expressing disease-associated mutations.

In PD, similarly to AD, protein aggregations are a key 
pathological element; post-mortem examination has 
identified aggregations of α-synuclein in Lewy bodies of 
patients with the disease [71]. These protein aggregates 
that accumulate in the neurons of the substantia nigra 
are unable to be cleared, triggering neurodegeneration. 
Since the discovery of high numbers of reactive microglia 
in postmortem brain tissue of PD patients, it has been 
suggested that neuroinflammatory events could be the 
initial instigator of pathogenic mechanisms in PD [72]. 
Like dysfunctional neuroinflammatory mechanisms in 
AD, the same “missing-link” question can be posed for 
PD: are neuroinflammatory events responsible for mis-
folding of proteins, i.e., triggers of the disease, or are they 
secondary to protein aggregations? Interestingly, there 
have been studies correlating the use of non-steroidal 
anti-inflammatory drugs (NSAIDs) with the prevention 
or delay of PD [73]. Similarly, the glucagon-like 1 pep-
tide receptor agonist, NYL01, originally developed to 
combat inflammation in diabetes, has proved beneficial 
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in limiting microglia cytokine release and astrocyte 
reactivity in mouse models of PD [74], as well as in the 
bead-occlusion model of glaucoma [75]. These find-
ings highlight neuroinflammation and systemic immune 
responses as active contributors to progression of disease 
and the importance of understanding crosstalk between 
the CNS, PNS and vascular system in disease. Below we 
discuss the role of additional factors such as mitochon-
drial pathology, in diseases such as PD.

While these results suggest that NSAID reduce sys-
temic inflammation associated with PD progression, they 
do not resolve why, in general, anti-inflammatory therapy 
for neurodegenerative diseases often ends up fruitless. 
Indeed, anti-inflammatory or antioxidant therapies for 
neurodegenerative diseases in clinical trials have often 
been disappointing. An important factor in the role of 
neuroinflammation in neurodegeneration is timing. It is 
possible that neuroinflammatory responses have a time 
and a place for beneficial effects, yet drastic detrimental 
effects when activated and persisting at the wrong time 
in disease.

Until recently glaucoma was not considered an inflam-
matory disease largely due to the supposed immune 
privilege state of the retina arising from the blood-retinal-
barrier (BRB). However, there is accumulating evidence 
to the contrary in studies from both animal models of 
the disease and in human patients [76, 77]. Most of our 
understanding of how the immune system responds in 
glaucoma has been derived from animal models where 
onset of elevated IOP leads to early and almost immediate 
increase in microglial activation and reactivity [78–83]. 
In post-mortem tissue from human patients, reactive 
microglia in the ONH are evident [84, 85]. Inflamma-
tion in glaucoma appears to be paradoxical; there is a 
basal level of intrinsic immune surveillance and reactiv-
ity that is required to maintain homeostasis, which can 
even stimulate regeneration (see below) and yet, too much 
stimulation of inflammatory pathways is associated with 
degenerative events. In the retina and optic nerve, resi-
dent glia (microglia, astrocytes, and Müller glia) act as the 
immune surveillance and maintain homeostasis by clear-
ing cellular debris, releasing neuroprotective factors, and 
maintaining homeostasis [86, 87]. A sudden insult, such 
as an increase in IOP can tip the balance and trigger resi-
dent glia to adopt a reactive pro-inflammatory, degenera-
tive state. In addition to resident immune surveillance, 
there is clinical evidence of transient optic disc microhe-
morrhages in patients independent of IOP, indicating a 
clear breach of the blood-retinal-barrier (BRB) and infil-
tration of circulating immune cells that are associated 
with disease progression [88–94].

The infiltration of circulating immune cells through 
BRB rupture may also lend some explanation to an 

autoimmune component of the disease seen in animal 
models and human patients [95]. Serum auto-immu-
noglobulins against heat-shock proteins (HSPs) have 
been found in the retina of animals and humans with 
glaucoma, and inoculation of rodents with HSP60 and 
HSP27 induces optic neuropathy [96, 97]. A link between 
IOP elevation, intact commensal microflora, and T-cell 
activation may in part explain HSP-derived autoim-
mune reactivity. Gut microbiome-sensitized CD4+ 
T-cell infiltration into the retina promotes the progres-
sive degeneration of the retina and optic nerve after 
microbead-induced IOP elevation [98]. After IOP insult, 
T cells specifically reactive to HSPs infiltrate the retina; 
germ-free mice did not show any evidence of neurode-
generation after IOP elevation [98]. These results provide 
evidence that T cells reactive to host microflora mediate 
prolonged degeneration of the optic nerve after injury.

How circulating immune cells affect resident glial 
responses and to what extent factors released by these 
cells encourage neurodegeneration remain uncertain. It 
is possible that infiltrating cells could promote regenera-
tion of cell processes lost by acute retinal inflammation. 
In the PNS, the innate immune response to injury plays 
an essential role in enabling sensory and motor neu-
rons to regenerate axons back to their peripheral targets 
[99]. Interestingly, a spike in IOP can also cause an ini-
tial influx of macrophages and neutrophils that express 
molecules (e.g., oncomodulin and SDF1) that can ini-
tially stimulate growth of the axon [100–103], leading to 
the questions of what determines cellular release of pro-
regenerative molecules vs. pro-degenerative molecules 
under stress conditions and whether there are cells that 
can be coaxed towards pro-regenerative states through 
release of specific inflammatory factors. In glaucoma, 
involvement of the inflammatory response in disease 
progression is indisputable, but more research into the 
pleiotropic role of immune cells is warranted.

Increasing knowledge of the role of astrocytes and 
microglia in disease has led to the identification of a pro-
reactive sub-state of astrocytes (triggered by reactive 
microglia) that play a key role in driving retinal degenera-
tion by release of toxic lipids [104, 105]. Astrocytes have 
been identified as important early responders to unilat-
eral IOP elevation and optic nerve injury by redistribut-
ing metabolic resources to the site of injury to promote 
optic nerve health [106]. Understanding how reactive 
astrocyte sub-states can drive disease states, or play pro-
tective roles, is fundamental to advancing our under-
standing of inflammation in disease.

Metabolic stress
The energy produced by mitochondria (in the form of 
adenosine triphosphate; ATP) is required for synthesis 
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of neurotransmitters, bidirectional axonal transport, res-
toration of ion gradients, buffering of calcium and the 
organization of synaptic vesicles, among other functions 
[107]. Mitochondria are highly dynamic organelles, and 
continuously change their size, shape, number, and cel-
lular location to meet metabolic demands of neurons. In 
addition, mitochondrial fusion, and fission are important 
for the inheritance of mitochondrial DNA. There are sev-
eral important processes that mitochondria can undergo 
to meet metabolic demands; however, they can become 
dysfunctional in disease [108]. Mitochondrial biogenesis 
describes the biosynthetic process of increasing mito-
chondrial number [107], while a delicate balance between 
fusion and fission allows for the rapid adaptation to meet 
metabolic demands [107, 109]. Mitophagy, or mitochon-
drial degradation and clearance is also imperative to 
maintain cellular homeostasis. Finally, mitochondria are 
transported along the length of neuronal axons to synap-
tic terminals and dendrites to provide energy at different 
focal locations along the neuron 107.

Besides the inheritance of genes that can cause mito-
chondrial disease, increasing age increases spontaneous 
mutation of mtDNA [110]. Aging can also cause mito-
chondria to function less efficiently, which results in ele-
vated production of reactive oxygen species (ROS), that 
in turn can trigger further mtDNA mutation, pro-inflam-
matory signaling, and protein dysfunction. ROS produc-
tion is an unavoidable byproduct of aerobic respiration 
along the electron transport chain, and complexes I and 
III account for up to 90% of cellular ROS production 
[111]. Although ROS are important for cellular signaling, 
an imbalance leave mitochondria dysfunctional and less 
efficient at producing ATP. In addition, ROS can cause 
lipid peroxidation in cell membranes, leading to droplet 
accumulation in glia a process that is exacerbated in neu-
rodegeneration [112, 113].

Mitochondrial dysfunction has been linked to PD, 
based on the discovery of the roles of PTEN-induced 
putative kinase 1 (PINK1) and parkin (PRKN) in mediat-
ing mitochondrial mitophagy [114]. Mutations in PINK1 
(PINK1) and PRKN (PARK2) genes were among the first 
genes to be linked to autosomal recessive PD [115, 116], 
and there has been increased focus on mitochondrial 
roles of inherited gene mutations in PD [117]. For exam-
ple, LRRK2 mutations lead to α-synuclein aggregates on 
the mitochondrial outer membrane [118, 119]. It should 
be noted that PD-associated genes PINK1 and LRRK2 
are highly enriched in astrocytes over other CNS cells 
[120, 121] – again implicating non-neuronal cells and 
inflammation in the pathogenesis of this neurodegenera-
tive disease.

Impaired energy metabolism and defects in expres-
sion of genes related to mitochondrial bioenergetics 

are commonly associated with characteristics of AD 
pathology [122], including altered mitochondrial bio-
genesis, mitophagy, fusion/fission and axonal trans-
port of mitochondria [122]. For example, Aβ aggregates 
cause increased ROS production that can activate 
downstream proteases that act on mitochondrial fis-
sion/fusion GTPases [122]. In the case of mitochon-
drial transport, Aβ associates with motor machinery 
including kinesins [123] and dyneins [124]. In glau-
coma, evidence of mitochondrial dysfunction is com-
monly associated with RGC degeneration. Abnormal 
mitochondrial morphology and distribution has been 
noted in humans and animal models [125, 126]. In a 
model of murine glaucoma, mitochondrial transport 
in RGCs (including number of transported mitochon-
dria, distance transported, and rate of transport) is 
affected both in the early and late stages of the disease 
[127]. Furthermore, aged mice exhibit differences in 
mitochondrial transport and are more susceptible to 
elevated IOP-driven changes than young mice [127]. 
Elevated IOP also affects mitochondrial bioenergetics 
in the visual cortex of the brain in rats; ATP produc-
tion was reduced, superoxide production was increased 
and differential mitochondrial complex activity was 
observed [128].

More generally in neurodegenerative conditions, 
mitochondrial transport might be hijacked to com-
municate a stress signal after a local lesion or infarct. 
Conversely, the movement of mitochondria could be 
harnessed therapeutically for viral delivery or to pro-
mote increased clearance of waste products in dis-
ease. When mitochondrial dynamics are altered, either 
through dysfunction or genetic mutation, the impact 
for neurons can be catastrophic. The retina is one of the 
most metabolically active tissues and requires precise 
regulation of energy supply to meet demands [129]. The 
unmyelinated portion of the RGC axon in the retina 
lacks saltatory conduction and therefore is less efficient 
generating action potentials [107]. Since RGCs rely 
heavily on mitochondria in the unmyelinated segment, 
dysfunctional mitochondria lead to optic neuropathies 
that result in vision loss. Many of these optic neuropa-
thies occur through the inheritance of a specific genetic 
mutation. For example, mutations in Optineurin 
(OPTN) affect mitophagy and these have been linked 
to incidence of glaucoma [130]. Mutations in the OPA1 
gene affect mitochondrial fusion and leads to dominant 
optic neuropathy, the most common inherited optic 
neuropathy [131]. Mitochondrial DNA (mtDNA) can 
also harbor mutations that lead to disease, including 
Leber’s Hereditary Optic Neuropathy (LHON), which 
can occur due to a mutation in any of several mtDNA 
genes [132, 133].
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Neurovascular coupling
The metabolic demands of the CNS necessitate a tightly 
controlled supply of nutrients and metabolites to main-
tain cellular homeostasis. Neuronal activity (i.e., meta-
bolic demand) and blood flow (i.e., metabolic supply) are 
coupled such that an increase in neuronal activity evokes 
increased blood flow to the area [134]. This neurovas-
cular coupling is mediated by multiple cell types that 
together comprise the neurovascular unit (NVU) [135], 
including vascular smooth muscle cells, pericytes and 
endothelial cells as well as astrocytes, microglia and oli-
godendrocytes [136–139]. Aside from metabolic support 
and waste removal, a major role of the NVU is to main-
tain the integrity of the blood-brain-barrier (BBB), which 
mediates controlled communication between the CNS 
and the periphery [140, 141]. The BBB protects the CNS 
from the systemic circulation and regulates the transport 
of serum factors and neurotoxins, which could perturb 
homeostasis [142]. The BBB is not passive; the presence 
of specialized tight junctions and transporters on luminal 
and abluminal membranes along with membrane-bound 
enzymes make it a highly selective and metabolic site of 
exchange [143]. A specialized CNS glymphatic system 
involving cerebral spinal fluid, interstitial fluid and lym-
phatic vessels contributes to the exchange of nutrients 
and signalling molecules with clearance products such 
as proteins and solutes in the brain parenchyma [141]. 
Recently, an ocular glymphatic system was described as 
an eye-to-cerebrospinal fluid (CSF) pathway that sup-
ports clearance of waste products from the retina and the 
vitreous [144].

The function of the BBB and glymphatic systems of 
the brain and ocular tissues are fundamental to neuronal 
health and have implications in the progression of neu-
rodegenerative diseases. Some 30% of dementia patients 
are specified as suffering from VCID, which represents 
the second most common cause of dementia after AD 
[145, 146]. VCID arises from stroke or other vascular 
injuries that cause significant changes to cognitive func-
tions. VCID shares comorbidity with other common 
dementias such as AD. Around 60% of AD patients show 
significant signs of VCID [145], and VCID may involve 
impaired clearing of Aβ, which is also observed in AD 
patients [147]. Neurodegeneration also involves a com-
promise or breakdown of the NVU, which can arise from 
the disruption of astrocyte connections with blood ves-
sels [145]. Increased reactivity of astrocytes and micro-
glia leads to changes in morphology that can destabilize 
the NVU and compromise the BBB, which initiates of a 
pro-inflammatory and pro-degenerative cycle involving 
peripheral immune system invasion.

A risk factor for AD, APOE may be protective of the 
peripheral vascular system, along with other molecules 

such as high-density lipoprotein (HDL). There appears to 
be a functional interplay between lipoproteins and how 
they modulate the vascular system, and in turn their indi-
rect effect on neurons in the CNS. APOE peripherally 
associates with HDL and has been linked to clearance of 
Aβ in vitro [148]. While HDL and APOE work together 
to help transport beta-amyloid into vessels, the ApoE2 
isoform is more effective than other forms of APOE 
[148]. Thus, HDL could be neuroprotective target in 
amyloid-driven disease, as could APOE in the clearance 
of α-synuclein in PD.

In glaucoma, although a vascular theory of the disease 
has generated some debate over the decades [149–152], 
the role of cells in the neurovascular unit in the disease 
is only recently becoming clear [32, 153]. Glaucoma 
involves alterations in the vasculature, both morpho-
logical (i.e. blood vessel diameter, capillary dropout) and 
functional (i.e., NVC dysfunction) [32]. Neurovascu-
lar coupling in the ONH and retina has been elegantly 
demonstrated through measurements of hemodynamic 
responses to flicker-light stimulation [154–157]. In glau-
coma patients, flicker-light induced retinal vasodilation 
is diminished [158, 159]. Interestingly, short-term acute 
IOP elevations do not alter flicker-light responses, sug-
gesting diminished responses in glaucoma are not due to 
changes in IOP alone [155]. This evidence hints at under-
lying dysfunction in the NVU, either due to reduced neu-
ronal activity or altered glial cell function [160, 161].

Recently, an important role for pericytes in coordinat-
ing NVU responses in the retina has been highlighted as 
an integral component of RGC homeostasis and function 
[153]. Pericytes are highly mobile and interact to finely 
tune blood flow through capillaries in the retina through 
inter-pericyte tunnelling nanotubes (IP-TNTs), as visual-
ized though in vivo imaging [153]. Pericyte IP-TNTS are 
a key component of microcapillary blood flow regulation 
and are damaged in ocular hypertension [162]. This work 
highlights not only a potential role for dysfunctional peri-
cyte networks in neurodegeneration, but also the accessi-
bility of the retina as a model for CNS disease. In addition 
to neurodegeneration of the retina, a pathogenic role for 
APOE4 in pericytes has also been shown in an in  vitro 
model of cerebral amyloid angiography, reiterating the 
important role of pericyte function in neurodegenerative 
disease [163]. Understanding how pericytes react in reti-
nal disease could inform mechanisms of neurodegenera-
tion in AD, PD and traumatic brain injury.

Genetic contributors
Characterization of genes responsible for neurodegen-
erative diseases allows at least partial understanding of 
risk through inheritance of disease-associated alleles, 
and thus heritability is often used as a population-based 
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measure of risk for developing a particular disease. Her-
itability is formally defined as the proportion of pheno-
typic variance due to genetic factors, although it does not 
mean that inheritance of a gene will cause disease, and 
similarly not all individuals with the disease will carry the 
same risk alleles. Progressing from heritability to disease 
mechanisms is not a trivial task. One important ques-
tion to consider is whether the risk allele resides in a gene 
directly affecting disease, e.g., is it monogenic in nature 
(a “core gene”), or whether it is a mutation in a “periph-
eral gene” only indirectly affecting the course of disease 
through potential regulation of or interaction with core 
genes [164]. Although genome-wide association studies 
(GWAS) have identified novel single nucleotide polymor-
phisms (SNPs), these have generally not been useful for 
generating disease risk predictive models for use in the 
clinic [165]. One major reason for this is that many neu-
rodegenerative diseases are polygenic in nature [166]. A 
better determination of genetic risk of developing dis-
ease is through the compilation of a polygenic risk score 
(PRS). The score considers the small effects of many 
genetic variations that contribute to disease risk, better 
capturing the polygenicity of a disease. Indeed, capturing 
the polygenicity of a disease may lead to the identification 
of co-morbidities between diseases and common mecha-
nisms to combat more generally a broad range of neuro-
degenerative diseases.

Genome-wide association studies have been critical 
for identifying risk factors in AD [164] and studies have 
highlighted common gene-linked pathways e.g. APOE4 
and the closely associated lipoprotein CLU  [167]. As 
noted above, APOE4 is a shared risk factor for both AD 
and Parkinson’s disease dementia (PDD), and there is evi-
dence for an APOE-genotype effect on multiple aspects 
of protein aggregation, inflammation, and neurodegen-
eration across several distinct diseases including AD 
and PDD [168–171]. Studies that have combined genetic 
risk factors across diseases in mice have provided an 
insight into the mechanisms linking APOE genotype to 
other neurodegenerative disorders. Transgenic mice that 
develop alpha-synuclein pathology (Lewy bodies) have 
been genetically crossed to genetic isoforms of the APOE 
gene [172, 173]. APOE2 genotype protects against alpha 
synuclein degeneration compared with other APOE gen-
otypes while APOE4 genetic background had the highest 
burden of alpha synuclein pathology [172]. These results 
raise the questions of whether the effects of the protec-
tive APOE genotype are executed at the gene level or at 
the level of protein, which has ramifications for leverag-
ing genetics to create neuroprotective gene replacements. 
Like many genes that putatively harbor disease-asso-
ciated mutations APOE is enriched in astrocytes and 
microglia.

The effect of sex differences on neurodegeneration is 
intriguing and highly complex. In the CNS, sex differ-
ences are generated by both long- and short-term epi-
genetic changes caused by gonadal hormones and their 
interaction with transcriptional gene products found 
on sex chromosomes [174, 175]. Sex hormones and sex 
chromosomes therefore each play a part in the response 
of the CNS to diseases and aging [174]. Aging and disease 
are both associated with changes in levels of hormones, 
such as testosterone, estradiol, progesterone, and down-
stream neuroactive metabolites [176]. Primary examples 
of changes in levels of hormones are in pregnancy or dur-
ing menopause with both affecting the process of brain 
aging in females [177].

