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Abstract

The prevalence of dementia and other neurodegenerative diseases is rapidly increasing in aging nations. These relentless and
progressive diseases remain largely without disease-modifying treatments despite decades of research and investments. It is
becoming clear that traditional two-dimensional culture and animal model systems, while providing valuable insights on the
major pathophysiological pathways associated with these diseases, have not translated well to patients’ bedside. Fortunately,
the advent of induced-pluripotent stem cells and three-dimensional cell culture now provide tools that are revolutionizing
the study of human diseases by permitting analysis of patient-derived human tissue with non-invasive procedures.
Specifically, brain organoids, self-organizing neural structures that can mimic human fetal brain development, have now
been harnessed to develop alternative models of Alzheimer’s disease, Parkinson’s disease, motor neuron disease, and
Frontotemporal dementia by recapitulating important neuropathological hallmarks found in these disorders. Despite these
early breakthroughs, several limitations need to be vetted in brain organoid models in order to more faithfully match human
tissue qualities, including relative tissue immaturity, lack of vascularization and incomplete cellular diversity found in this
culture system. Here, we review current brain organoid protocols, the pathophysiology of neurodegenerative disorders, and
early studies with brain organoid neurodegeneration models. We then discuss the multiple engineering and conceptual
challenges surrounding their use and provide possible solutions and exciting avenues to be pursued. Altogether, we believe
that brain organoids models, improved with classical and emerging molecular and analytic tools, have the potential to
unravel the opaque pathophysiological mechanisms of neurodegeneration and devise novel treatments for an array of
neurodegenerative disorders.

Introduction

Epidemiological transitions and an increasing life expec-
tancy are projected to lead the rapid expansion in the global
prevalence of dementia [1]. For example, Alzheimer’s
disease alone currently affects approximately half a million
individuals in Canada; a number projected to double by
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2031 [2]. Despite this, there are still no disease-modifying
drugs available to prevent or reverse these neurodegenera-
tive phenomena. One of the existing barriers to potential
therapy development is the remarkably poorly understood
nature of even common neurodegenerative diseases. While
the late stage hallmarks of Alzheimer’s (AD), Parkinson’s
Disease (PD) and motor neuron diseases are better char-
acterized, early, and potentially reversible pathophysiolo-
gical events remain unresolved. These gaps are in part due
to the difficulty in harvesting central nervous system
(CNS) tissue in early stages of neurodegenerative diseases
and the inability of animal models to accurately recapitulate
the neuropathological hallmarks of normal human aging
and neurodegenerative disorders. Similarly, scalability and
ethical barriers limit the high-throughput drug-testing
potential of the established animal models.

Alternative laboratory approaches are now addressing
some of these limitations. The discovery of induced plur-
ipotent stem cells (iPSCs) has permitted the engineering of
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human CNS cells from non-invasive skin biopsies of patient
with neurodegenerative diseases. Combined with CRISPR
technology, these tools have allowed for scalable testing of
neurodegeneration-associated genes and therapeutic agents
entirely in human systems. However, while alleviating some
concerns regarding the use of animals to study complex
human disease, these two-dimensional, often monomorphic
cell cultures, have raised alternate criticisms for failing
to model the cellular heterogeneity and architectural com-
plexity of human neural tissue. Fortunately, timely emer-
ging tools are now poised to address this particular
challenge. Specifically, significant advances in the devel-
opment of three-dimensional (3D) culture systems allow for
the generation of brain-like tissue that self-organize from
pluripotent cells. Importantly, these “cerebral organoids”
recapitulate many aspects of the early human brain devel-
opment, notably absent from lower species including the
presence of an outer subventicular zone (0SVZ), response to
specific trophic factors (e.g. PDGRF), and an ability to
undergo cortical folding [3-6]. Cerebral organoid techni-
ques continue to evolve, allowing derivation from both
embryonic or iPSCs, with more precise neural layering and
identity [7]. Different culture conditions that aim to mimic
developmental signaling patterns also allow tuning and
generation of regional brain tissue structures including
cerebral [8—11], optic cup [12, 13], hypothalamus [14],
midbrain [15-17], cerebellar [18], spinal [19, 20], and
hippocampal [21]-specific organoids. Given this ability to
recapitulate many aspects of normal brain development,
cerebral organoids have been particularly successful at
modeling both normal and pathological aspects of early
human brain development [22]. For example, two recent
studies examined the effects of schizophrenia-associated
mutations on brain development [23, 24], one of which
correlated patient’s clinical phenotype with findings in their
own patient-derived organoids [24]. Other studies have also
helped to wunderstand Zika-associated microcephaly
[14, 25], autism spectrum disorder [26, 27], and even the
effects of psychoactive drugs on human neural tissue
development [28]. Despite these diverse successes of brain
organoids in modeling neurodevelopmental disorders, the
inherent maturational plateau at roughly the 2nd trimester
fetal stage and lack of mesodermal elements (e.g. vessels,
immune cells) have led to relatively fewer applications to
model late-onset neurodegenerative disorders.

Here, we briefly review brain organoid culture protocols,
current hypotheses of neurodegenerative mechanisms, and
the early literature that has successfully applied organoid
models to these adult-onset disorders. We use this as a
starting point to discuss how introduction of emerging
molecular strategies to promote aging, vascularization,
cellular diversity, and connectivity can overcome some
existing limitations. While brain organoids have been

originally heralded as in vitro models of early human brain
development, there is now significant reason for optimism
that they can also act as powerful avatars to understand
human neurodegenerative conditions.