Of the studies that have focused on sex differences in 
neurodegenerative disease, many have highlighted a clear 
role of differences between male and female biology in 
disease progression. In these studies APOE4 increases 
the risk of AD to a greater degree in women than in men 
[178], women are less likely to recover from stroke than 
men [179], estrogen has proven neuroprotective effects in 
females [180, 181], and sex differences exist in the use of 
cholinesterase inhibitors for the treatment of AD [182]. 
Interestingly, sex-driven pathophysiological changes in 
neurodegenerative disease have also been linked to glial 
cell populations [174]. Indeed, the sex chromosome 
complement determines differences in transcriptional 
responses in glia in response to injury or disease [174]. 
Furthermore, downstream metabolites of gonadal hor-
mones can interact directly with hormone receptors on 
many types of glial cells to elicit specific neuroprotective 
responses [174, 183]. As well as possible direct effects 
of sex hormones on neuronal health, sex hormones can 
also affect the vasculature which indirectly affects neu-
ronal survival. The role of sex hormones in maintain-
ing the integrity of the BBB has been recently reviewed 
[184]. Moreover, the vasculature in the can generate sex 
hormones locally [185]. Sexual dimorphisms are also 
abundant in glaucoma; there is increasing evidence that 
lifetime exposure to estrogen may alter the pathogenesis 
of glaucoma and that estrogen may have a neuroprotec-
tive effect on progression of POAG [186, 187].

Over the last decade, genetic studies including GWAS 
have identified over 260 risk alleles for glaucoma. Studies 
of heritability of disease have shown that glaucoma, spe-
cifically POAG, is one of the most commonly inherited 
diseases [188]. Family-based linkage analyses have identi-
fied three monogenic risk genes for the disease: MYOC, 
TBK1 and OPTN [188]. Monogenic risk factors, how-
ever, only account for less than 5% of all cases of POAG, 
suggesting that risk factors for the disease are polygenic 
in nature; high heritability is due to hundreds or maybe 
even thousands of gene variants with an additive effect 
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on disease inheritance. Many of the risk factors that have 
been identified are still related to IOP, thus there is a 
need for larger patient cohorts to identify additional risk 
alleles for the disease [189]. The polygenic nature of the 
disease makes discovery of single-gene loci less impact-
ful. To date, there has not been a monogenic-based gene 
therapy for glaucoma in clinical trials. Numerous possi-
ble applications of gene therapy targets include increased 
aqueous humor drainage for long-term IOP stabilization, 
inhibition of fibrosis following filtration surgery, modi-
fication of scleral biomechanics for IOP tolerance, RGC 
neuroprotection and neuro-regeneration, and inhibition 
of inflammation [190, 191].

In a very recent, high-powered PRS study using glau-
coma patient data from United Kingdom, Australia and 
the United States, the investigators were able to pre-
dict glaucoma susceptibility and progression [166, 192]. 
Using the PRS enabled the detection of patients in the 
early stage of disease who were particularly high-risk 
and detection of lower risk patients who could undergo 
a less-intensive monitoring strategy. The PRS strategy 
for glaucoma is pioneering in its approach to identify 
patients who may benefit from potential neuroprotective 
treatment and represents the first step towards personal-
ized medicine decision-making for glaucoma.

Detecting and tracking neurodegeneration
Once triggered, symptoms of neurodegeneration may not 
be apparent until late in progression. Providing patients 
with a neuroprotective treatment prodromally or early 
in disease requires definitive early biomarkers, a pros-
pect limited by our understanding of molecular events 
in disease progression, the pleiotropic nature of most 
degenerative diseases, and the ability to detect putative 
biomarkers with sufficient sensitivity. As well, there is 
a certain level of heterogeneity in clinical presentation 
from patient to patient. For example, in glaucoma, meas-
urable outcomes such as minor visual field deficits, optic 
cupping and IOP readings in early disease can be easily 
missed and are highly variable and perhaps less reliable 
[193, 194].

Although genetic risk factors can inform clinicians of 
high-risk patients, carrying a disease allele does not nec-
essarily imply disease. Identifying shared biomarkers 
early in progression across a range of neurodegenera-
tive diseases will enable very early detection of changes 
at the molecular level before neurodegeneration occurs, 
providing a larger window for therapeutic intervention. 
The term biomarker has been defined by the National 
Institutes of Health as “a characteristic that is objectively 
measured and evaluated as an indicator of normal bio-
logical processes, pathogenic processes, or pharmaco-
logic responses to a therapeutic intervention” [195]. The 

objective of identifying new biomarkers for clinical and 
therapeutic research is to provide a readable output that 
is robust, reproducible and reliably able to report on clin-
ical outcomes in disease, i.e. is able to provide a reliable 
prediction of disease onset, progression, prognosis or 
outcome after therapeutic intervention [195]. The identi-
fication of subgroups of patients with specific biomarkers 
may lead to the identification of the most effective thera-
pies [196]. Furthermore, biomarker-targeted therapies 
may be more efficacious at different time points in dis-
ease. Early biomarkers for disease detection are therefore 
urgently needed.

Biomarkers for disease
Progress in the detection of early neurodegenerative dis-
ease biomarkers in biological fluids, such as CSF, saliva, 
and blood has advanced dramatically. These advances 
have been reviewed in detail recently [196, 197]. Potential 
fluid biomarkers that fall under the main pathophysiolog-
ical aspects of neurodegeneration including blood tests, 
protein aggregates, neuroinflammation markers, and cell 
death markers have been characterized for many diseases 
[197]. Primary targets for detection include biomarkers 
of Aβ pathology, tau pathology, α-synuclein pathology, 
proteins associated with neurodegeneration, and mark-
ers of glial reactivity, for example GFAP [196] (Fig. 2). In 
addition to fluid biomarkers, high-powered neurologi-
cal imaging has proved to be a potentially powerful tool 
for detecting early manifestations of neurodegenerative 
disease. Imaging modalities currently include magnetic 
resonance imaging (MRI) and positron emission topog-
raphy (PET) analysis [198]. Novel PET ligand portfolios 
for specific neurodegenerative diseases, combined with 
structural analysis using MRI have enabled the further 
understanding of temporal changes in neuronal tissue 
in degenerative neurological disorders. However, there 
is an absence of cell sub-state specific imaging ligands to 
offer high fidelity imaging to track disease progression or 
effectiveness of therapies non-invasively in patients.

In CSF or plasma, the ratio of Aβ42/ Aβ40 reflects 
Aβ pathology in the brain of AD patients; the levels of 
CSF Aβ42, but not Aβ40 decrease by up to 50% in AD 
patients [199]. The detection of changes in CSF fluid Aβ 
levels are found earlier than PET-detection in the brain 
but correlate well with PET results [199, 200]. Indeed, 
a recent publication with head-to-head comparison of 
eight plasma amyloid-β 42/40 assays in AD showed that 
the PrecivityAD™ CLIA-approved mass-spectrometry-
based blood test performed better when predicting brain 
pathology [201]. Tau pathology is another protein readily 
measured in AD patients through PET imaging or fluid 
analysis. Several PET ligands, specific only for insoluble 
Tau fibrils in AD brain tissue have been implemented in 
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AD diagnostics [202, 203]. Other markers of neurode-
generation include Tau post-translational modification 
markers [204], which are suggestive of myelinated axon 
degeneration. In PD, misfolded α-synuclein is reliably 
detected in CSF, with levels decreased in PD patients 
[196]. Other methods for sensitive detection of misfolded 
prion-like proteins have been implemented including 
cell-free seeding assays (e.g., α-syn-QuIC) [196]. Seed-
ing assays use CSF samples to detect pathological aggre-
gations of protein and preliminary experiments indicate 
that the technology could be done using non-invasive 
skin biopsies [205, 206].

To detect widespread neurodegeneration in the brain, 
structural magnetic resonance imaging (MRI) is used. 
MRI allows accurate determination of temporal changes 
in gray and white matter volumes and such studies have 
been carried out longitudinally in clinical trials [207]. 
One drawback to MRI is that it does not allow the detec-
tion of specific cell populations that may be particularly 

vulnerable to neurodegeneration. High-resolution pro-
tein-specific methods, such as PET, have correlated 
changes in specific synaptic proteins, such as synaptic 
vesicle 2 A (SV2A), with AD and PD onset and progres-
sion [208, 209]. Additional fluid detection of markers 
associated with neurodegeneration include neurofila-
ment light protein (NfL) [210], which shows the pres-
ence of brain injury in a number of neurodegenerative 
diseases, autophagosomal and lysosomal markers as 
indicators of cell degeneration [211], and neurogranin, 
a marker of post-synaptic degeneration [196]. Neuroin-
flammation is a common mechanism across neurode-
generative diseases and there is an increased interest in 
examining neuroinflammatory markers as indicators of 
early disease detection and progression. For example, the 
presence of active glial cell markers such as GFAP, mono-
cyte chemoattractant protein-1 (MCP-1), and sTREM2 in 
CSF [211, 212]. In multiple sclerosis patients, increased 
levels of CSF GFAP have been found to correlate with 

Fig. 2  Biomarkers for neurodegenerative diseases. Numerous biomarkers for neurodegeneration are being developed. Amyloid pathology in AD 
can be readily detected in plasma by measuring the Aβ42/ Aβ40 ratio. Alternatively, larger Aβ plaques and fibrils can be detected visually by Aβ-PET. 
Similarly, tau pathology can be detected as p-tau in plasma and cerebrospinal fluid (CSF), and tau plaques can be identified as fibrils on PET. Lewy 
bodies, composed of misfolded α-synuclein (α-syn), can be detected in CSF of PD patients or by using α-syn seeding assays such as α-syn RT-QuIC. 
Neurofilament light protein (NfL), a marker of degenerating myelinated axons is detectable in CSF and plasma. Several novel emerging biomarkers 
include neurogranin, a marker of post-synaptic degeneration and synaptic vesicle 2 A (SV2A), a pre-synaptic marker of degeneration. In addition, 
the presence of reactive gial cell markers (e.g., glial acidic fibrillary protein; GFAP, monocyte chemoattractant protein-1; (MCP-1) and Triggering 
Receptor Expressed On Myeloid Cells 2; TREM2) in CSF and plasma are being explored as novel biomarkers in neurodegeneration
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disease severity and progression [213]. In early stages of 
AD, increased levels of sTREM2 in CSF are detected in 
patients [212], whereas in late stages of the disease there 
are increased levels of MCP-1 [212]. Novel markers of 
cellular degeneration and neuroinflammation may enable 
clinicians to identify sub-populations of patients at early 
or late stages of disease for novel therapeutic treatments.

Imaging in glaucoma and beyond
The retina, as an extension of the CNS, provides a non-
invasive and easily accessible window for high-resolution 
imaging of CNS tissue. In glaucoma, light-based imag-
ing modalities such as fundoscopy and optical coherence 
topography (OCT) are more accessible and cost-effective 
than neural imaging to assess neurodegeneration. RGC 
degeneration in glaucoma is routinely visualized in the 
clinic using OCT and presents as thinning of the retinal 
nerve fiber layer [214]. Retinal vasculature can also be 
readily visualized using OCT-angiography (OCT-A) and 
fluorescein angiography and provides the ability to detect 
microvascular changes early in glaucoma progression. 
Recent advancements in imaging technology in the eye 
in conjunction with fluorescent annexin A5 has enabled 
scientists to detect degenerating RGCs by DARC (Detec-
tion of Apoptosing Retinal Cells) in mice and in humans 
[215]. DARC has moved into clinical trials with patients 
and is a method well-tolerated, although DARC is cur-
rently used as an exploratory endpoint in disease [216]. 
Although future methods like DARC may aid in detect-
ing populations of patients that have a rapid rate of dis-
ease progression, earlier visual biomarkers for glaucoma 
are critically needed to detect disease before apoptosis of 
RGCs is triggered.

Imaging of the retina for biomarkers is not exclusive to 
diseases of the visual system such as glaucoma. In fact, 
biomarkers for neurodegenerative diseases that primar-
ily affect the brain have also been detected in the neu-
ral retina [217]. There are two plausible mechanisms by 
which neurodegenerative markers may be present in 
retinal tissue as well as in the brain. The first possibility 
is that manifestations of neurodegenerative disease in 
the brain are also concurrently appearing in the retinal 
tissue. In the aging retina, deposition of aggregated tau, 
α-synuclein and Aβ are detected [218]. In AD and PD 
patients the same aggregations are also observed in the 
retina [219, 220] which suggests that the protein aggre-
gations may mediate neurotoxicity to RGCs in the same 
manner as neurons elsewhere in the CNS. The second 
mechanism may occur due to alterations in the brain 
with neurodegenerative pathology that cause retrograde 
degeneration of RGCs [217, 221]. In AD, in vivo studies 
using OCT have found reduced retinal layer thickness 
[222–225], and reduced microvascular density [226, 227].

Detection of early biomarkers for other neurodegen-
erative diseases in the eye raises the possibility that the 
eye could be used as a window to the CNS to monitor 
biomarkers for neurodegenerative disease in general. 
There are many benefits to visualization of biomarkers 
in the eye. Firstly, the process can be minimally invasive 
and easily accessible. The ability to quantify meaning-
ful molecular biomarkers streamlines patient cohorts 
for putative clinical trials, reducing noise and enabling 
smaller, more powered clinical trials [197]. However, sys-
tems to visualize pathologies in the eye are limited not 
only by technological limitations and generating high 
resolution images, but also by the analysis of such images 
and lack current understanding about the pathophysi-
ological role of the biomarkers being targeted.

Model systems for testing therapeutics
The ability to accurately and robustly mimic human dis-
ease in the laboratory is key to the success of developing 
therapies that will translate well into the clinic. However, 
numerous recent failures in the translation of pre-clinical 
therapeutics from the bench to beside in clinical trials 
have raised doubts about the relevance of current animal 
models for human diseases Current in vitro, ex vivo and 
in vivo model systems are illustrated in Fig. 3. The etiol-
ogy of neurodegeneration in human diseases is highly 
complex, involving multiple cell types, cellular signaling 
pathways, genetic loci, and environmental cues. Attempts 
to encapsulate all aspects of a human disease with a sin-
gle model have not been fruitful. As insights into human 
diseases grow, translatability of experimental models is 
an important consideration for the design of novel thera-
pies. For example, mouse models of AD which have been 
broadly based on human genetic studies, accumulate 
Aβ but do not develop other common pathologies such 
as neurofibrillary tangles [228]. Aβ therapy, primar-
ily designed to inhibit Aβ production, aggregation or 
enhance Aβ clearance, was largely successful in mouse 
models of AD but did not translate in human clinical tri-
als [229, 230].

Failure in translation of mouse models to humans 
drives home the point that mouse models may not be 
ideal for the development and design of human thera-
peutics. In many cases, the focus of therapeutic interven-
tion is on neuronal populations, while other cell types 
are not always considered. In AD, the role of vascular 
dysfunction and immune reactivity are widely accepted 
as reflecting the importance of cell types besides neurons 
[231]. One of the possible reasons that genetic models 
of AD do not translate to humans is that, while lead-
ing to the degeneration of neurons, they lack the robust 
glial and inflammatory responses seen in patients [231]. 
An obvious bridge between rodent models and humans 
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are non-human primates, although, the use of non-
human primates comes with additional ethical issues and 
extremely high costs. Since costs to house and maintain 
non-human primates are so high, the number of animals 
used in pre-clinical studies is often low, and perhaps 
some would argue under-powered.

In glaucoma, inducible models are sometimes used to 
the extreme [232, 233]. Some models in rodents reach 
IOP elevations that are not physiologically relevant to the 
human disease, with acute IOP levels increasing by up to 
200–400% [234]. In fact, many patients with glaucoma 
never present with elevated IOP, and it is clear that other 
pathological mechanisms are at play. The optic nerve 
crush model in rodents has developed into a useful tool 
to study regeneration of RGC axons after injury, enabling 
a greater understanding of the cellular and molecular 
mechanisms that drive axon regeneration and RGC sur-
vival [235]. Such animal models of optic nerve injury have 

determined that both cell-intrinsic and extrinsic (i.e., 
environmental) factors have distinct roles in the poten-
tial for RGCs to regenerate. Optic nerve crush studies are 
also integral to identifying factors that may not be regen-
erative in nature, but rather are pro-survival in nature. 
Pro-survival factors may also be key to enabling degen-
erating RGCs to remain viable long enough to move to a 
pro-regenerative state.

In vitro systems of neurodegeneration
In vitro model systems offer a less expensive, highly 
adaptable, and augmentable system for the high-
throughput investigation of novel mechanisms in dis-
ease and the design of therapeutic interventions (Fig. 3). 
In vitro model systems have grown exponentially in their 
complexity in recent years. Initially, the use of primary 
cell cultures and organotypic cultures provided research-
ers with a means to explore disease mechanisms [228]. 

Fig. 3  Model systems for studying neurodegeneration. Established experimental models of disease can be categorized into three main 
areas: in vitro, ex vivo and in vivo. Each type of model system has advantages that can be leveraged to explore disease mechanisms; however, 
disadvantages exist for each avenue. In vitro models such as cell lines and purified primary cells are a rapid and inexpensive way to explore disease 
mechanisms, however, extrapolation of results to biological systems is difficult. Ex vivo models, such as the growth of organoids in culture or 
explanted tissue cultures are multicellular, allow more complex mechanistic questions to be explored. However, they are not ideal representations 
of in vivo situations due to lack of vascular or peripheral immune components. In vivo models include animals such as non-human primates, mice 
and rats, Drosophila and Caenorhabditis elegans, and others. Although these models allow for in vivo studies of disease, the cost is high, and the 
results may not always translate well to human biology.
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An attractive ex vivo model is the use of organotypic cul-
tures of brain slices, whole neural retina or retinal slices. 
Explanted tissue can be prepared from multiple animals 
and in some cases human donor tissue and can faithfully 
represent tissue architecture and cellular structure. Even 
so, the ability to maintain viability in culture remains 
notoriously challenging [236]. In the context of glau-
coma, with what we now know about pathophysiology at 
the optic nerve head and the need to produce axons that 
span the length of the optic nerve, organotypic cultures 
of whole optic nerve and whole retina would be most 
relevant but are extremely difficult to isolate and main-
tain. In addition, organotypic cultures do not provide 
long enough timeframes for the investigation of disease 
processes that may occur more slowly, such as chronic 
inflammation and neovascularization. An ongoing prob-
lem in many primary cell culture experiments is the 
inclusion of serum in media. Serum is largely excluded 
from the CNS by the BBB, and inclusion in culture 
experiments irreversibly alters the gene expression pro-
files and functions of many glia and immune responsive 
cells like astrocytes [237] and microglia [238, 239]. Simi-
lar artifacts can also be induced by the use of enzymes 
in the digestion of CNS tissue when isolating microglia 
[240, 241]. Updated methods exist to grow these cells in 
serum-free defined media [237–239, 242], but they have 
not been widely applied for unknown reasons. The use of 
mixed-species multicellular co-cultures has also helped 
to remove many of the artifacts of serum culture [243].

Human-derived induced-pluripotent stem cells (hiP-
SCs) from human donors have been useful for gener-
ating multiple cell types harboring the same genetic 
background [228]. This has been particularly important 
for the study of patient genetics in disease; neurons and 
other cell types carrying disease-specific genetic muta-
tions can be assessed longitudinally in culture. In early 
experiments, 2D cell cultures failed to recapitulate cell-
cell interactions, and the introduction of scaffolding 
materials such as agarose and hydrogels has promoted 
3D tissue-like structure that better models disease [228]. 
These innovative reconstructions of CNS tissues may be 
advantageous when it comes to understanding disease 
progression.

Organoid cultures
Growth and differentiation of hiPSCs in culture has 
led to cerebral organoid structures that can exist for 
several months and exhibit similar manifestations of 
neurodegenerative disease as the human donors from 
which they were obtained [244, 245] (Fig.  3). Such 
studies provide the ability to assess the impact of dis-
ease genes on physiological processes over time, high-
lighting key windows of opportunity in the disease 

progression [246]. In addition to brain, human reti-
nal organoids have been developed with mature pho-
toreceptors that have the ability to respond to light, 
bringing retinal organoids one step closer to being suc-
cessfully used for disease modelling, and perhaps even 
for the regeneration of the retina in patients that have 
lost vision [247].

A potential problem in the generation of organoid 
structures, however, is the variability of cell types 
within cell populations produced when culturing hiP-
SCs. To better interpret results from organoid cultures, 
improvement in single-cell characterization is needed. 
Novel quantitative platforms have recently been devel-
oped that may help overcome this issue. These systems 
have the capacity to analyze human organoids at a sin-
gle cell level on a large scale to improve quality and 
reproducibility of organoid structures [248].

One drawback to organoids is the lack of vascu-
lar elements, and thus efforts to develop in  vitro 
neuronal-vascular systems are becoming increas-
ingly important as organoid cultures become more 
complex. Combining in  vitro vascular models with 
multifaceted cellular neuronal circuitry will be piv-
otal. Also, the BBB and BRB are fundamental to the 
maintenance of neuronal health and homeostasis in 
the CNS and are also implicated in neurodegenera-
tive pathology. However, incorporation of vascular 
elements into in  vitro model systems is not simple. 
In fact, regenerating the multicellular organization 
of the neurovascular unit is itself a challenge. A very 
recent study has made a huge step forwards in mod-
elling the neurovascular unit in conjunction with 
neurons in  vitro [249]. The model system utilizes a 
scaffold-directed approach and multiple cell types, 
including induced pluripotent stem cell-derived neu-
rons, endothelial cells, astrocytes and smooth mus-
cle cells to generate an in  vitro model of an arterial 
neurovascular unit [249]. Development of this system 
will increase our understanding of the vasculature 
in physiological and pathophysiological conditions 
and may also provide a useful tool in the assessment 
of novel drug therapies and drug delivery across the 
BBB to promote neuronal survival. Another drawback 
to the implementation of organoids in evaluating 
mechanistic and therapeutic strategies for neurode-
generation is their lack of interaction with the PNS. 
Infiltration of circulating PNS immune cells is often 
associated with neurodegenerative disease progres-
sion, and organoid cultures do not yet address this 
potential confound. Alternative strategies such as the 
implantation of human iPSC-derived organoids into 
the rat brain to enable vascularization have proven a 
novel way to potentially overcome this problem [250].
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A look ahead: new model systems
The advantages of in vitro model systems are twofold for 
designing new treatments. Patient-derived hiPSC human 
organoids can be cultivated and analyzed over time so 
that the disease phenotype of the tissue can potentially be 
fully characterized over time. This opens the possibility of 
being able to visualize key changes at various time points 
in disease progression, and windows of opportunity for 
novel therapies. Also, in vitro organoids provide a biolog-
ical system to test promising therapeutic treatments in a 
potentially more relevant model of disease than mice or 
cell cultures alone. In view of the flaws in using mouse 
models mentioned above, and with increased funding for 
in vitro models, and ethical considerations explored and 
defined, in  vitro model systems could reduce the time 
and money wasted in the failure of clinical trials by pro-
viding a more translatable pre-clinical model.

Human-derived in vitro models are advancing in their 
complexity and so to overcome the limitations of mice 
as model systems, mice with human neural transplants 
can be generated. The brains of these mice are a combi-
nation of in  vitro hiPSC-derived neural cells engrafted 
into mouse models, opening up a possible alternative 
approach to studying the role of specific cell types in dis-
ease [231]. Such mice balance the advantages of having 
a living organism and the translatability of hiPSC-neural 
cells in one model but raise the issue of ethics of cross-
species models. The current consensus is that these mod-
els are unlikely to have complex human characteristics, 
but still raise issues regarding animal welfare that need to 
be addressed [251].

Although technical challenges are evident in the gen-
eration of novel model systems, it is also important to 
consider the ethical limitations, safety, and interpretation 
of these exciting new avenues of research. The successful 
generation of hiPSC-derived organoids raises an exhaus-
tive list of ethical concerns, including informed consent 
and privacy of cell donors, the potential for organoids 
to develop human characteristics or qualities, the use of 
transplantation or even gene editing [252]. The impor-
tance of this topic is paramount in the future use of orga-
noids, neural transplants or chimeric model systems for 
neurodegenerative research [251, 252].

The evolution of human-like organoids and 3D cell cul-
ture systems could revolutionize the approach to drug 
discovery and development, saving money and time and 
enhancing translatability to human clinical trials. At pre-
sent, procuring funding for the development of in  vitro 
systems is arguably more challenging than most other 
model systems, such as mice. One issue is that in  vitro 
model systems are not widely used or easily validated. 
With increasing studies and improved technologies and 
ethical considerations, in  vitro systems such as hiPSC 

organoids to model healthy and diseased conditions will 
facilitate a new era of personalized and precision medical 
treatment.

Opportunities for new therapeutics
Across all studies in neurodegenerative disease, a fun-
damental theme in designing therapies and, ultimately, 
a cure, is finding the right intervention at the right time. 
Neurodegeneration is progressive and enhancing our 
understanding of the temporal aspects of neurodegen-
eration will inform check points for neuroprotection and 
regeneration. Neuroprotection relies on the understand-
ing of key molecular changes in tissue as it moves from 
homeostatic (i.e., healthy) to diseased. The goal for neu-
roprotective treatment is to provide tissue with the nec-
essary factors to support healthy neurons and to prevent 
neurodegenerative changes at the molecular level from 
occurring. A major benefit to providing patients with 
neuroprotective intervention is that it has the potential 
to stop the degeneration of otherwise healthy neurons, 
without the trauma of developing symptoms associated 
with neuronal death such as cognitive decline in the 
brain and loss of vision or the challenge of replacing lost 
cells in the retina.

Patients with increasing cognitive decline due to AD or 
other neurodegenerations of the brain are patiently await-
ing disease-modifying therapies, or therapies that could 
restore the loss of functional neurons. In addition to peo-
ple living with end-stage AD-related dementia, a subset 
of individuals exhibiting pre-symptomatic pathology may 
benefit from interventional neuroprotective treatment 
[253]. In line with other areas of the adult mammalian 
central nervous system, the optic nerve does not have 
the ability to repair itself after injury. For patients who 
have lost their vision, restoration may involve complete 
replacement of lost cells and regeneration of optic nerve 
axons, or axon-regeneration and rejuvenation of surviv-
ing but compromised RGCs [254]. Here we outline the 
key areas that are providing researchers with the hope 
to restore cognitive function in patients with neurode-
generative brain diseases or restore vision in glaucoma 
patients.

Leveraging genetics for neuroprotection
With increased understanding of the genetics of neu-
rodegenerative disease comes the opportunity to lever-
age genetics to inform new treatments. There are two 
main ways that genetics can be leveraged: (1) through 
therapy targeted to a causative allele, and (2) by counter-
ing the downstream effect of a disease gene pharmaco-
logically. One common disease-associated gene in AD 
is the microglial gene TREM2; gene variants in TREM2 
increase the probability of developing AD by around 
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2-3-fold [255–257]. Microglia are central to multiple dis-
ease pathologies as discussed (i.e., BBB integrity, clearage 
of waste and Aβ plaques, altering synaptic relationships, 
reactivity of other glia), and hyper-reactivity of micro-
glia is linked to pathogenesis in neurodegenerative dis-
ease. However, human genetics tells the opposite story 
– all mutations in TREM2 lead to decreased functionality 
[258]. By application of genetics, there is the potential to 
shift cells, such as microglia, to a pre-degenerative state, 
potentially rendering them neuroprotective.

Many traits in neurodegenerative disease are geneti-
cally correlated in a phenomenon known as pleiotropy, 
whereby a genetic locus affects multiple characteristics 
[259]. Identifying potential genetic crosstalk between 
genes in neurodegenerative pathology has the potential 
to serve as a therapeutic target for treatments that simul-
taneously prevent or treat multiple diseases. Identifying 
high-risk genetic alleles makes possible the road to gene 
therapy by silencing or replacing disease-causing genes 
with non-mutant forms. Gene-based diagnostics and 
screening also enables the identification of individuals 
at risk for a particular disease before irreversible dam-
age occurs. Identifying patients based on genetic screen-
ing can also refine patient cohorts for clinical trials, for 
example using genetics to define inclusion conditions for 
a novel drug therapy.

Genetic analysis of neurodegenerative disease can also 
give rise to potential downstream drug therapeutics. 
There is an association of more than a hundred loss-of-
function mutations in Progranulin (PGRN) that cause 
early-onset dementia [260]. Progranulin is an immune 
regulatory protein with neurotrophic properties but 
decreasing the level of PGRN leads to hyperactive micro-
glia and over-secretion of inflammatory mediators, which 
leads to neurodegeneration. A potential therapy may 
therefore involve preventing the breakdown of PGRN 
with drugs targeted specifically to the protein. In this 
way, genetics has informed us of alternative down-stream 
pathways that can be targeted in the disease.

The multifactorial nature of AD has been recently high-
lighted by the development of a multiplex model [261]. 
AD encompasses genetic mutations in genes across many 
functionally-distinct molecular pathways; over 50 genetic 
loci have currently been identified in the development 
and progression of the disease [261]. This has spurred 
on the generation of several AD-related mouse models 
and cell lines, although many of these models focus on 
single gene effects [261]. Genetic studies have changed 
our understanding of AD and other related dementias 
and exploring neuroprotective therapies in the future 
will rely on assessing multiple gene outcomes in disease 
models. The challenge of modeling polygenic diseases in 
animal or cell models is a hurdle that urgently needs to 

be addressed to create a better understanding of disease 
mechanisms and to provide treatments that translate well 
in the clinic.

Since multiple disease pathologies are commonly asso-
ciated with neurodegeneration, multifactorial disease 
therapies may prove more effective than monothera-
pies targeting one aspect of the disease [262]. Combi-
nation therapies have been successfully implemented 
in the treatment of previously life-threatening diseases 
such as cancer, tuberculosis and HIV/AIDs. Since AD 
exhibits multiple co-occurring pathologies such as vas-
cular brain injury, Lewy body pathology and TDP-43 
inclusions [262], treatment to tackle these pathologies 
together may show more promise than previous failed 
attempts, such as clinical trials using anti-Aβ as a mon-
otherapy. An example of such therapy might combine 
anti-Aβ to promote immune-clearance of Aβ aggregates, 
with an inhibitor of β-secretase, the enzyme responsible 
for the production of toxic Aβ [262]. Similarly, glaucoma 
shares co-morbidity with systemic vascular diseases 
such as hypertension, and BRB breakdown has recently 
been highlighted as an important, yet overlooked disease 
mechanism [32]. Future neuroprotective treatments that 
combine current IOP-lowering therapies with therapeu-
tics to target novel aspects of pathology such as vascular-
targeted drugs or immune-suppressing therapies may be 
more efficacious than monotherapies in the clinic.

Before effective combined therapies can be offered, 
however, we need to fully understand the interplay of 
genetics and progression vs. initiation of disease. Under-
standing the genetic influence on disease risk will require 
much larger patient cohorts with combined analyses 
that includes GWAS, PRS and pathway analysis to better 
inform studies that aim to identify common genetic risk 
factors for neurodegenerative disease and leverage them 
for treatment. In addition, identifying where temporally 
in disease progression a particular gene exerts its effects 
is lacking in most studies.

The promise of regeneration
With no current cure or effective treatment for neurode-
generative disease and patients progressing to cognitive 
decline, blindness or even death, neuro-regeneration is 
the only option to restore otherwise degenerated neu-
rons. For neurodegenerative diseases that primar-
ily impact the brain, such as AD and PD, neuronal loss 
within cortical and subcortical regions of the brain can 
be problematic to regenerate due to the potential inva-
siveness of the procedure required [263]. An ongoing 
question in neurodegenerative disease is how the periph-
eral nervous system can regenerate after injury whereas 
the central nervous system has a very limited capac-
ity for self-renewal and repair. The unique ability of the 
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peripheral nervous system to regenerate after injury has 
been in part credited to resident Schwann cells [263]. 
Schwann cells are exclusively found in the peripheral 
nervous system and have the capacity to drive neuronal 
repair and axon regeneration after injury through de-
differentiation and reprogramming. Re-programmed 
Schwann cells promote demyelination and secrete neu-
rotrophic factors, growth factors, and other neuroprotec-
tive factors to support axon regeneration [263].

In the brain, utilizing elements of the peripheral nerv-
ous system, either through grafting or with purified 
Schwann cells, has shown extraordinary potential in a 
small number of non-human primate studies, and in 
human trials in patients with PD, HD and in mice and 
rats with spinal cord injury [263]. In trials to demonstrate 
safety of these procedures, patients underwent autolo-
gous grafts of peripheral nerves into regions of the brain, 
or transplants of purified Schwann cells without reports 
of serious complications and mild improvements in cog-
nitive function [263]. The studies were largely under-
powered but do provide some insight into the cells and 
environment needed to encourage axonal regrowth in 
the central nervous system. In the central nervous sys-
tem and by extension the visual system, Schwann cells 
are absent, but oligodendrocytes fill the role of support-
ing neurons and myelination of axons. Although some 
remyelination may occur spontaneously after injury 
[264], oligodendrocytes generally lack the capacity for 
regeneration. Oligodendrocyte precursor cells (OPCs) 
present in the optic nerve, can undergo a transient period 
of proliferation after injury, however, the response is not 
sustained, and the cells fail to differentiate into myelina-
tion-competent oligodendrocytes [265]. Interestingly, the 
augmentation of intrinsic OPC signaling through GPR17 
coupled with microglial depletion promotes differentia-
tion and the remyelination of regenerated axons, offering 
a potential de novo strategy for remyelination after CNS 
injury. With advances in stem cell-derived cell types, it 
may prove feasible that stem cell-derived oligodendro-
cytes could promote repair and regeneration of the mye-
linated segments of the optic nerve after injury.

By characterizing the injury response of RGCs after 
optic nerve crush, several intrinsic RGC-specific fac-
tors have emerged with regenerative potential, includ-
ing deletion of PTEN and SOCS3 or manipulating a 
variety of transcription factors. In addition, extrinsic 
factors such as the mTOR-activating proteins such as 
Osteopontin and several others growth factors have 
been [254, 266]. By generating a triple deletion murine 
mutant (PTEN−/−/SOCS3−/−/CMYC−/−) combined with 
CNTF treatment, lengthy optic nerve axon regenera-
tion after injury was achieved; similar effects have been 
obtained by combining intraocular inflammation (to 

elevate Oncomodulin and SDF1) with cAMP elevation 
and PTEN deletion [266] or by manipulating the mTOR 
pathway while providing physiological stimulation [267]. 
Understanding the intrinsic and extrinsic factors that 
promote outgrowth and survival of RGCs may place us 
in a better position to coax a regenerative state.

The role of cell extrinsic factors, such as inflammation 
are also important in regeneration. As in the peripheral 
nervous system, triggering of an inflammatory response 
and release of pro-inflammatory mediators can stimulate 
regeneration of axons. In the eye, lens injury alone is suf-
ficient to stimulate axon growth after crush [268, 269], 
as are several other pro-inflammatory stimuli [100, 270]. 
Indeed, in ophthalmic surgery for glaucoma patients, 
where laser stimulation in some treatments stimulates 
repair, is it possible then that generating a small amount 
of local inflammation could encourage reparative growth 
in the optic nerve? Identifying factors crucial to regen-
eration of RGC axons is fundamental in generating 
axons, however, the regenerated axons need to function 
optimally as mature developed, healthy RGC axons. An 
important consideration moving forwards in regenerative 
research is understanding how promoting axon regrowth 
affects RGC axon function; do factors that promote 
regeneration also support RGC axon function?

Glia‑specific therapies for neurodegenerative disease
Multiple and parallel immune cell-astrocyte-neuron 
signaling axes active during health and disease could 
provide an exciting possibility for novel drug targeting. 
What is quite exciting is the commonality of some of 
these heterogeneous populations across diseases [104], 
which may provide therapeutic avenues that need not 
be disease specific. Preliminary investigation into thera-
peutic targeting of reactive astrocyte sub-states has been 
leveraged in mouse models of PD where abatement of 
immune cell dysfunction, and mitigation of astrocyte-
induced neuron cell death appears possible using gluca-
gon-like 1 peptide receptor agonists. Such drugs target 
microglia to minimize astrocyte-reactivity inducing 
cytokines [74]. This treatment is also reported to pro-
duce beneficial outcomes in the bead occlusion mouse 
model of glaucoma [75]. Other possible therapeutic 
angles include targeting astrocytes to enhance glutamate 
re-uptake to minimize glutamate excitotoxicity that is 
reported in ALS, HD, AD, and other diseases [45, 271, 
272]. Other approaches would include global inflamma-
tion dampening, or block of specific detrimental reactive 
astrocyte functions (e.g., production of toxic lipids); or 
enhancement of other supportive functions like trophic 
support, synapse formation, or other important develop-
mental functions of astrocytes. For microglia, effective 
targets would limit pro-inflammatory cytokine release 
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[74] or block toxic metabolite release. This approach is 
particularly important in patients with mutations that 
drive additional neuron susceptibility, like the recently 
reported Grn−/− susceptibility in mouse models of 
fronto-temporal dementia [273]. The same effect could 
be achieved by enhancing phagocytosis to aid removal 
of toxic pathogenic proteins – like recent efforts to tar-
get TREM2. More holistically, interventions with dietary 
changes could prove very effective. The recent discovery 
of peripheral immune cell reprogramming and bacterial 
load in the gut that in turn cause reactivity changes in 
microglia and astrocytes, effectively gives an accessible 
peripheral target for a known astrocyte-mediated neu-
ron cell death pathway in the CNS [274]. Future effec-
tive therapies may need to target individual sub-states of 
reactive microglia or astrocytes to stop the initiation of 
disease, slow progression of degeneration, or reverse the 
effects of chronic diseases.

Cell replacement strategies to restore vision
Aside from encouraging axon regrowth, there have been 
some promising studies attempting to integrate retinal 
cells into animal models of retinal degeneration. Most 
studies have involved transplantation of either purified 
photoreceptor cells, retinal pigmented epithelial cells or 
stem cell-derived photoreceptors into sub-retinal spaces, 
close in proximity to where the cells are needed to infil-
trate [275, 276]. Incorporation of RGCs into the retina 
is somewhat more challenging, in part due to the likely 
need for intravitreal delivery and penetrance through 
the inner limiting membrane [277]. To date, efforts in 
animal models have been hindered by either lack of inte-
gration of replacement cells, or by the capacity of new 
cells to regenerate axons capable of traversing the dis-
tance between the retina and appropriate target cells in 
the brain.

To improve cell titers and increased likelihood of cell 
integration into the retina, retinal organoid grafts grown 
in culture have been implemented in animal models. It 
was hoped that retinal grafts may increase cell density 
at the site of integration in the retina leading to greater 
cell incorporation, yet RGC axons struggled to cross the 
inner limiting membrane, suggesting that additional fac-
tors and/or inner limiting membrane disruption may be 
necessary to promote cell integration [278]. To improve 
RGC cell replacement strategies, a large effort to study 
the development of human-derived retinal organoids 
in  vitro is underway. One challenge to this approach is 
that human stem cell-derived retinal organoids contain 
only a small percentage of RGCs and they do not survive 
long in culture. Learning about the molecules that con-
trol the steps through organoid development and manip-
ulating these pathways to generate more RGCs that can 

survive long-term may prove useful in improving cell 
incorporation in vivo. Studies on the co-culture of stem 
cell-derived ganglion cells has shown that co-culture 
with Müller glia or conditioned media improves survival 
and axonal growth in culture, suggesting that addition of 
these factors may help to encourage the transplantation 
of RGCs [279].

Replacement of RGCs in the retina is not trivial and 
emphasis on RGC cell type is important when we con-
sider the replacement of functional RGCs in the retina. 
Recent genetic profiling of RGCs in mice revealed 46 
molecularly distinct cell types, which subserve different 
functions in the visual pathway [280]. Identifying how 
different RGC subtypes respond to injury at the molecu-
lar level may hold the key to harnessing pro-survival fac-
tors. In a study of murine models of optic nerve crush 
injury [280, 281] and ocular hypertension, alpha-RGCs 
appeared particularly resilient following injury compared 
with other subtypes [282]. Genetic profiling of RGCs may 
highlight specific genes that are correlated with resilience 
and regeneration. Recently published atlases of retinal 
ganglion cell types in humans provide a starting point for 
such analyses [283]. Equally important is to understand 
how distinct RGC types are generated during develop-
ment, and single-cell transcriptomic analysis of retinal 
development have begun to provide insight on this sub-
ject [284, 285]. Understanding which genes in develop-
ment promote RGC differentiation might allow us to 
harness similar pathways for disease.

Advances for alzheimer’s disease
Past treatments approved by the US Food and Drug 
Administration (FDA) have focused on targeting the 
symptoms of AD, improving cognitive or behavioral 
functions but not necessarily affecting underlying pro-
gression of the disease [286, 287]. This year the FDA 
carried out an accelerated approval process for the first 
disease-modifying treatment from Biogen, Aduhelm 
(aducanumab), an anti-Aβ therapy for the removal of Aβ 
plaques [288, 289]. The decision by the FDA has been 
met with scientific controversary [290]. Prior to the 
FDA’s decision for accelerated approval, clinical trials 
were halted due to claims of futility, and the data did not 
meet the rigorous criteria for FDA approval. In the clini-
cal trials that did proceed, over 50% of patients presented 
with localized brain swelling or microhemorrhages [291, 
292]. Despite scientific dispute regarding the efficacy of 
Aduhelm, production and marketing of the drug will 
continue in conjunction with a 9-year prospective study 
requested by the FDA to confirm clinical benefit.

Recently, the concept of resilience to AD pathology 
or downstream neurodegeneration following pathol-
ogy have opened up a new avenue of research that may 
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highlight novel targets for disease intervention [293–
295]. Resilience to AD has been defined as individuals 
who exhibit the hallmark neuropathology but no clinical 
signs of cognitive imparment [296]. Whereas protection 
from disease is defined in GWAS studies (comparing 
AD with control subjects) as genetic variants who have 
a decreased risk of inheriting the disease, a delay in dis-
ease onset, or exhibit less pathology than expected [293]. 
Potential protective targets include variants in APP that 
lead to a reduction in pathologic Aβ [297, 298], APOE 
gene variants including APOE2 [251], APOE3-Christch-
urch [299], and APOE3-Jacksonville [300] with lower 
risk of developing AD [301], and variants in cholesterol 
efflux pathways such as ABCA1 [302], amongst others 
[293]. Identifying potentially protective genetic targets in 
human populations may bring to the fore core molecular 
mechanisms that can be harnessed for neuroprotective 
treatment.

Another novel concept in AD pathology is the pos-
sibility that a synergistic pathological interaction exists 
between Aβ and tau which manifests throughout the 
course of disease and may drive progression [303]. To 
date, Aβ and tau proteins have been studied as singular 
entities in AD pathophysiology. The study of potential 
synergistic relationships between disease-causing ele-
ments requires improved animal or cellular models, inte-
grated with systems approaches such as machine learning 
to understand such interactions and their spatiotemporal 
evolution in disease progression.

Therapeutic opportunities that aid in slowing progres-
sion or preventing cognitive decline in AD rely on early 
detection of biomarkers associated with early (or prodro-
mal) neurodegenerative events. Although some advances 
with blood levels of Aβ and tau have been made recently 
[253], robust early markers remain elusive in AD. There 
remains great potential in harnessing the eye for early 
biomarker detection. The combination of non-invasive 
imaging using OCT/OCT-A to detect AD-specific altera-
tions in retinal architecture and morphology with the 
detection of Aβ, tau and neurofilament light chain in the 
lens, vitreous and retina [304] provides compelling evi-
dence that the eye manifests early AD-related changes 
that may be non-invasively detected and monitored in 
patients.

Opportunities for new models and imaging systems
In drawing upon the common mechanisms of neurode-
generative diseases, we believe that preventing vision loss 
or preventing neurodegeneration of the brain becomes 
increasingly achievable. However, identifying and under-
standing shared molecular mechanisms is only the first 
step in designing powerful neuroprotective or neuro-
replacement strategies. The next steps rely heavily on the 

validation and rigorous testing of potential neuropro-
tective or neurorestorative agents, which both involve 
robust monitoring of RGCs and neurons in the brain. 
With these goals in mind, several immediate challenges 
come to the fore.

For major advances in the design and implementa-
tion of neuroprotective therapies, the development and 
characterization of translatable model systems is criti-
cal. In human patients, clinical trials of neuroprotec-
tive agents are not a viable option; such studies would 
prove high-risk, expensive and involve extensive, per-
haps even decades-long trials without easily measurable 
outcomes. Without a model system that encapsulates 
the multifaceted nature of neurodegenerative disease 
(e.g., including multiple cell types in addition to mature 
neurons), the development of therapeutic strategies will 
repeatedly stall.

A new challenge comes with the recognition that neu-
rodegenerative events, as well as tissue homeostasis, are 
not neuron-centric – they are multicellular in nature and 
dissecting the roles of multiple cell types is difficult. It 
is increasingly evident that glia are important for RGC 
maturation, development, and survival [45, 305]. Under-
standing how glia affect RGCs and other CNS neurons 
during development or after injury will be important in 
designing neuroprotective drugs, but also in promoting 
integration of replacement cells. Harnessing the proper-
ties of other cells may promote RGC/neuron survival or 
enhance grafting of replacement cells into host tissue. 
Likewise, glia, in particular microglia, are central to con-
trolling the development of AD pathology and modulat-
ing neuronal activity [59]. Understanding how specific 
microglial responses are protective or detrimental can 
guide us how to target these cells at different stages of 
neurodegenerative diseases.

There is also an urgent need for improved imaging 
systems for use in the clinic and in research as we push 
forward with neuro-replacement and neuroprotective 
strategies. Resolution of the retina at the cellular level will 
be fundamental in the assessment of the efficacy of neu-
roprotective treatments. One example is the detection 
of immune cells and assessment of the neuroinflamma-
tory state of the tissue through high resolution imag-
ing. As discussed, neuroinflammation is an over-arching 
theme in neurodegeneration. Determining immune cell 
infiltration into the retina, or state of glial cell responses 
and reactivity would represent a major stride forward 
for clinicians and researchers alike when trying to tackle 
neuroinflammation in neurodegenerative disease. Simi-
larly, although a distant milestone at present, monitoring 
the engraftment of new cells to restore vision or cogni-
tive function will also rely on advanced imaging systems 
not yet available. Novel high-resolution in  vivo imaging 
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modalities will be necessary to achieve these goals. One 
challenge this presents from a research perspective is the 
multidisciplinary nature of the expertise required to build 
high-resolution imaging systems, and as such, a focus 
in the future on multidisciplinary collaborations across 
medical and bioengineering fields will be necessary.

Conclusions
The challenge ahead
Providing patients with effective strategies to treat or 
prevent neurodegenerative disease is a monumen-
tal challenge that scientists and clinicians alike will 
increasingly face as the population ages and incidence 
of disease increases. Reaching these goals will rely on 
a greater understanding of the common pathological 
mechanisms across the entire spectrum of neurodegen-
erative diseases, which include diseases of the brain and 
by extension, the visual system. Focusing solely on link-
ing molecular mechanisms to a single disease can lead to 
siloed thinking, inability or unwillingness to make major 
leaps forward in the development of advanced treatments 
and cures applicable to the broader scope of diseases.

In this “think tank” style meeting, with multidiscipli-
nary experts from all aspects of human CNS neurode-
generation, we have identified several common molecular 
mechanisms of disease that highlight the most promising 
avenues for fruitful collaboration in Table  1. In the dis-
eases touched on in this review, shared mechanisms are 
manifold, spanning protein aggregation to mitochon-
drial dysfunction and altered metabolism, to breakdown 
of neuronal-vascular signaling, just as examples. Work to 
advance patient treatment and care for neurodegeneration 
will need not only to address our understanding of the core 
molecular events that occur but also when they occur. We 
believe that the commonalities among diseases provide 
new and exciting collaborative research opportunities that 
we can harness to discover new therapeutics and clinical 
strategies.

Abbreviations
Aβ: Amyloid-beta; AD: Alzheimer’s disease; ALS: Amyotrophic lateral 
sclerosis; APP: Amyloid precursor protein; ATP: Adenosine triphosphate; 
BBB: Blood-brain barrier; BRB: Blood-retinal barrier; CNS: Central nervous 
system; CSF: Cerebrospinal fluid; DARC​: Detection of apoptosing retinal 
cells; GWAS: Genome-wide associate studies; HD: Huntington’s disease; 
HDL: High-density lipoprotein; hiPSCs: Human-derived induced pluripo‑
tent stem cells; HSPs: Heat-shock proteins; IOP: Intraocular pressure; IP-
TNTs: Inter-pericyte tunneling nanotubes; LHON: Leber’s hereditary optic 
neuropathy; MRI: Magnetic resonance imaging; MtDNA: Mitochondrial 
DNA; NSAIDs: Non-steroidal anti-inflammatory drugs; NVU: Neurovascular 
unit; OCT: Optical coherence tomography; OCT-A: Optical coherence 
tomography angiography; ONH: Optic nerve head; OPC: Oligodendrocyte 
precursor cell; PD: Parkinson’s disease; PET: Positron emission topography; 
PNS: Peripheral nervous system; POAG: Primary open-angle glaucoma; 
PRGN: Progranulin; PRS: Polygenic risk score; RGC​: Retinal ganglion cell; 
ROS: Reactive oxygen species; SNPs: Single nucleotide polymorphisms; 

SOD: Superoxide dismutase; TDP-43: TAR DNA-binding protein 43; TREM-2: 
Triggering Receptor Expressed On Myeloid Cells 2; VCID: Vascular cognitive 
impairment and dementia.

Acknowledgements
The authors would like to acknowledge additional participants of the “Solving 
Neurodegeneration Catalyst Meeting” held virtually over several sessions in 
April 2021, including Ted and Terrence Barr, Aaron Gitler, Yang Hu, Nicholas 
Marsh-Armstrong, Arnon Rosenthal, and Donna Wilcock. We thank them 
for sharing their innovative research and ideas during the event. We are 
indebted to the generosity and staff of the Melza M. and Frank Theodore Barr 
Foundation, Glaucoma Research Foundation, and the BrightFocus Foundation 
for their support of this meeting. Figures for this review were created with 
BioRender.com.

Authors’ Contributions
All authors conceived the ideas and concepts written in this review. LKW 
wrote the main text. LKW and DJC organized the main body of the text. 
SAL, ST, LB, ADP, CW, JLG, ZH, XD, GB, AAD, KS, ALT, DCC, MVCS, JGF, PS, SR, 
TB and DEB all provided substantial edits and expertise. All authors read and 
approved the final manuscript.

Funding 
Funding for the “Solving Neurodegeneration Catalyst Meeting” and associated 
sessions was provided by BrightFocus Foundation, Glaucoma Research Foun‑
dation, and the Melza M. and Frank Theodore Barr Foundation.

Availability of data and materials 
Data sharing is not applicable to this article as no datasets were generated or 
analyzed during the current study.

Declarations

Ethics approval and consent to participate
N/A.

Consent for publication
N/A.

Competing interests
The authors declare that there are no competing interests.

Author details
1 Department of Ophthalmology and Visual Sciences, Vanderbilt Eye Institute, 
Vanderbilt University Medical Center, Nashville, TN, USA. 2 Neuroscience Insti‑
tute, NYU Grossman School of Medicine, New York, NY, USA. 3 Neural Stem Cell 
Institute, NY 12144 Rensselaer, USA. 4 Department of Neurosurgery and F.M. 
Kirby Neurobiology Center, Boston Children’s Hospital, Harvard Medical 
School, Boston, MA, USA. 5 Department of Neuroscience, University of Mon‑
treal, Montreal, QC, Canada. 6 Department of Pathology and Laboratory Medi‑
cine, University of British Columbia, Vancouver, BC, Canada. 7 Spencer Center 
for Vision Research, Byers Eye Institute, Stanford University, CA, Palo Alto, USA. 
8 F.M. Kirby Neurobiology Center, Boston Children’s Hospital, MA, Boston, USA. 
9 Department of Ophthalmology, University of California San Francisco, San 
Francisco, CA, USA. 10 Department of Neuroscience, Mayo Clinic, Jacksonville, 
FL, USA. 11 Department of Neurology, Washington University in St. Louis, St. 
Louis, Missouri, USA. 12 Department of Chemical and Biomolecular Engineering 
and Helen Wills Neuroscience Institute, University of California Berkeley, Berke‑
ley, CA, USA. 13 Department of Cell Biology and Human Anatomy, University 
of California Davis, Davis, CA, USA. 14 Division of Biology and Biological Engi‑
neering, California Institute of Technology, CA 91125 Pasadena, USA. 15 Herbert 
Wertheim School of Optometry and Vision Science, University of California 
Berkeley, Berkeley, CA, USA. 16 CellSight Ocular Stem Cell and Regeneration 
Research Program, Department of Ophthalmology, Sue Anschutz‑Rodgers Eye 
Center, University of Colorado, Aurora, CO, USA. 17 Glaucoma Research Founda‑
tion, San Francisco, CA, USA. 18 BrightFocus Foundation, Clarksburg, MD, USA. 

Received: 17 November 2021   Accepted: 18 February 2022



Page 22 of 29Wareham et al. Molecular Neurodegeneration           (2022) 17:23 

References
	 1.	 Hurd MD, Martorell P, Delavande A, Mullen KJ, Langa KM. Monetary 

costs of dementia in the United States. N Engl J Med. 2013;368:1326–34.
	 2.	 (WHO) WHO. Globa action plan on the public health response to 

dementia 2017–2025. 2017.
	 3.	 Leng F, Edison P. Neuroinflammation and microglial activation in 

Alzheimer disease: where do we go from here? Nat Rev Neurol. 
2021;17:157–72.

	 4.	 McKhann GM, Knopman DS, Chertkow H, Hyman BT, Jack CR Jr, Kawas 
CH, Klunk WE, Koroshetz WJ, Manly JJ, Mayeux R, Mohs RC, Morris JC, 
Rossor MN, Scheltens P, Carrillo MC, Thies B, Weintraub S, Phelps CH. The 
diagnosis of dementia due to Alzheimer’s disease: recommendations 
from the National Institute on Aging-Alzheimer’s Association work‑
groups on diagnostic guidelines for Alzheimer’s disease. Alzheimers 
Dement. 2011;7:263–9.

	 5.	 Dujardin S, Commins C, Lathuiliere A, Beerepoot P, Fernandes AR, 
Kamath TV, De Los Santos MB, Klickstein N, Corjuc DL, Corjuc BT, Dooley 
PM, Viode A, Oakley DH, Moore BD, Mullin K, Jean-Gilles D, Clark R, 
Atchison K, Moore R, Chibnik LB, Tanzi RE, Frosch MP, Serrano-Pozo A, 
Elwood F, Steen JA. Kennedy ME and Hyman BT. Tau molecular diversity 
contributes to clinical heterogeneity in Alzheimer’s disease. Nat Med. 
2020;26:1256–63.

	 6.	 Giannakopoulos P, Herrmann FR, Bussiere T, Bouras C, Kovari E, Perl DP, 
Morrison JH, Gold G, Hof PR. Tangle and neuron numbers, but not amy‑
loid load, predict cognitive status in Alzheimer’s disease. Neurology. 
2003;60:1495–500.

	 7.	 Arriagada PV, Growdon JH, Hedley-Whyte ET, Hyman BT. Neurofibrillary 
tangles but not senile plaques parallel duration and severity of Alzhei‑
mer’s disease. Neurology. 1992;42:631–9.

	 8.	 Braak H, Braak E. Neuropathological stageing of Alzheimer-related 
changes. Acta Neuropathol. 1991;82:239–59.

	 9.	 Thinakaran G, Koo EH. Amyloid precursor protein trafficking, processing, 
and function. J Biol Chem. 2008;283:29615–9.

	 10.	 Czakó C, Kovács T, Ungvari Z, Csiszar A, Yabluchanskiy A, Conley S, 
Csipo T, Lipecz A, Horváth H, Sándor GL, István L, Logan T. Nagy ZZ and 
Kovács I. Retinal biomarkers for Alzheimer’s disease and vascular cogni‑
tive impairment and dementia (VCID): implication for early diagnosis 
and prognosis. GeroScience. 2020;42:1499–525.

	 11.	 Liesz A. The vascular side of Alzheimer’s disease. Science. 
2019;365:223–4.

	 12.	 Toledo JB, Arnold SE, Raible K, Brettschneider J, Xie SX, Grossman M, 
Monsell SE, Kukull WA, Trojanowski JQ. Contribution of cerebrovascular 
disease in autopsy confirmed neurodegenerative disease cases in the 
National Alzheimer’s Coordinating Centre. Brain. 2013;136:2697–706.

	 13.	 Power MC, Mormino E, Soldan A, James BD, Yu L, Armstrong NM, 
Bangen KJ, Delano-Wood L, Lamar M, Lim YY, Nudelman K, Zahodne L, 
Gross AL, Mungas D. Widaman KF and Schneider J. Combined neuro‑
pathological pathways account for age-related risk of dementia. Ann 
Neurol. 2018;84:10–22.

	 14.	 Tarantini S, Tran CHT, Gordon GR, Ungvari Z, Csiszar A. Impaired neu‑
rovascular coupling in aging and Alzheimer’s disease: Contribution of 
astrocyte dysfunction and endothelial impairment to cognitive decline. 
Exp Gerontol. 2017;94:52–8.

	 15.	 Iadecola C, Gottesman RF. Cerebrovascular Alterations in Alzheimer 
Disease. Circ Res. 2018;123:406–8.

	 16.	 Poewe W, Seppi K, Tanner CM, Halliday GM, Brundin P, Volkmann 
J. Schrag AE and Lang AE. Parkinson disease. Nat Rev Dis Primers. 
2017;3:17013.

	 17.	 Mullin S, Schapira AH. Pathogenic mechanisms of neurodegeneration 
in Parkinson disease. Neurol Clin. 2015;33:1–17.

	 18.	 Hyder R, Jensen M, Højlund A, Kimppa L, Bailey CJ, Schaldemose JL, Kin‑
nerup MB, Østergaard K, Shtyrov Y. Functional connectivity of spoken 
language processing in early-stage Parkinson’s disease: an MEG study. 
NeuroImage Clin. 2021;32:102718.

	 19.	 Dickson DW. Parkinson’s disease and parkinsonism: neuropathology. 
Cold Spring Harb Perspect Med. 2012;2(8):a009258.

	 20.	 Kiernan MC, Vucic S, Cheah BC, Turner MR, Eisen A, Hardiman O, Burrell 
JR, Zoing MC. Amyotrophic lateral sclerosis. Lancet. 2011;377:942–55.

	 21.	 Neumann M, Sampathu DM, Kwong LK, Truax AC, Micsenyi MC, 
Chou TT, Bruce J, Schuck T, Grossman M, Clark CM, McCluskey LF, 
Miller BL, Masliah E, Mackenzie IR, Feldman H, Feiden W, Kretzschmar 

HA, Trojanowski JQ, Lee VM. Ubiquitinated TDP-43 in frontotempo‑
ral lobar degeneration and amyotrophic lateral sclerosis. Science. 
2006;314:130–3.

	 22.	 WHO. Blindness and vision impairment prevention: Priority eye dis‑
eases: Glaucoma. 2020.

	 23.	 Tham YC, Li X, Wong TY, Quigley HA, Aung T, Cheng CY. Global 
prevalence of glaucoma and projections of glaucoma burden 
through 2040: a systematic review and meta-analysis. Ophthalmology. 
2014;121:2081–90.

	 24.	 Levene RZ. Low tension glaucoma. Part II. Clinical characteristics and 
pathogenesis. Ann Ophthalmol. 1980;12:1383.

	 25.	 Levene RZ. Low tension glaucoma: a critical review and new material. 
Surv Ophthalmol. 1980;24:621–64.

	 26.	 Weinreb RN. Ocular hypertension: defining risks and clinical options. 
Am J Ophthalmol. 2004;138:1–2.

	 27.	 Calkins DJ. Adaptive responses to neurodegenerative stress in glau‑
coma. Prog Retin Eye Res. 2021;84:100953.

	 28.	 Burgoyne CF. A biomechanical paradigm for axonal insult within the 
optic nerve head in aging and glaucoma. Exp Eye Res. 2011;93:120–32.

	 29.	 Sigal IA, Ethier CR. Biomechanics of the optic nerve head. Exp Eye Res. 
2009;88:799–807.

	 30.	 Tamm ER, Ethier CR. Lasker IIoA and Glaucomatous Neurodegeneration 
P. Biological aspects of axonal damage in glaucoma: A brief review. Exp 
Eye Res. 2017;157:5–12.

	 31.	 Lawlor M, Danesh-Meyer H, Levin LA, Davagnanam I, De Vita E, Plant 
GT. Glaucoma and the brain: Trans-synaptic degeneration, structural 
change, and implications for neuroprotection. Surv Ophthalmol. 
2018;63:296–306.

	 32.	 Wareham LK, Calkins DJ. The Neurovascular Unit in Glaucomatous 
Neurodegeneration. Front Cell Dev Biol. 2020;8:452.

	 33.	 Downs JC. Optic nerve head biomechanics in aging and disease. Exp 
Eye Res. 2015;133:19–29.

	 34.	 Yang S, Plotnikov SV. Mechanosensitive Regulation of Fibrosis. Cells. 
2021;10(5):994.

	 35.	 Morozumi W, Inagaki S, Iwata Y, Nakamura S, Hara H, Shimazawa M. 
Piezo channel plays a part in retinal ganglion cell damage. Exp Eye Res. 
2020;191:107900.

	 36.	 Fortune B. Pulling and Tugging on the Retina: Mechanical Impact of 
Glaucoma Beyond the Optic Nerve Head. Invest Ophthalmol Vis Sci. 
2019;60:26–35.

	 37.	 Liu B, McNally S, Kilpatrick JI, Jarvis SP, O’Brien CJ. Aging and ocular tis‑
sue stiffness in glaucoma. Surv Ophthalmol. 2018;63:56–74.

	 38.	 Hou Y, Dan X, Babbar M, Wei Y, Hasselbalch SG, Croteau DL, Bohr VA. 
Ageing as a risk factor for neurodegenerative disease. Nat Rev Neurol. 
2019;15:565–81.

	 39.	 Businaro R, Vauzour D, Sarris J, Munch G, Gyengesi E, Brogelli L. and 
Zuzarte P. Therapeutic Opportunities for Food Supplements in Neuro‑
degenerative Disease and Depression. Front Nutr. 2021;8:669846.

	 40.	 Marques-Aleixo I, Beleza J, Sampaio A, Stevanovic J, Coxito P, Goncalves 
I, Ascensao A, Magalhaes J. Preventive and Therapeutic Potential of 
Physical Exercise in Neurodegenerative Diseases. Antioxid Redox Signal. 
2021;34:674–93.

	 41.	 Williams PA, Marsh-Armstrong N, Howell GR. Lasker IIoA and Glauco‑
matous Neurodegeneration P. Neuroinflammation in glaucoma: A new 
opportunity. Exp Eye Res. 2017;157:20–7.

	 42.	 Onyango IG, Jauregui GV, Carna M, Bennett JP Jr, Stokin GB. Neuroin‑
flammation in Alzheimer’s Disease. Biomedicines. 2021;9(5):524.

	 43.	 Rasheed M, Liang J, Wang C, Deng Y, Chen Z. Epigenetic Regulation of 
Neuroinflammation in Parkinson’s Disease. Int J Mol Sci. 2021;22(9):4956.

	 44.	 Holbrook JA, Jarosz-Griffiths HH, Caseley E, Lara-Reyna S, Poulter JA, 
Williams-Gray CH. Peckham D and McDermott MF. Neurodegen‑
erative Disease and the NLRP3 Inflammasome. Front Pharmacol. 
2021;12:643254.

	 45.	 Han RT, Kim RD, Molofsky AV, Liddelow SA. Astrocyte-immune cell 
interactions in physiology and pathology. Immunity. 2021;54:211–24.

	 46.	 Franceschi C, Bonafe M, Valensin S, Olivieri F, De Luca M, Ottaviani E, De 
Benedictis G. Inflamm-aging. An evolutionary perspective on immu‑
nosenescence. Ann N Y Acad Sci. 2000;908:244–54.

	 47.	 Pattabiraman G, Palasiewicz K, Galvin JP, Ucker DS. Aging-associated 
dysregulation of homeostatic immune response termination (and not 
initiation). Aging Cell. 2017;16:585–93.



Page 23 of 29Wareham et al. Molecular Neurodegeneration           (2022) 17:23 	

	 48.	 Clarke LE, Liddelow SA, Chakraborty C, Munch AE, Heiman M, Barres BA. 
Normal aging induces A1-like astrocyte reactivity. Proc Natl Acad Sci U 
S A. 2018;115:E1896–905.

	 49.	 Boisvert MM, Erikson GA, Shokhirev MN, Allen NJ. The Aging Astrocyte 
Transcriptome from Multiple Regions of the Mouse Brain. Cell Rep. 
2018;22:269–85.

	 50.	 Lopez-Otin C, Blasco MA, Partridge L, Serrano M, Kroemer G. The hall‑
marks of aging. Cell. 2013;153:1194–217.

	 51.	 Tang Y, Fung E, Xu A, Lan HY. C-reactive protein and ageing. Clin Exp 
Pharmacol Physiol. 2017;44(Suppl 1):9–14.

	 52.	 Rea IM, Gibson DS, McGilligan V, McNerlan SE, Alexander HD, Ross OA. 
Age and Age-Related Diseases: Role of Inflammation Triggers and 
Cytokines. Front Immunol. 2018;9:586.

	 53.	 Marcos-Perez D, Sanchez-Flores M, Maseda A, Lorenzo-Lopez L, Millan-
Calenti JC, Gostner JM, Fuchs D, Pasaro E, Laffon B. and Valdiglesias 
V. Frailty in Older Adults Is Associated With Plasma Concentrations of 
Inflammatory Mediators but Not With Lymphocyte Subpopulations. 
Front Immunol. 2018;9:1056.

	 54.	 Hasel P, Liddelow SA. Isoform-dependent APOE secretion modulates 
neuroinflammation. Nat Rev Neurol. 2021;17:265–6.

	 55.	 Wang WY, Tan MS, Yu JT, Tan L. Role of pro-inflammatory cytokines 
released from microglia in Alzheimer’s disease. Ann Transl Med. 
2015;3:136.

	 56.	 Kinney JW, Bemiller SM, Murtishaw AS, Leisgang AM, Salazar AM, Lamb 
BT. Inflammation as a central mechanism in Alzheimer’s disease. Alzhei‑
mers Dement (N Y). 2018;4:575–90.

	 57.	 Sinyor B, Mineo J, Ochner C. Alzheimer’s Disease, Inflammation, and the 
Role of Antioxidants. J Alzheimers Dis Rep. 2020;4:175–83.

	 58.	 Prinz M, Priller J, Sisodia SS, Ransohoff RM. Heterogeneity of CNS 
myeloid cells and their roles in neurodegeneration. Nat Neurosci. 
2011;14:1227–35.

	 59.	 Lewcock JW, Schlepckow K, Di Paolo G, Tahirovic S, Monroe KM, Haass 
C. Emerging Microglia Biology Defines Novel Therapeutic Approaches 
for Alzheimer’s Disease. Neuron. 2020;108:801–21.

	 60.	 Poirier J, Davignon J, Bouthillier D, Kogan S, Bertrand P, Gauthier S. 
Apolipoprotein E polymorphism and Alzheimer’s disease. Lancet. 
1993;342:697–9.

	 61.	 Thangavel R, Bhagavan SM, Ramaswamy SB, Surpur S, Govindarajan R, 
Kempuraj D, Zaheer S, Raikwar S, Ahmed ME, Selvakumar GP, Iyer SS, 
Zaheer A. Co-Expression of Glia Maturation Factor and Apolipoprotein 
E4 in Alzheimer’s Disease Brain. J Alzheimers Dis. 2018;61:553–60.

	 62.	 Vitek MP, Brown CM, Colton CA. APOE genotype-specific differences in 
the innate immune response. Neurobiol Aging. 2009;30:1350–60.

	 63.	 Tulloch J, Leong L, Thomson Z, Chen S, Lee EG, Keene CD, Millard SP, Yu 
CE. Glia-specific APOE epigenetic changes in the Alzheimer’s disease 
brain. Brain Res. 2018;1698:179–86.

	 64.	 Chai AB, Lam HHJ, Kockx M, Gelissen IC. Apolipoprotein E isoform-
dependent effects on the processing of Alzheimer’s amyloid-beta. 
Biochim Biophys Acta Mol Cell Biol Lipids. 2021;1866:158980.

	 65.	 Gureje O, Ogunniyi A, Baiyewu O, Price B, Unverzagt FW, Evans RM, 
Smith-Gamble V, Lane KA, Gao S, Hall KS, Hendrie HC, Murrell JR. APOE 
epsilon4 is not associated with Alzheimer’s disease in elderly Nigerians. 
Ann Neurol. 2006;59:182–5.

	 66.	 Trumble BC, Stieglitz J, Blackwell AD, Allayee H, Beheim B, Finch CE, 
Gurven M, Kaplan H. Apolipoprotein E4 is associated with improved 
cognitive function in Amazonian forager-horticulturalists with a high 
parasite burden. FASEB J. 2017;31:1508–15.

	 67.	 Xiying M, Wenbo W, Wangyi F, Qinghuai L. Association of Apolipo‑
protein E Polymorphisms with Age-related Macular Degeneration 
Subtypes: An Updated Systematic Review and Meta-analysis. Arch Med 
Res. 2017;48:370–7.

	 68.	 Margeta MA, Letcher SM, Igo RP Jr, Cooke Bailey JN, Pasquale LR, Haines 
JL, Butovsky O. Wiggs JL and consortium N. Association of APOE With 
Primary Open-Angle Glaucoma Suggests a Protective Effect for APOE 
epsilon4. Invest Ophthalmol Vis Sci. 2020;61:3.

	 69.	 Levy O, Lavalette S, Hu SJ, Housset M, Raoul W, Eandi C, Sahel JA, Sul‑
livan PM. Guillonneau X and Sennlaub F. APOE Isoforms Control Patho‑
genic Subretinal Inflammation in Age-Related Macular Degeneration. J 
Neurosci. 2015;35:13568–76.

	 70.	 Guttenplan KA, Weigel MK, Adler DI, Couthouis J, Liddelow SA, Gitler 
AD, Barres BA. Knockout of reactive astrocyte activating factors 

slows disease progression in an ALS mouse model. Nat Commun. 
2020;11:3753.

	 71.	 Caggiu E, Arru G, Hosseini S, Niegowska M, Sechi G, Zarbo IR, Sechi LA. 
Inflammation, Infectious Triggers, and Parkinson’s Disease. Front Neurol. 
2019;10:122.

	 72.	 McGeer PL, Itagaki S, Boyes BE, McGeer EG. Reactive microglia are posi‑
tive for HLA-DR in the substantia nigra of Parkinson’s and Alzheimer’s 
disease brains. Neurology. 1988;38:1285–91.

	 73.	 Shi W, Wang YM, Cheng NN, Chen BY, Li D. [Meta-analysis on the effect 
and adverse reaction on patients with osteoarthritis and rheumatoid 
arthritis treated with non-steroidal anti-inflammatory drugs]. Zhonghua 
Liu Xing Bing Xue Za Zhi. 2003;24:1044–8.

	 74.	 Yun SP, Kam TI, Panicker N, Kim S, Oh Y, Park JS, Kwon SH, Park YJ, Karup‑
pagounder SS, Park H, Kim S, Oh N, Kim NA, Lee S, Brahmachari S, Mao 
X, Lee JH, Kumar M, An D, Kang SU, Lee Y, Lee KC, Na DH, Kim D, Lee SH, 
Roschke VV, Liddelow SA, Mari Z, Barres BA, Dawson VL, Lee S, Dawson 
TM, Ko HS. Block of A1 astrocyte conversion by microglia is neuropro‑
tective in models of Parkinson’s disease. Nat Med. 2018;24:931–8.

	 75.	 Sterling JK, Adetunji MO, Guttha S, Bargoud AR, Uyhazi KE, Ross AG, 
Dunaief JL, Cui QN. GLP-1 Receptor Agonist NLY01 Reduces Retinal 
Inflammation and Neuron Death Secondary to Ocular Hypertension. 
Cell Rep. 2020;33:108271.

	 76.	 Wei X, Cho KS, Thee EF, Jager MJ, Chen DF. Neuroinflammation and 
microglia in glaucoma: time for a paradigm shift. J Neurosci Res. 
2019;97:70–6.

	 77.	 Baudouin C, Kolko M, Melik-Parsadaniantz S, Messmer EM. Inflammation 
in Glaucoma: From the back to the front of the eye, and beyond. Prog 
Retin Eye Res. 2020;83:100916.

	 78.	 Bosco A, Steele MR, Vetter ML. Early microglia activation in a mouse 
model of chronic glaucoma. J Comp Neurol. 2011;519:599–620.

	 79.	 Howell GR, Macalinao DG, Sousa GL, Walden M, Soto I, Kneeland SC, 
Barbay JM, King BL, Marchant JK, Hibbs M, Stevens B, Barres BA, Clark 
AF, Libby RT, John SW. Molecular clustering identifies complement and 
endothelin induction as early events in a mouse model of glaucoma. J 
Clin Invest. 2011;121:1429–44.

	 80.	 Qu J, Jakobs TC. The Time Course of Gene Expression during Reactive 
Gliosis in the Optic Nerve. PLoS ONE. 2013;8:e67094.

	 81.	 Seitz R, Ohlmann A, Tamm ER. The role of Muller glia and microglia in 
glaucoma. Cell Tissue Res. 2013;353:339–45.

	 82.	 Howell GR, MacNicoll KH, Braine CE, Soto I, Macalinao DG, Sousa GL, 
John SW. Combinatorial targeting of early pathways profoundly inhibits 
neurodegeneration in a mouse model of glaucoma. Neurobiol Dis. 
2014;71:44–52.

	 83.	 Soto I, Howell GR. The complex role of neuroinflammation in glaucoma. 
Cold Spring Harb Perspect Med. 2014;4(8):a017269.

	 84.	 Neufeld AH. Microglia in the optic nerve head and the region of 
parapapillary chorioretinal atrophy in glaucoma. Arch Ophthalmol. 
1999;117:1050–6.

	 85.	 Yuan L, Neufeld AH. Activated microglia in the human glaucomatous 
optic nerve head. J Neurosci Res. 2001;64:523–32.

	 86.	 Jiang S, Kametani M, Chen DF. Adaptive Immunity: New Aspects of 
Pathogenesis Underlying Neurodegeneration in Glaucoma and Optic 
Neuropathy. Front Immunol. 2020;11:65.

	 87.	 Arroba AI, Campos-Caro A, Aguilar-Diosdado M, Valverde AM. IGF-1, 
Inflammation and Retinal Degeneration: A Close Network. Front Aging 
Neurosci. 2018;10:203.

	 88.	 Kottler MS, Drance SM. Studies of hemorrhage on the optic disc. Can J 
Ophthalmol. 1976;11:102–5.

	 89.	 Siegner SW, Netland PA. Optic disc hemorrhages and progression of 
glaucoma. Ophthalmology. 1996;103:1014–24.

	 90.	 Resch H, Schmidl D, Hommer A, Rensch F, Jonas JB, Fuchsjager-Mayrl G, 
Garhofer G, Vass C, Schmetterer L. Correlation of optic disc morphology 
and ocular perfusion parameters in patients with primary open angle 
glaucoma. Acta Ophthalmol. 2011;89:e544-9.

	 91.	 Sugiyama K, Tomita G, Kitazawa Y, Onda E, Shinohara H, Park KH. The 
associations of optic disc hemorrhage with retinal nerve fiber layer 
defect and peripapillary atrophy in normal-tension glaucoma. Ophthal‑
mology. 1997;104:1926–33.

	 92.	 Susanna R, Drance SM, Douglas GR. Disc hemorrhages in patients 
with elevated intraocular pressure. Occurrence with and without field 
changes. Arch Ophthalmol. 1979;97:284–5.



Page 24 of 29Wareham et al. Molecular Neurodegeneration           (2022) 17:23 

	 93.	 Nitta K, Sugiyama K, Wajima R, Tachibana G, Yamada Y. Associations 
between changes in radial peripapillary capillaries and occurrence of 
disc hemorrhage in normal-tension glaucoma. Graefes Arch Clin Exp 
Ophthalmol. 2019;257:1963–70.

	 94.	 Drance SM. Disc hemorrhages in the glaucomas. Surv Ophthalmol. 
1989;33:331–7.

	 95.	 Wax MB. The case for autoimmunity in glaucoma. Exp Eye Res. 
2011;93:187–90.

	 96.	 Gramlich OW, Beck S, von T Und Hohenstein-Blaul, Boehm N, Ziegler N, 
Vetter A, Pfeiffer JM N and Grus FH. Enhanced insight into the autoim‑
mune component of glaucoma: IgG autoantibody accumulation and 
pro-inflammatory conditions in human glaucomatous retina. PLoS 
ONE. 2013;8:e57557.

	 97.	 Wax MB, Tezel G, Yang J, Peng G, Patil RV, Agarwal N, Sappington RM, 
Calkins DJ. Induced autoimmunity to heat shock proteins elicits glauco‑
matous loss of retinal ganglion cell neurons via activated T-cell-derived 
fas-ligand. J Neurosci. 2008;28:12085–96.

	 98.	 Chen H, Cho KS, Vu THK, Shen CH, Kaur M, Chen G, Mathew R, McHam 
ML, Fazelat A, Lashkari K, Au NPB, Tse JKY, Li Y, Yu H, Yang L, Stein-
Streilein J, Ma CHE, Woolf CJ, Whary MT, Jager MJ, Fox JG, Chen J, Chen 
DF. Commensal microflora-induced T cell responses mediate progres‑
sive neurodegeneration in glaucoma. Nat Commun. 2018;9:3209.

	 99.	 Barrette B, Hebert MA, Filali M, Lafortune K, Vallieres N, Gowing G, Julien 
JP, Lacroix S. Requirement of myeloid cells for axon regeneration. J 
Neurosci. 2008;28:9363–76.

	100.	 Yin Y, Cui Q, Li Y, Irwin N, Fischer D, Harvey AR, Benowitz LI. Mac‑
rophage-derived factors stimulate optic nerve regeneration. J Neurosci. 
2003;23:2284–93.

	101.	 Yin Y, Henzl MT, Lorber B, Nakazawa T, Thomas TT, Jiang F, Langer R, 
Benowitz LI. Oncomodulin is a macrophage-derived signal for axon 
regeneration in retinal ganglion cells. Nat Neurosci. 2006;9:843–52.

	102.	 Yin Y, Cui Q, Gilbert HY, Yang Y, Yang Z, Berlinicke C, Li Z, Zaverucha-
do-Valle C, He H, Petkova V, Zack DJ, Benowitz LI. Oncomodulin links 
inflammation to optic nerve regeneration. Proc Natl Acad Sci U S A. 
2009;106:19587–92.

	103.	 Kurimoto T, Yin Y, Omura K, Gilbert HY, Kim D, Cen LP, Moko L, Kugler 
S, Benowitz LI. Long-distance axon regeneration in the mature optic 
nerve: contributions of oncomodulin, cAMP, and pten gene deletion. J 
Neurosci. 2010;30:15654–63.

	104.	 Liddelow SA, Guttenplan KA, Clarke LE, Bennett FC, Bohlen CJ, Schirmer 
L, Bennett ML, Munch AE, Chung WS, Peterson TC, Wilton DK, Frouin A, 
Napier BA, Panicker N, Kumar M, Buckwalter MS, Rowitch DH, Dawson 
VL, Dawson TM, Stevens B, Barres BA. Neurotoxic reactive astrocytes are 
induced by activated microglia. Nature. 2017;541:481–7.

	105.	 Guttenplan KA, Stafford BK, El-Danaf RN, Adler DI, Munch AE, Weigel 
MK, Huberman AD, Liddelow SA. Neurotoxic Reactive Astrocytes Drive 
Neuronal Death after Retinal Injury. Cell Rep. 2020;31:107776.

	106.	 Cooper ML, Pasini S, Lambert WS, D’Alessandro KB, Yao V, Risner ML, 
Calkins DJ. Redistribution of metabolic resources through astrocyte 
networks mitigates neurodegenerative stress. Proc Natl Acad Sci U S A. 
2020;117:18810–21.

	107.	 Duarte JN. Neuroinflammatory Mechanisms of Mitochondrial Dysfunction and 
Neurodegeneration in Glaucoma. J Ophthalmol. 2021;2021:4581909.

	108.	 Chan DC. Mitochondrial Dynamics and Its Involvement in Disease. 
Annu Rev Pathol. 2020;15:235–59.

	109.	 Rambold AS, Kostelecky B, Elia N, Lippincott-Schwartz J. Tubular network for‑
mation protects mitochondria from autophagosomal degradation during 
nutrient starvation. Proc Natl Acad Sci U S A. 2011;108:10190–5.

	110.	 Eells JT. Mitochondrial Dysfunction in the Aging Retina. Biology (Basel). 
2019;8(2):31.

	111.	 Balaban RS, Nemoto S, Finkel T. Mitochondria, oxidants, and aging. Cell. 
2005;120:483–95.

	112.	 Liu L, Zhang K, Sandoval H, Yamamoto S, Jaiswal M, Sanz E, Li Z, Hui 
J, Graham BH, Quintana A, Bellen HJ. Glial lipid droplets and ROS 
induced by mitochondrial defects promote neurodegeneration. Cell. 
2015;160:177–90.

	113.	 Ralhan I, Chang CL, Lippincott-Schwartz J, Ioannou MS. Lipid droplets in 
the nervous system. J Cell Biol. 2021;220(7):e202102136.

	114.	 Narendra DP, Jin SM, Tanaka A, Suen DF, Gautier CA, Shen J, Cookson 
MR, Youle RJ. PINK1 is selectively stabilized on impaired mitochondria 
to activate Parkin. PLoS Biol. 2010;8:e1000298.

	115.	 Kitada T, Asakawa S, Hattori N, Matsumine H, Yamamura Y, Minoshima 
S, Yokochi M, Mizuno Y, Shimizu N. Mutations in the parkin gene cause 
autosomal recessive juvenile parkinsonism. Nature. 1998;392:605–8.

	116.	 Valente EM, Bentivoglio AR, Dixon PH, Ferraris A, Ialongo T, Frontali M, 
Albanese A, Wood NW. Localization of a novel locus for autosomal 
recessive early-onset parkinsonism, PARK6, on human chromosome 
1p35-p36. Am J Hum Genet. 2001;68:895–900.

	117.	 Buneeva O, Fedchenko V, Kopylov A, Medvedev A. Mitochondrial 
Dysfunction in Parkinson’s Disease: Focus on Mitochondrial DNA. 
Biomedicines. 2020;8(12):591.

	118.	 Malpartida AB, Williamson M, Narendra DP, Wade-Martins R, Ryan BJ. 
Mitochondrial Dysfunction and Mitophagy in Parkinson’s Disease: From 
Mechanism to Therapy. Trends Biochem Sci. 2021;46:329–43.

	119.	 O’Hara DM, Pawar G, Kalia SK, Kalia LV. LRRK2 and alpha-Synuclein: 
Distinct or Synergistic Players in Parkinson’s Disease? Front Neurosci. 
2020;14:577.

	120.	 Zhang Y, Chen K, Sloan SA, Bennett ML, Scholze AR, O’Keeffe S, Phatnani 
HP, Guarnieri P, Caneda C, Ruderisch N, Deng S, Liddelow SA, Zhang C, 
Daneman R, Maniatis T, Barres BA, Wu JQ. An RNA-sequencing transcrip‑
tome and splicing database of glia, neurons, and vascular cells of the 
cerebral cortex. J Neurosci. 2014;34:11929–47.

	121.	 Zhang Y, Sloan SA, Clarke LE, Caneda C, Plaza CA, Blumenthal PD, Vogel 
H, Steinberg GK, Edwards MS, Li G, Duncan JA 3rd, Cheshier SH, Shuer 
LM, Chang EF, Grant GA, Gephart MG, Barres BA. Purification and Charac‑
terization of Progenitor and Mature Human Astrocytes Reveals Transcrip‑
tional and Functional Differences with Mouse. Neuron. 2016;89:37–53.

	122.	 Wang W, Zhao F, Ma X, Perry G, Zhu X. Mitochondria dysfunction in the 
pathogenesis of Alzheimer’s disease: recent advances. Mol Neurode‑
gener. 2020;15:30.

	123.	 Wang Q, Tian J, Chen H, Du H, Guo L. Amyloid beta-mediated KIF5A 
deficiency disrupts anterograde axonal mitochondrial movement. 
Neurobiol Dis. 2019;127:410–8.

	124.	 Tammineni P, Cai Q. Defective retrograde transport impairs autophagic 
clearance in Alzheimer disease neurons. Autophagy. 2017;13:982–4.

	125.	 Tribble JR, Vasalauskaite A, Redmond T, Young RD, Hassan S, Fautsch 
MP, Sengpiel F, Williams PA, Morgan JE. Midget retinal ganglion cell 
dendritic and mitochondrial degeneration is an early feature of human 
glaucoma. Brain Commun. 2019;1:fcz035.

	126.	 Williams PA, Harder JM, Foxworth NE, Cochran KE, Philip VM, Porciatti V, 
Smithies O, John SW. Vitamin B3 modulates mitochondrial vulnerability 
and prevents glaucoma in aged mice. Science. 2017;355:756–60.

	127.	 Takihara Y, Inatani M, Eto K, Inoue T, Kreymerman A, Miyake S, Ueno 
S, Nagaya M, Nakanishi A, Iwao K, Takamura Y, Sakamoto H, Satoh K, 
Kondo M, Sakamoto T, Goldberg JL, Nabekura J, Tanihara H. In vivo 
imaging of axonal transport of mitochondria in the diseased and aged 
mammalian CNS. Proc Natl Acad Sci U S A. 2015;112:10515–20.

	128.	 Hvozda Arana AG, Lasagni Vitar RM, Reides CG, Calabró V, Marchini T, 
Lerner SF, Evelson PA, Ferreira SM. Mitochondrial function is impaired 
in the primary visual cortex in an experimental glaucoma model. Arch 
Biochem Biophys. 2021;701:108815.

	129.	 Ito YA, Di Polo A. Mitochondrial dynamics, transport, and quality con‑
trol: A bottleneck for retinal ganglion cell viability in optic neuropathies. 
Mitochondrion. 2017;36:186–92.

	130.	 Swarup G, Sayyad Z. Altered Functions and Interactions of Glaucoma-
Associated Mutants of Optineurin. Front Immunol. 2018;9:1287.

	131.	 Del Dotto V, Carelli V. Dominant Optic Atrophy (DOA): Modeling the 
Kaleidoscopic Roles of OPA1 in Mitochondrial Homeostasis. Front 
Neurol. 2021;12:681326.

	132.	 Oostra RJ, Bolhuis PA, Wijburg FA, Zorn-Ende G, Bleeker-Wagemakers 
EM. Leber’s hereditary optic neuropathy: correlations between 
mitochondrial genotype and visual outcome. J Med Genet. 
1994;31:280–6.

	133.	 Hage R, Vignal-Clermont C. Leber Hereditary Optic Neu‑
ropathy: Review of Treatment and Management. Front Neurol. 
2021;12:651639.

	134.	 Roy CS, Sherrington CS. On the Regulation of the Blood-supply of the 
Brain. J Physiol. 1890;11:85–158 17.

	135.	 Iadecola C. The Neurovascular Unit Coming of Age: A Journey through 
Neurovascular Coupling in Health and Disease. Neuron. 2017;96:17–42.

	136.	 Iadecola C. Neurovascular regulation in the normal brain and in Alzhei‑
mer’s disease. Nat Rev Neurosci. 2004;5:347–60.



Page 25 of 29Wareham et al. Molecular Neurodegeneration           (2022) 17:23 	

	137.	 Winkler EA, Bell RD, Zlokovic BV. Central nervous system pericytes in 
health and disease. Nat Neurosci. 2011;14:1398–405.

	138.	 Attwell D, Buchan AM, Charpak S, Lauritzen M, Macvicar BA, New‑
man EA. Glial and neuronal control of brain blood flow. Nature. 
2010;468:232–43.

	139.	 Hamilton NB, Attwell D, Hall CN. Pericyte-mediated regulation of capil‑
lary diameter: a component of neurovascular coupling in health and 
disease. Front Neuroenergetics. 2010;2:5.

	140.	 Rhea EM, Banks WA. Role of the Blood-Brain Barrier in Central Nervous 
System Insulin Resistance. Front Neurosci. 2019;13:521.

	141.	 Natale G, Limanaqi F, Busceti CL, Mastroiacovo F, Nicoletti F, Puglisi-
Allegra S, Fornai F. Glymphatic System as a Gateway to Connect Neuro‑
degeneration From Periphery to CNS. Front Neurosci. 2021;15:639140.

	142.	 Abbott NJ, Ronnback L, Hansson E. Astrocyte-endothelial interactions 
at the blood-brain barrier. Nat Rev Neurosci. 2006;7:41–53.

	143.	 Engelhardt B, Vajkoczy P, Weller RO. The movers and shapers in immune 
privilege of the CNS. Nat Immunol. 2017;18:123–31.

	144.	 Wang X, Lou N, Eberhardt A, Yang Y, Kusk P, Xu Q, Forstera B, Peng S, 
Shi M, Ladron-de-Guevara A, Delle C, Sigurdsson B, Xavier ALR, Erturk 
A, Libby RT, Chen L, Thrane AS,  Nedergaard M. An ocular glymphatic 
clearance system removes beta-amyloid from the rodent eye. Sci Transl 
Med. 2020;12(536):eaaw3210.

	145.	 Price BR, Norris CM, Sompol P, Wilcock DM. An emerging role of astro‑
cytes in vascular contributions to cognitive impairment and dementia. 
J Neurochem. 2018;144:644–50.

	146.	 Levine DA, Langa KM. Vascular cognitive impairment: disease mecha‑
nisms and therapeutic implications. Neurotherapeutics. 2011;8:361–73.

	147.	 Snyder HM, Corriveau RA, Craft S, Faber JE, Greenberg SM, Knopman 
D, Lamb BT, Montine TJ, Nedergaard M, Schaffer CB, Schneider JA, 
Wellington C, Wilcock DM, Zipfel GJ, Zlokovic B, Bain LJ, Bosetti F, Galis 
ZS, Koroshetz W, Carrillo MC. Vascular contributions to cognitive impair‑
ment and dementia including Alzheimer’s disease. Alzheimers Dement. 
2015;11:710–7.

	148.	 Robert J, Button EB, Yuen B, Gilmour M, Kang K, Bahrabadi A, Stukas S, 
Zhao W, Kulic I, Wellington CL. Clearance of beta-amyloid is facilitated 
by apolipoprotein E and circulating high-density lipoproteins in bioen‑
gineered human vessels. Elife. 2017;6:e29595.

	149.	 Hayreh SS. The role of age and cardiovascular disease in glaucomatous 
optic neuropathy. Surv Ophthalmol. 1999;43(Suppl 1):27–42.

	150.	 Hayreh SS. Blood flow in the optic nerve head and factors that may 
influence it. Prog Retin Eye Res. 2001;20:595–624.

	151.	 Hayreh SS. Blood supply of the optic nerve head and its role in optic 
atrophy, glaucoma, and oedema of the optic disc. Br J Ophthalmol. 
1969;53:721–48.

	152.	 Hayreh SS, Revie IH, Edwards J. Vasogenic origin of visual field 
defects and optic nerve changes in glaucoma. Br J Ophthalmol. 
1970;54:461–72.

	153.	 Alarcon-Martinez L, Villafranca-Baughman D, Quintero H, Kacerovsky JB, 
Dotigny F, Murai KK, Prat A, Drapeau P, Di Polo A. Interpericyte tunnel‑
ling nanotubes regulate neurovascular coupling. Nature. 2020;585:91–5.

	154.	 Garhofer G, Zawinka C, Huemer KH, Schmetterer L, Dorner GT. Flicker 
light-induced vasodilatation in the human retina: effect of lactate 
and changes in mean arterial pressure. Invest Ophthalmol Vis Sci. 
2003;44:5309–14.

	155.	 Garhofer G, Resch H, Weigert G, Lung S, Simader C, Schmetterer L. 
Short-term increase of intraocular pressure does not alter the response 
of retinal and optic nerve head blood flow to flicker stimulation. Invest 
Ophthalmol Vis Sci. 2005;46:1721–5.

	156.	 Riva CE, Grunwald JE, Petrig BL. Autoregulation of human retinal blood 
flow. An investigation with laser Doppler velocimetry. Invest Ophthal‑
mol Vis Sci. 1986;27:1706–12.

	157.	 Riva CE, Hero M, Titze P, Petrig B. Autoregulation of human optic nerve 
head blood flow in response to acute changes in ocular perfusion pres‑
sure. Graefes Arch Clin Exp Ophthalmol. 1997;235:618–26.

	158.	 Garhofer G, Zawinka C, Resch H, Huemer KH, Schmetterer L, Dorner GT. 
Response of retinal vessel diameters to flicker stimulation in patients 
with early open angle glaucoma. J Glaucoma. 2004;13:340–4.

	159.	 Gugleta K, Kochkorov A, Waldmann N, Polunina A, Katamay R, Flam‑
mer J, Orgul S. Dynamics of retinal vessel response to flicker light in 
glaucoma patients and ocular hypertensives. Graefes Arch Clin Exp 
Ophthalmol. 2012;250:589–94.

	160.	 Hernandez MR, Miao H, Lukas T. Astrocytes in glaucomatous optic 
neuropathy. Prog Brain Res. 2008;173:353–73.

	161.	 Kornzweig AL, Eliasoph I, Feldstein M. Selective atrophy of the radial 
peripapillary capillaries in chronic glaucoma. Arch Ophthalmol. 
1968;80:696–702.

	162.	 Alarcon-Martinez L, Shiga Y, Villafranca-Baughman D, Belforte N, 
Quintero H, Di Polo A. Perciyte dysfunction and loss of inter-pericyte 
tunneling nanotubes promote neurovascular deficits in glaucoma (In 
press). Proc Natl Acad Sci U S A. 2022;119(7):e2110329119.

	163.	 Blanchard JW, Bula M, Davila-Velderrain J, Akay LA, Zhu L, Frank A, 
Victor MB, Bonner JM, Mathys H, Lin YT, Ko T, Bennett DA, Cam HP, Kellis 
M, Tsai LH. Reconstruction of the human blood-brain barrier in vitro 
reveals a pathogenic mechanism of APOE4 in pericytes. Nat Med. 
2020;26:952–63.

	164.	 Sierksma A, Escott-Price V, De Strooper B. Translating genetic risk of 
Alzheimer’s disease into mechanistic insight and drug targets. Science. 
2020;370:61–6.

	165.	 Bellou E, Stevenson-Hoare J, Escott-Price V. Polygenic risk and pleiot‑
ropy in neurodegenerative diseases. Neurobiol Dis. 2020;142:104953.

	166.	 Ibanez L, Farias FHG, Dube U, Mihindukulasuriya KA, Harari O. Polygenic 
Risk Scores in Neurodegenerative Diseases: a Review. Curr Genetic Med 
Rep. 2019;7:22–9.

	167.	 Chen LH, Heng Mak TS, Fan Y, Yin Ho DT, Sham PC, Chu LW, Song YQ. 
Associations between CLU polymorphisms and memory perfor‑
mance: The role of serum lipids in Alzheimer’s disease. J Psychiatr Res. 
2020;129:281–8.

	168.	 Bales KR, Verina T, Dodel RC, Du Y, Altstiel L, Bender M, Hyslop P, 
Johnstone EM, Little SP, Cummins DJ, Piccardo P, Ghetti B, Paul SM. Lack 
of apolipoprotein E dramatically reduces amyloid beta-peptide deposi‑
tion. Nat Genet. 1997;17:263–4.

	169.	 Fagan AM, Watson M, Parsadanian M, Bales KR, Paul SM, Holtzman DM. 
Human and murine ApoE markedly alters A beta metabolism before 
and after plaque formation in a mouse model of Alzheimer’s disease. 
Neurobiol Dis. 2002;9:305–18.

	170.	 Shi Y, Yamada K, Liddelow SA, Smith ST, Zhao L, Luo W, Tsai RM, Spina 
S, Grinberg LT, Rojas JC, Gallardo G, Wang K, Roh J, Robinson G, Finn 
MB, Jiang H, Sullivan PM, Baufeld C, Wood MW, Sutphen C, McCue L, 
Xiong C, Del-Aguila JL, Morris JC, Cruchaga C, Fagan AM, Miller BL, 
Boxer AL, Seeley WW, Butovsky O, Barres BA, Paul SM. Holtzman DM and 
Alzheimer’s Disease Neuroimaging I. ApoE4 markedly exacerbates tau-
mediated neurodegeneration in a mouse model of tauopathy. Nature. 
2017;549:523–7.

	171.	 Wang C, Xiong M, Gratuze M, Bao X, Shi Y, Andhey PS, Manis M, 
Schroeder C, Yin Z, Madore C, Butovsky O, Artyomov M, Ulrich JD, 
Holtzman DM. Selective removal of astrocytic APOE4 strongly protects 
against tau-mediated neurodegeneration and decreases synaptic 
phagocytosis by microglia. Neuron. 2021;109:1657–74.e7.

	172.	 Davis AA, Inman CE, Wargel ZM, Dube U, Freeberg BM, Galluppi A, 
Haines JN, Dhavale DD, Miller R, Choudhury FA, Sullivan PM, Cruchaga 
C, Perlmutter JS, Ulrich JD, Benitez BA, Kotzbauer PT, Holtzman DM. 
APOE genotype regulates pathology and disease progression in synu‑
cleinopathy. Sci Transl Med. 2020;12(529):eaay3069.

	173.	 Zhao N, Attrebi ON, Ren Y, Qiao W, Sonustun B, Martens YA, Meneses 
AD, Li F, Shue F, Zheng J, Van Ingelgom AJ, Davis MD, Kurti A, Knight JA, 
Linares C, Chen Y, Delenclos M, Liu CC, Fryer JD, Asmann YW, McLean 
PJ, Dickson DW, Ross OA, Bu G. APOE4 exacerbates alpha-synuclein 
pathology and related toxicity independent of amyloid. Sci Transl Med. 
2020;12(529):eaay1809.

	174.	 Chowen JA, Garcia-Segura LM. Role of glial cells in the generation of 
sex differences in neurodegenerative diseases and brain aging. Mech 
Ageing Dev. 2021;196:111473.

	175.	 Lentini E, Kasahara M, Arver S, Savic I. Sex differences in the human 
brain and the impact of sex chromosomes and sex hormones. Cereb 
Cortex. 2013;23:2322–36.

	176.	 Giatti S, Diviccaro S, Serafini MM, Caruso D, Garcia-Segura LM, Viviani 
B, Melcangi RC. Sex differences in steroid levels and steroidogenesis in 
the nervous system: Physiopathological role. Front Neuroendocrinol. 
2020;56:100804.

	177.	 Barth C, de Lange AG. Towards an understanding of women’s brain 
aging: the immunology of pregnancy and menopause. Front Neuroen‑
docrinol. 2020;58:100850.



Page 26 of 29Wareham et al. Molecular Neurodegeneration           (2022) 17:23 

	178.	 Altmann A, Tian L, Henderson VW. Greicius MD and Alzheimer’s Disease 
Neuroimaging Initiative I. Sex modifies the APOE-related risk of devel‑
oping Alzheimer disease. Ann Neurol. 2014;75:563–73.

	179.	 Gargano JW, Wehner S, Reeves M. Sex differences in acute stroke care in 
a statewide stroke registry. Stroke. 2008;39:24–9.

	180.	 Tierney MC, Oh P, Moineddin R, Greenblatt EM, Snow WG, Fisher RH, 
Iazzetta J. Hyslop PS and MacLusky NJ. A randomized double-blind 
trial of the effects of hormone therapy on delayed verbal recall in older 
women. Psychoneuroendocrinology. 2009;34:1065–74.

	181.	 Singer CA, Rogers KL, Strickland TM, Dorsa DM. Estrogen protects 
primary cortical neurons from glutamate toxicity. Neurosci Lett. 
1996;212:13–6.

	182.	 MacGowan SH, Wilcock GK, Scott M. Effect of gender and apolipopro‑
tein E genotype on response to anticholinesterase therapy in Alzhei‑
mer’s disease. Int J Geriatr Psychiatry. 1998;13:625–30.

	183.	 Garcia-Segura LM, Melcangi RC. Steroids and glial cell function. Glia. 
2006;54:485–98.

	184.	 Weber CM, Clyne AM. Sex differences in the blood-brain barrier and 
neurodegenerative diseases. APL Bioeng. 2021;5:011509.

	185.	 Robison LS, Gannon OJ, Salinero AE, Zuloaga KL. Contributions of sex to 
cerebrovascular function and pathology. Brain Res. 2019;1710:43–60.

	186.	 Dewundara SS, Wiggs JL, Sullivan DA, Pasquale LR. Is Estrogen a Thera‑
peutic Target for Glaucoma? Semin Ophthalmol. 2016;31:140–6.

	187.	 Fotesko K, Thomsen BSV, Kolko M, Vohra R. Girl power in glaucoma: the 
role of estrogen in primary open angle glaucoma. Cell Mol Neurobiol. 
2020;42(1):41-57.

	188.	 Qassim A, Siggs OM. Predicting the genetic risk of glaucoma. The 
Biochemist. 2020;42:26–30.

	189.	 Choquet H, Wiggs JL, Khawaja AP. Clinical implications of recent 
advances in primary open-angle glaucoma genetics. Eye (Lond). 
2020;34:29–39.

	190.	 Rhee J, Shih KC. Use of gene therapy in retinal ganglion cell neuro‑
protection: current concepts and future directions. Biomolecules. 
2021;11(4):581.

	191.	 Komaromy AM, Koehl KL, Park SA. Looking into the future: Gene and 
cell therapies for glaucoma. Vet Ophthalmol. 2021;24(Suppl 1):16–33.

	192.	 Siggs OM, Han X, Qassim A, Souzeau E, Kuruvilla S, Marshall HN, Mul‑
lany S, Mackey DA, Hewitt AW, Gharahkhani P, MacGregor S, Craig JE. 
Association of Monogenic and Polygenic Risk With the Prevalence of 
Open-Angle Glaucoma. JAMA Ophthalmol. 2021;139:1023–8.

	193.	 Harper RA, Reeves BC. Glaucoma screening: the importance of combin‑
ing test data. Optom Vis Sci. 1999;76:537–43.

	194.	 Beykin G, Norcia AM, Srinivasan VJ, Dubra A, Goldberg JL. Discovery and 
clinical translation of novel glaucoma biomarkers. Prog Retin Eye Res. 
2021;80:100875.

	195.	 Biomarkers Definitions Working G. Biomarkers and surrogate endpoints: 
preferred definitions and conceptual framework. Clin Pharmacol Ther. 
2001;69:89–95.

	196.	 Hansson O. Biomarkers for neurodegenerative diseases. Nat Med. 
2021;27:954–63.

	197.	 Barro C, Zetterberg H. The blood biomarkers puzzle - A review of 
protein biomarkers in neurodegenerative diseases. J Neurosci Methods. 
2021;361:109281.

	198.	 Young PNE, Estarellas M, Coomans E, Srikrishna M, Beaumont H, Maass 
A, Venkataraman AV, Lissaman R, Jimenez D, Betts MJ, McGlinchey E, 
Berron D, O’Connor A, Fox NC, Pereira JB, Jagust W, Carter SF, Paterson 
RW, Scholl M. Imaging biomarkers in neurodegeneration: current and 
future practices. Alzheimers Res Ther. 2020;12:49.

	199.	 Olsson B, Lautner R, Andreasson U, Ohrfelt A, Portelius E, Bjerke M, 
Holtta M, Rosen C, Olsson C, Strobel G, Wu E, Dakin K, Petzold M, 
Blennow K, Zetterberg H. CSF and blood biomarkers for the diagnosis 
of Alzheimer’s disease: a systematic review and meta-analysis. Lancet 
Neurol. 2016;15:673–84.

	200.	 Palmqvist S, Mattsson N, Hansson O. and Alzheimer’s Disease Neuro‑
imaging I. Cerebrospinal fluid analysis detects cerebral amyloid-beta 
accumulation earlier than positron emission tomography. Brain. 
2016;139:1226–36.

	201.	 Janelidze S, Teunissen CE, Zetterberg H, Allué JA, Sarasa L, 
Eichenlaub U, Bittner T, Ovod V, Verberk IMW, Toba K, Nakamura A, 
Bateman RJ, Blennow K, Hansson O. Head-to-head comparison of 8 

plasma amyloid-β 42/40 assays in alzheimer disease. JAMA Neurol. 
2021;78(11):1375-82.

	202.	 Scholl M, Maass A, Mattsson N, Ashton NJ, Blennow K. Zetterberg 
H and Jagust W. Biomarkers for tau pathology. Mol Cell Neurosci. 
2019;97:18–33.

	203.	 Pontecorvo MJ, Keene CD, Beach TG, Montine TJ, Arora AK, Devous MD, 
Sr., Navitsky M, Kennedy I, Joshi AD, Lu M, Serrano GE, Sue LI, Intorcia 
AJ, Rose SE, Wilson A, Hellstern L, Coleman N, Flitter M, Aldea P, Fleisher 
AS. Mintun MA and Siderowf A. Comparison of regional flortaucipir 
PET with quantitative tau immunohistochemistry in three subjects 
with Alzheimer’s disease pathology: a clinicopathological study. EJN‑
MMI Res. 2020;10:65.

	204.	 Wesseling H, Mair W, Kumar M, Schlaffner CN, Tang S, Beerepoot P, 
Fatou B, Guise AJ, Cheng L, Takeda S, Muntel J, Rotunno MS, Dujardin S, 
Davies P, Kosik KS, Miller BL, Berretta S, Hedreen JC, Grinberg LT, Seeley 
WW, Hyman BT, Steen H, Steen JA. Tau PTM Profiles Identify Patient 
Heterogeneity and Stages of Alzheimer’s Disease. Cell. 2020;183:1699–
713.e13.

	205.	 Wang Z, Becker K, Donadio V, Siedlak S, Yuan J, Rezaee M, Incensi A, Kuz‑
kina A, Orru CD, Tatsuoka C, Liguori R, Gunzler SA, Caughey B, Jimenez-
Capdeville ME, Zhu X, Doppler K, Cui L, Chen SG, Ma J, Zou WQ. Skin 
alpha-synuclein aggregation seeding activity as a novel biomarker for 
Parkinson disease. JAMA Neurol. 2020;87(1):1-11.

	206.	 Manne S, Kondru N, Jin H, Serrano GE, Anantharam V, Kanthasamy A, 
Adler CH, Beach TG, Kanthasamy AG. Blinded RT-QuIC Analysis of alpha-
Synuclein Biomarker in Skin Tissue From Parkinson’s Disease Patients. 
Mov Disord. 2020;35:2230–9.

	207.	 Cullen NC, Zetterberg H, Insel PS, Olsson B, Andreasson U, Alzheimer’s 
Disease Neuroimaging I, Blennow K. Hansson O and Mattsson-Carlgren 
N. Comparing progression biomarkers in clinical trials of early Alzhei‑
mer’s disease. Ann Clin Transl Neurol. 2020;7:1661–73.

	208.	 Matuskey D, Tinaz S, Wilcox KC, Naganawa M, Toyonaga T, Dias M, 
Henry S, Pittman B, Ropchan J, Nabulsi N, Suridjan I, Comley RA, Huang 
Y. Finnema SJ and Carson RE. Synaptic Changes in Parkinson Disease 
Assessed with in vivo Imaging. Ann Neurol. 2020;87:329–38.

	209.	 Mecca AP, Chen MK, O’Dell RS, Naganawa M, Toyonaga T, Godek TA, 
Harris JE, Bartlett HH, Zhao W, Nabulsi NB, Wyk BCV, Varma P, Arnsten 
AFT, Huang Y, Carson RE, van Dyck CH. In vivo measurement of wide‑
spread synaptic loss in Alzheimer’s disease with SV2A PET. Alzheimers 
Dement. 2020;16:974–82.

	210.	 Mattsson N, Cullen NC, Andreasson U, Zetterberg H, Blennow K. 
Association Between Longitudinal Plasma Neurofilament Light and 
Neurodegeneration in Patients With Alzheimer Disease. JAMA Neurol. 
2019;76:791–9.

	211.	 Gaetani L, Paolini Paoletti F, Bellomo G, Mancini A, Simoni S, Di Filippo 
M, Parnetti L. CSF and Blood Biomarkers in Neuroinflammatory and 
Neurodegenerative Diseases: Implications for Treatment. Trends Phar‑
macol Sci. 2020;41:1023–37.

	212.	 Nordengen K, Kirsebom BE, Henjum K, Selnes P, Gisladottir B, Wetter‑
green M, Torsetnes SB, Grontvedt GR, Waterloo KK, Aarsland D, Nilsson 
LNG, Fladby T. Glial activation and inflammation along the Alzheimer’s 
disease continuum. J Neuroinflammation. 2019;16:46.

	213.	 Axelsson M, Malmestrom C, Nilsson S, Haghighi S, Rosengren L, Lycke 
J. Glial fibrillary acidic protein: a potential biomarker for progression in 
multiple sclerosis. J Neurol. 2011;258:882–8.

	214.	 Huang D, Swanson EA, Lin CP, Schuman JS, Stinson WG, Chang W, 
Hee MR, Flotte T, Gregory K, Puliafito CA. and et al. Optical coherence 
tomography. Science. 1991;254:1178–81.

	215.	 Yap TE, Donna P, Almonte MT, Cordeiro MF. Real-time imaging of retinal 
ganglion cell apoptosis. Cells. 2018;7(6):60.

	216.	 Cordeiro MF, Hill D, Patel R, Corazza P, Maddison J, Younis S. Detecting 
retinal cell stress and apoptosis with DARC: Progression from lab to 
clinic. Prog Retin Eye Res. 2021;86:100976.

	217.	 Kashani AH, Asanad S, Chan JW, Singer MB, Zhang J, Sharifi M, Khansari 
MM, Abdolahi F, Shi Y, Biffi A, Chui H, Ringman JM. Past, present and 
future role of retinal imaging in neurodegenerative disease. Prog Retin 
Eye Res. 2021;83:100938.

	218.	 Leger F, Fernagut PO, Canron MH, Leoni S, Vital C, Tison F, Bezard E, Vital 
A. Protein aggregation in the aging retina. J Neuropathol Exp Neurol. 
2011;70:63–8.



Page 27 of 29Wareham et al. Molecular Neurodegeneration           (2022) 17:23 	

	219.	 Koronyo-Hamaoui M, Koronyo Y, Ljubimov AV, Miller CA, Ko MK, Black 
KL, Schwartz M, Farkas DL. Identification of amyloid plaques in retinas 
from Alzheimer’s patients and noninvasive in vivo optical imaging 
of retinal plaques in a mouse model. NeuroImage. 2011;54(Suppl 
1):204-17.

	220.	 Bodis-Wollner I, Kozlowski PB, Glazman S, Miri S. alpha-synuclein in the 
inner retina in parkinson disease. Ann Neurol. 2014;75:964–6.

	221.	 Peng C, Trojanowski JQ, Lee VM. Protein transmission in neurodegen‑
erative disease. Nat Rev Neurol. 2020;16:199–212.

	222.	 Lu Y, Li Z, Zhang X, Ming B, Jia J, Wang R, Ma D. Retinal nerve fiber layer 
structure abnormalities in early Alzheimer’s disease: evidence in optical 
coherence tomography. Neurosci Lett. 2010;480:69–72.

	223.	 Marziani E, Pomati S, Ramolfo P, Cigada M, Giani A, Mariani C, Staurenghi 
G. Evaluation of retinal nerve fiber layer and ganglion cell layer thick‑
ness in Alzheimer’s disease using spectral-domain optical coherence 
tomography. Invest Ophthalmol Vis Sci. 2013;54:5953–8.

	224.	 Cheung CY, Ong YT, Hilal S, Ikram MK, Low S, Ong YL, Venketasubrama‑
nian N, Yap P, Seow D, Chen CL, Wong TY. Retinal ganglion cell analysis 
using high-definition optical coherence tomography in patients with 
mild cognitive impairment and Alzheimer’s disease. J Alzheimers Dis. 
2015;45:45–56.

	225.	 Coppola G, Di Renzo A, Ziccardi L, Martelli F, Fadda A, Manni G, Barboni 
P, Pierelli F. Sadun AA and Parisi V. Optical Coherence Tomography in 
Alzheimer’s Disease: A Meta-Analysis. PLoS ONE. 2015;10:e0134750.

	226.	 Bulut M, Kurtulus F, Gozkaya O, Erol MK, Cengiz A, Akidan M, Yaman A. 
Evaluation of optical coherence tomography angiographic findings in 
Alzheimer’s type dementia. Br J Ophthalmol. 2018;102:233–7.

	227.	 O’Bryhim BE, Apte RS, Kung N, Coble D, Van Stavern GP. Association of 
Preclinical Alzheimer Disease With Optical Coherence Tomographic 
Angiography Findings. JAMA Ophthalmol. 2018;136:1242–8.

	228.	 Slanzi A, Iannoto G, Rossi B, Zenaro E, Constantin G. In vitro Models of 
Neurodegenerative Diseases. Front Cell Dev Biol. 2020;8:328.

	229.	 Gauthier S, Albert M, Fox N, Goedert M, Kivipelto M, Mestre-Ferrandiz J, 
Middleton LT. Why has therapy development for dementia failed in the 
last two decades? Alzheimers Dement. 2016;12:60–4.

	230.	 Cummings JL, Morstorf T, Zhong K. Alzheimer’s disease drug-develop‑
ment pipeline: few candidates, frequent failures. Alzheimers Res Ther. 
2014;6:37.

	231.	 Spanos F, Liddelow SA. An overview of astrocyte responses in geneti‑
cally induced Alzheimer’s disease mouse models. Cells. 2020;9(11):2415.

	232.	 Sappington RM, Carlson BJ, Crish SD, Calkins DJ. The microbead occlu‑
sion model: a paradigm for induced ocular hypertension in rats and 
mice. Invest Ophthalmol Vis Sci. 2010;51:207–16.

	233.	 Pang IH, Clark AF. Inducible rodent models of glaucoma. Prog Retin Eye 
Res. 2020;75:100799.

	234.	 Biswas S, Wan KH. Review of rodent hypertensive glaucoma models. 
Acta Ophthalmol. 2019;97:e331–40.

	235.	 Benowitz LI, He Z, Goldberg JL. Reaching the brain: Advances in optic 
nerve regeneration. Exp Neurol. 2017;287:365–73.

	236.	 Schnichels S, Paquet-Durand F, Loscher M, Tsai T, Hurst J, Joachim 
SC, Klettner A. Retina in a dish: Cell cultures, retinal explants and 
animal models for common diseases of the retina. Prog Retin Eye Res. 
2021;81:100880.

	237.	 Foo LC, Allen NJ, Bushong EA, Ventura PB, Chung WS, Zhou L, Cahoy 
JD, Daneman R, Zong H, Ellisman MH, Barres BA. Development of a 
method for the purification and culture of rodent astrocytes. Neuron. 
2011;71:799–811.

	238.	 Collins HY, Bohlen CJ. Isolation and culture of rodent microglia to pro‑
mote a dynamic ramified morphology in serum-free medium. J Vis Exp. 
2018;133:57122.

	239.	 Bohlen CJ, Bennett FC, Bennett ML. Isolation and Culture of Microglia. 
Curr Protoc Immunol. 2019;125:e70.

	240.	 Bennett ML, Bennett FC, Liddelow SA, Ajami B, Zamanian JL, Fernhoff 
NB, Mulinyawe SB, Bohlen CJ, Adil A, Tucker A, Weissman IL, Chang EF, 
Li G, Grant GA. Hayden Gephart MG and Barres BA. New tools for study‑
ing microglia in the mouse and human CNS. Proc Natl Acad Sci U S A. 
2016;113:E1738-46.

	241.	 Ocañas SR, Pham KD, Blankenship HE, Machalinski AH, Chucair-Elliott 
AJ, Freeman WM. Minimizing the < em > ex vivo</em > confounds of 
cell-isolation techniques on transcriptomic -profiles of purified micro‑
glia. bioRxiv. 2021:2021.07.15.452509.

	242.	 Barbar L, Jain T, Zimmer M, Kruglikov I, Sadick JS, Wang M, Kalpana 
K, Rose IVL, Burstein SR, Rusielewicz T, Nijsure M, Guttenplan KA, di 
Domenico A, Croft G, Zhang B, Nobuta H, Hebert JM. Liddelow SA and 
Fossati V. CD49f Is a Novel Marker of Functional and Reactive Human 
iPSC-Derived Astrocytes. Neuron. 2020;107:436–53. e12.

	243.	 Qiu J, Dando O, Baxter PS, Hasel P, Heron S, Simpson TI, Hardingham GE. 
Mixed-species RNA-seq for elucidation of non-cell-autonomous control 
of gene transcription. Nat Protoc. 2018;13:2176–99.

	244.	 Velasco S, Paulsen B, Arlotta P. 3D Brain Organoids: Studying Brain 
Development and Disease Outside the Embryo. Annu Rev Neurosci. 
2020;43:375–89.

	245.	 Bell CM, Zack DJ, Berlinicke CA. Human Organoids for the Study of 
Retinal Development and Disease. Annu Rev Vis Sci. 2020;6:91–114.

	246.	 Bowles KR, Silva MC, Whitney K, Bertucci T, Berlind JE, Lai JD, Garza JC, 
Boles NC, Mahali S, Strang KH, Marsh JA, Chen C, Pugh DA, Liu Y, Gordon 
RE, Goderie SK, Chowdhury R, Lotz S, Lane K, Crary JF, Haggarty SJ, 
Karch CM, Ichida JK, Goate AM, Temple S. ELAVL4, splicing, and gluta‑
matergic dysfunction precede neuron loss in MAPT mutation cerebral 
organoids. Cell. 2021;184:4547–63.e17.

	247.	 Zhong X, Gutierrez C, Xue T, Hampton C, Vergara MN, Cao LH, Peters 
A, Park TS, Zambidis ET, Meyer JS, Gamm DM, Yau KW, Canto-Soler MV. 
Generation of three-dimensional retinal tissue with functional photore‑
ceptors from human iPSCs. Nat Commun. 2014;5:4047.

	248.	 Vergara MN, Flores-Bellver M, Aparicio-Domingo S, McNally M, Wahlin 
KJ, Saxena MT, Mumm JS, Canto-Soler MV. Three-dimensional auto‑
mated reporter quantification (3D-ARQ) technology enables quantita‑
tive screening in retinal organoids. Development. 2017;144:3698–705.

	249.	 Robert J, Weilinger NL, Cao L-P, Cataldi S, Button EB, Stukas S, Martin 
EM, Seibler P, Gilmour M, Caffrey TM, Rowe EM, Fan J, MacVicar B. Farrer 
MJ and Wellington CL. An in vitro bioengineered model of the human 
arterial neurovascular unit to study neurodegenerative diseases. Mol 
neurodegeneration. 2020;15:70–0.

	250.	 Mansour AA, Goncalves JT, Bloyd CW, Li H, Fernandes S, Quang D, John‑
ston S, Parylak SL, Jin X, Gage FH. An in vivo model of functional and 
vascularized human brain organoids. Nat Biotechnol. 2018;36:432–41.

	251.	 National Academies of Sciences E. Medicine, Policy, Global A, Committee 
on Science T, Law. Committee on Ethical L, Regulatory Issues Associated 
with Neural C and Organoids. The National Academies Collection: Reports 
funded by National Institutes of Health The Emerging Field of Human 
Neural Organoids, Transplants, and Chimeras: Science, Ethics, and Govern‑
ance Washington (DC): National Academies Press (US). Copyright 2021 by 
the National Academy of Sciences. All rights reserved.; 2021.

	252.	 Garreta E, Kamm RD, Chuva de Sousa Lopes SM, Lancaster MA, Weiss 
R, Trepat X. Hyun I and Montserrat N. Rethinking organoid technology 
through bioengineering. Nat Mater. 2021;20:145–55.

	253.	 Zetterberg H, Bendlin BB. Biomarkers for Alzheimer’s disease—pre‑
paring for a new era of disease-modifying therapies. Mol Psychiatry. 
2021;26:296–308.

	254.	 Williams PR, Benowitz LI, Goldberg JL, He Z. Axon Regeneration in the 
Mammalian Optic Nerve. Annu Rev Vis Sci. 2020;6:195–213.

	255.	 Guerreiro R, Wojtas A, Bras J, Carrasquillo M, Rogaeva E, Majounie E, 
Cruchaga C, Sassi C, Kauwe JS, Younkin S, Hazrati L, Collinge J, Pocock 
J, Lashley T, Williams J, Lambert JC, Amouyel P, Goate A, Rademakers 
R, Morgan K, Powell J, St George-Hyslop P, Singleton A, Hardy J. and 
Alzheimer Genetic Analysis G. TREM2 variants in Alzheimer’s disease. N 
Engl J Med. 2013;368:117–27.

	256.	 Jonsson T, Stefansson H, Steinberg S, Jonsdottir I, Jonsson PV, Snaedal 
J, Bjornsson S, Huttenlocher J, Levey AI, Lah JJ, Rujescu D, Hampel H, 
Giegling I, Andreassen OA, Engedal K, Ulstein I, Djurovic S, Ibrahim-
Verbaas C, Hofman A, Ikram MA, van Duijn CM, Thorsteinsdottir U. 
Kong A and Stefansson K. Variant of TREM2 associated with the risk of 
Alzheimer’s disease. N Engl J Med. 2013;368:107–16.

	257.	 Jin SC, Benitez BA, Karch CM, Cooper B, Skorupa T, Carrell D, Norton 
JB, Hsu S, Harari O, Cai Y, Bertelsen S, Goate AM, Cruchaga C. Coding 
variants in TREM2 increase risk for Alzheimer’s disease. Hum Mol Genet. 
2014;23:5838–46.

	258.	 Qin Q, Teng Z, Liu C, Li Q, Yin Y, Tang Y. TREM2, microglia, and Alzhei‑
mer’s disease. Mech Ageing Dev. 2021;195:111438.

	259.	 Solovieff N, Cotsapas C, Lee PH, Purcell SM, Smoller JW. Pleiot‑
ropy in complex traits: challenges and strategies. Nat Rev Genet. 
2013;14:483–95.



Page 28 of 29Wareham et al. Molecular Neurodegeneration           (2022) 17:23 

	260.	 Broce I, Karch CM, Wen N, Fan CC, Wang Y, Tan CH, Kouri N, Ross OA, 
Hoglinger GU, Muller U, Hardy J, International FTDGC, Momeni P, 
Hess CP, Dillon WP, Miller ZA, Bonham LW, Rabinovici GD, Rosen HJ, 
Schellenberg GD, Franke A, Karlsen TH, Veldink JH, Ferrari R, Yokoy‑
ama JS, Miller BL, Andreassen OA, Dale AM, Desikan RS, Sugrue LP. 
Immune-related genetic enrichment in frontotemporal demen‑
tia: An analysis of genome-wide association studies. PLoS Med. 
2018;15:e1002487.

	261.	 Sims R, Hill M, Williams J. The multiplex model of the genetics of Alzhei‑
mer’s disease. Nat Neurosci. 2020;23:311–22.

	262.	 McDade E, Llibre-Guerra JJ, Holtzman DM, Morris JC, Bateman RJ. The 
informed road map to prevention of Alzheimer Disease: A call to arms. 
Mol Neurodegeneration. 2021;16:49.

	263.	 El Seblani N, Welleford AS, Quintero JE, van Horne CG, Gerhardt GA. 
Invited review: Utilizing peripheral nerve regenerative elements to 
repair damage in the CNS. J Neurosci Methods. 2020;335:108623.

	264.	 Marin MA, de Lima S, Gilbert HY, Giger RJ, Benowitz L, Rasband MN. 
Reassembly of Excitable Domains after CNS Axon Regeneration. J 
Neurosci. 2016;36:9148–60.

	265.	 Wang J, He X, Meng H, Li Y, Dmitriev P, Tian F, Page JC, Lu QR, He Z. 
Robust Myelination of Regenerated Axons Induced by Combined 
Manipulations of GPR17 and Microglia. Neuron. 2020;108:876–86.e4.

	266.	 Belin S, Nawabi H, Wang C, Tang S, Latremoliere A, Warren P, Schorle 
H, Uncu C, Woolf CJ, He Z, Steen JA. Injury-induced decline of intrinsic 
regenerative ability revealed by quantitative proteomics. Neuron. 
2015;86:1000–14.

	267.	 Lim JH, Stafford BK, Nguyen PL, Lien BV, Wang C, Zukor K, He Z, 
Huberman AD. Neural activity promotes long-distance, target-specific 
regeneration of adult retinal axons. Nat Neurosci. 2016;19:1073–84.

	268.	 Fischer D, Heiduschka P, Thanos S. Lens-injury-stimulated axonal 
regeneration throughout the optic pathway of adult rats. Exp Neurol. 
2001;172:257–72.

	269.	 Leon S, Yin Y, Nguyen J, Irwin N, Benowitz LI. Lens injury stimu‑
lates axon regeneration in the mature rat optic nerve. J Neurosci. 
2000;20:4615–26.

	270.	 Baldwin KT, Carbajal KS, Segal BM, Giger RJ. Neuroinflammation trig‑
gered by beta-glucan/dectin-1 signaling enables CNS axon regenera‑
tion. Proc Natl Acad Sci U S A. 2015;112:2581–6.

	271.	 Rothstein JD, Dykes-Hoberg M, Pardo CA, Bristol LA, Jin L, Kuncl 
RW, Kanai Y, Hediger MA, Wang Y, Schielke JP, Welty DF. Knockout of 
glutamate transporters reveals a major role for astroglial transport in 
excitotoxicity and clearance of glutamate. Neuron. 1996;16:675–86.

	272.	 Shin JY, Fang ZH, Yu ZX, Wang CE, Li SH, Li XJ. Expression of mutant 
huntingtin in glial cells contributes to neuronal excitotoxicity. J Cell Biol. 
2005;171:1001–12.

	273.	 Zhang J, Velmeshev D, Hashimoto K, Huang Y-H, Hofmann JW, Shi X, 
Chen J, Leidal AM, Dishart JG, Cahill MK, Kelley KW, Liddelow SA, Seeley 
WW, Miller BL, Walther TC, Farese RV, Taylor JP, Ullian EM, Huang B, 
Debnath J, Wittmann T, Kriegstein AR, Huang EJ. Neurotoxic microglia 
promote TDP-43 proteinopathy in progranulin deficiency. Nature. 
2020;588:459–65.

	274.	 Sanmarco LM, Wheeler MA, Gutiérrez-Vázquez C, Polonio CM, Linner‑
bauer M, Pinho-Ribeiro FA, Li Z, Giovannoni F, Batterman KV, Scalisi G, 
Zandee SEJ, Heck ES, Alsuwailm M, Rosene DL, Becher B, Chiu IM. Prat A 
and Quintana FJ. Gut-licensed IFNγ(+) NK cells drive LAMP1(+)TRAIL(+) 
anti-inflammatory astrocytes. Nature. 2021;590:473–9.

	275.	 Venugopalan P, Wang Y, Nguyen T, Huang A, Muller KJ, Goldberg JL. 
Transplanted neurons integrate into adult retinas and respond to light. 
Nat Commun. 2016;7:10472.

	276.	 Coco-Martin RM, Pastor-Idoate S, Pastor JC. Cell replacement therapy 
for retinal and optic nerve diseases: cell sources, clinical trials and chal‑
lenges. Pharmaceutics. 2021;13(6):865.

	277.	 Miltner AM, La Torre A. Retinal Ganglion Cell Replacement: Current 
Status and Challenges Ahead. Dev Dyn. 2019;248:118–28.

	278.	 Zhang KY, Tuffy C, Mertz JL, Quillen S, Wechsler L, Quigley HA, Zack 
DJ, Johnson TV. Role of the Internal Limiting Membrane in Structural 
Engraftment and Topographic Spacing of Transplanted Human Stem 
Cell-Derived Retinal Ganglion Cells. Stem Cell Reports. 2021;16:149–67.

	279.	 Pereiro X, Miltner AM, La Torre A, Vecino E. Effects of adult muller cells 
and their conditioned media on the survival of stem cell-derived retinal 
ganglion cells. Cells. 2020;9(8):1759.

	280.	 Tran NM, Shekhar K, Whitney IE, Jacobi A, Benhar I, Hong G, Yan W, 
Adiconis X, Arnold ME, Lee JM, Levin JZ, Lin D, Wang C, Lieber CM, 
Regev A, He Z, Sanes JR. Single-Cell Profiles of Retinal Ganglion Cells 
Differing in Resilience to Injury Reveal Neuroprotective Genes. Neuron. 
2019;104:1039–55. e12.

	281.	 Duan X, Qiao M, Bei F, Kim IJ, He Z, Sanes JR. Subtype-specific regenera‑
tion of retinal ganglion cells following axotomy: effects of osteopontin 
and mTOR signaling. Neuron. 2015;85:1244–56.

	282.	 VanderWall KB, Lu B, Alfaro JS, Allsop AR, Carr AS, Wang S, Meyer JS. 
Differential susceptibility of retinal ganglion cell subtypes in acute and 
chronic models of injury and disease. Sci Rep. 2020;10:17359.

	283.	 Yan W, Peng YR, van Zyl T, Regev A, Shekhar K, Juric D, Sanes JR. Cell 
Atlas of The Human Fovea and Peripheral Retina. Sci Rep. 2020;10:9802.

	284.	 Lu Y, Shiau F, Yi W, Lu S, Wu Q, Pearson JD, Kallman A, Zhong S, Hoang 
T, Zuo Z, Zhao F, Zhang M, Tsai N, Zhuo Y, He S, Zhang J, Stein-O’Brien 
GL, Sherman TD, Duan X, Fertig EJ, Goff LA, Zack DJ, Handa JT, Xue 
T, Bremner R, Blackshaw S, Wang X, Clark BS. Single-Cell Analysis of 
Human Retina Identifies Evolutionarily Conserved and Species-Specific 
Mechanisms Controlling Development. Dev Cell. 2020;53:473–91. e9.

	285.	 Shekhar K, Whitney IE, Butrus S, Peng Y-R, Sanes JR. Diversification of 
multipotential postmitotic mouse retinal ganglion cell precursors into 
discrete types. bioRxiv. 2021:2021.10.21.465277.

	286.	 Atri A. The Alzheimer’s Disease Clinical Spectrum: Diagnosis and Man‑
agement. Med Clin North Am. 2019;103:263–93.

	287.	 Cummings J. New approaches to symptomatic treatments for Alzhei‑
mer’s disease. Mol Neurodegener. 2021;16:2.

	288.	 Walsh S, Merrick R, Milne R, Brayne C. Aducanumab for Alzheimer’s 
disease? BMJ. 2021;374:n1682.

	289.	 Sevigny J, Chiao P, Bussière T, Weinreb PH, Williams L, Maier M, Dunstan 
R, Salloway S, Chen T, Ling Y, O’Gorman J, Qian F, Arastu M, Li M, Chollate 
S, Brennan MS, Quintero-Monzon O, Scannevin RH, Arnold HM, Engber 
T, Rhodes K, Ferrero J, Hang Y, Mikulskis A, Grimm J, Hock C. Nitsch RM 
and Sandrock A. The antibody aducanumab reduces Aβ plaques in 
Alzheimer’s disease. Nature. 2016;537:50–6.

	290.	 Mullard A. Landmark Alzheimer’s drug approval confounds research 
community. Nature. 2021;594:309–10.

	291.	 Perlmutter JS. FDA’s green light, science’s red light. Science. 2021;372:1371–1.
	292.	 Lalli G, Schott JM, Hardy J, De Strooper B. Aducanumab: a new phase 

in therapeutic development for Alzheimer’s disease? EMBO Mol Med. 
2021;13:e14781.

	293.	 Seto M, Weiner RL, Dumitrescu L, Hohman TJ. Protective genes and 
pathways in Alzheimer’s disease: moving towards precision interven‑
tions. Mol Neurodegeneration. 2021;16:29.

	294.	 Montine TJ, Cholerton BA, Corrada MM, Edland SD, Flanagan ME, 
Hemmy LS, Kawas CH, White LR. Concepts for brain aging: resistance, 
resilience, reserve, and compensation. Alzheimers Res Ther. 2019;11:22.

	295.	 Hohman TJ, McLaren DG, Mormino EC, Gifford KA, Libon DJ, Jefferson 
AL. Asymptomatic Alzheimer disease: Defining resilience. Neurology. 
2016;87:2443–50.

	296.	 Driscoll I, Troncoso J. Asymptomatic Alzheimer’s disease: a prodrome or 
a state of resilience? Curr Alzheimer Res. 2011;8:330–5.

	297.	 Jonsson T, Atwal JK, Steinberg S, Snaedal J, Jonsson PV, Bjornsson S, 
Stefansson H, Sulem P, Gudbjartsson D, Maloney J, Hoyte K, Gustafson 
A, Liu Y, Lu Y, Bhangale T, Graham RR, Huttenlocher J, Bjornsdottir G, 
Andreassen OA, Jönsson EG, Palotie A, Behrens TW, Magnusson OT, 
Kong A, Thorsteinsdottir U. Watts RJ and Stefansson K. A mutation in 
APP protects against Alzheimer’s disease and age-related cognitive 
decline. Nature. 2012;488:96–9.

	298.	 Martiskainen H, Herukka S-K, Stančáková A, Paananen J, Soininen H, Kuusisto 
J, Laakso M, Hiltunen M. Decreased plasma β-amyloid in the Alzheimer’s 
disease APP A673T variant carriers. Ann Neurol. 2017;82:128–32.

	299.	 Arboleda-Velasquez JF, Lopera F, O’Hare M, Delgado-Tirado S, Marino 
C, Chmielewska N, Saez-Torres KL, Amarnani D, Schultz AP, Sperling 
RA, Leyton-Cifuentes D, Chen K, Baena A, Aguillon D, Rios-Romenets 
S, Giraldo M, Guzmán-Vélez E, Norton DJ, Pardilla-Delgado E, Artola A, 
Sanchez JS, Acosta-Uribe J, Lalli M, Kosik KS, Huentelman MJ, Zetterberg 
H, Blennow K, Reiman RA, Luo J, Chen Y, Thiyyagura P, Su Y, Jun GR, 
Naymik M, Gai X, Bootwalla M, Ji J, Shen L, Miller JB, Kim LA, Tariot PN, 
Johnson KA, Reiman EM, Quiroz YT. Resistance to autosomal dominant 
Alzheimer’s disease in an APOE3 Christchurch homozygote: a case 
report. Nat Med. 2019;25:1680–3.



Page 29 of 29Wareham et al. Molecular Neurodegeneration           (2022) 17:23 	

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	300.	 Liu CC, Murray ME, Li X, Zhao N, Wang N, Heckman MG, Shue F, Martens 
Y, Li Y, Raulin AC, Rosenberg CL, Doss SV, Zhao J, Wren MC, Jia L, Ren Y, 
Ikezu TC, Lu W, Fu Y, Caulfield T, Trottier ZA, Knight J, Chen Y, Linares C, 
Wang X, Kurti A, Asmann YW, Wszolek ZK, Smith GE, Vemuri P, Kantarci 
K, Knopman DS, Lowe VJ, Jack CR Jr, Parisi JE, Ferman TJ, Boeve BF, 
Graff-Radford NR, Petersen RC, Younkin SG, Fryer JD, Wang H, Han X, 
Frieden C, Dickson DW. Ross OA and Bu G. APOE3-Jacksonville (V236E) 
variant reduces self-aggregation and risk of dementia. Sci Transl Med. 
2021;13:eabc9375.

	301.	 Reiman EM, Arboleda-Velasquez JF, Quiroz YT, Huentelman MJ, Beach 
TG, Caselli RJ, Chen Y, Su Y, Myers AJ, Hardy J, Paul Vonsattel J, Younkin 
SG, Bennett DA, De Jager PL, Larson EB, Crane PK, Keene CD, Kamboh 
MI, Kofler JK, Duque L, Gilbert JR, Gwirtsman HE, Buxbaum JD, Dickson 
DW, Frosch MP, Ghetti BF, Lunetta KL, Wang LS, Hyman BT, Kukull 
WA, Foroud T, Haines JL, Mayeux RP, Pericak-Vance MA, Schneider JA, 
Trojanowski JQ, Farrer LA, Schellenberg GD, Beecham GW, Montine TJ, 
Jun GR. Exceptionally low likelihood of Alzheimer’s dementia in APOE2 
homozygotes from a 5,000-person neuropathological study. Nat Com‑
mun. 2020;11:667.

	302.	 Fehér Á, Giricz Z, Juhász A, Pákáski M, Janka Z, Kálmán J. ABCA1 
rs2230805 and rs2230806 common gene variants are associated with 
Alzheimer’s disease. Neurosci Lett. 2018;664:79–83.

	303.	 Busche MA, Hyman BT. Synergy between amyloid-β and tau in Alzhei‑
mer’s disease. Nat Neurosci. 2020;23:1183–93.

	304.	 Fereshetian S, Agranat JS, Siegel N, Ness S, Stein TD, Subramanian ML. 
Protein and Imaging Biomarkers in the Eye for Early Detection of Alzhei‑
mer’s Disease. J Alzheimers Dis Rep. 2021;5:375–87.

	305.	 Livne-Bar I, Wei J, Liu HH, Alqawlaq S, Won GJ, Tuccitto A, Gronert K, 
Flanagan JG, Sivak JM. Astrocyte-derived lipoxins A4 and B4 pro‑
mote neuroprotection from acute and chronic injury. J Clin Invest. 
2017;127:4403–14.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	Solving neurodegeneration: common mechanisms and strategies for new treatments
	Abstract 
	Background
	Main text
	Etiological features of neurodegenerative disorders
	Alzheimer’s disease and related dementias
	Neurodegeneration of the visual system

	Mechanisms of progression
	Environmental contributions to neurodegeneration
	Neuroinflammation
	Metabolic stress
	Neurovascular coupling
	Genetic contributors

	Detecting and tracking neurodegeneration
	Biomarkers for disease
	Imaging in glaucoma and beyond

	Model systems for testing therapeutics
	In vitro systems of neurodegeneration
	Organoid cultures
	A look ahead: new model systems

	Opportunities for new therapeutics
	Leveraging genetics for neuroprotection
	The promise of regeneration
	Glia-specific therapies for neurodegenerative disease
	Cell replacement strategies to restore vision
	Advances for alzheimer’s disease

	Opportunities for new models and imaging systems

	Conclusions
	The challenge ahead

	Acknowledgements
	References