Brain organoids culture

While brain organoids are relatively new in the scope of
cell and tissue culture techniques, the protocol have
rapidly evolved in the last decade. In vitro growth of 3D
neural tissue (other than brain slices) was first established
in 2008 using a technique coined serum-free floating
culture of embryoid body-like aggregates with quick
reaggregation (SFEBq) (Fig. la) [29]. This technique
takes advantage of the property that when embryonic stem
cells (ESCs) are grown in suspension, in the absence of
serum or inhibitors of neural differentiation (BMP, Nodal
and Whnts), they have a proclivity to aggregate into spheres
and undergo spontaneous neural differentiation [29].
These neural-enriched embryoid bodies show structured
apico-basal polarization and develop in cortical tissue with
four distinct cell zones (ventricular, early and late cortical-
plate, and an outer zone containing Cajal-Retzius cells). If
left without inhibitors of neural differentiation, this cor-
tical tissue will eventually adopt a rostral hypothalamic-
like fate. A few years later, a breakthrough to further direct
embryoid bodies into various brain regions came with the
use of Matrigel, a gelatinous laminin-rich extracellular
matrix secreted by the Engelbreth—-Holm—Swarm mouse
sarcoma cell line [30]. Eiraku and colleagues found that
embryoid bodies stabilized in Matrigel would sponta-
neously develop buds of retinal primordial tissue resem-
bling optic vesicles [12] (Fig. 1a). Then in 2013, Lancaster
and Knoblich found that embryoid bodies, left in Matrigel
without growth factors to promote regional identities,
grew larger neuroepithelial buds that spontaneously
develop adjacent brain regions to form true cerebral
organoids, defined as neural structures showing repre-
sentation of multiple brain regions [8] (Fig. 1b). This later
approach has since become the foundation used by many
groups to engineer a variety of different pharmacological
cocktails to derive different regional identities including
dorsal cortex [11], ventral forebrain [10], midbrain-
hindbrain boundary [14-16], choroid plexus [21], hypo-
thalamus [14], hippocampus [21], and spinal cord
[19, 20] (Table 1, Fig. 1c). While these cerebral organoids
models have already proven to be invaluable tools for
studying neurodevelopmental perturbations involved in
microcephaly [8, 31, 32], autism [26, 27], schizophrenia
[23, 24], and Zika virus infection [3, 25], the ability to
define recipes of a variety of different brain regions offers
precision tools to enable study and elucidation of regional
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Fig. 1 Basic 3D neural cell culture techniques. a Evolution of tech-
niques to generate three-dimensional neural cultures. Green-blue
shades indicate increasing neuronal fates. (i) Spontaneously aggre-
gating neural spheres. Multipotent neural stem cells are grown for four
days without retinoic acid then four days with retinoid acid. The cells
are then plated for further characterization. (i) Serum-free floating
culture of embryoid body-like aggregates with quick reaggregation
(SFEBq). Pluripotent cells are grown in serum-free and retinoic acid-
free media (Knockout serum replacement (KSR) media) for 5 days

pathological mechanisms specific to more complex neu-
rological disorders.

Neurodegeneration pathophysiological
cascades

Given the limited ability of the CNS to regenerate, neuro-
degenerative disorders appear to be relentlessly progressive
and irreversible. Therefore, much effort by the research
community has been geared toward understanding and
reversing the pathogenic events upstream of the well-
recognized and end-stage neurodegenerative process. Cel-
lular aging and senescence, toxic protein aggregation,
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during which they spontaneously aggregate into neural precursors.
(iii) SFEBq culture followed by Matrigel addition leads to increased
stability and allows for sub-organoid development (here shown fore-
brain organoid). b Timelines and example brightfield and immuno-
fluorescence images of organoid protocol developed by Lancaster,
Knoblich and colleagues. ¢ Regional brain organoids generation.
Differentiation of organoids into dorsal fate, ventral fate, midbrain,
hypothalamus and hippocampus with the indicated lineage markers
(for specific induction protocol, please see Table 1)

reactive oxygen species (ROS), cellular quality control, and
neuroinflammation are pathophysiological mechanisms that
were recognized in the last few decades as central to the
neurodegenerative process. However, many questions
regarding the specific sequence of these events during the
long evolution of the neurodegenerative process need to be
resolved to understand what pathophysiological mechan-
isms should receive further focus in brain organoid models
and eventually on drug-testing platforms (Fig. 2a, b).
There is perhaps little debate that one of the most com-
mon and important risk factors in the vast majority of
neurodegenerative diseases is biological aging. Aging is
macroscopically associated with gray and white matter
atrophy, ventricular enlargement [33, 34] and histologically
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Table 1 Neural differentiation promoters and inhibitors to generate region-specific brain organoids

Organoid fate

Differentiation factors Reference

Forebrain

Forebrain

Cerebral Cortex (dorsal fate)

Cerebral Cortex (dorsal fate)

Cerebral Cortex (dorsal fate)

Ganglionic eminence (ventral fate)

Hypothalamus

Medial pallium

Midbrain

Midbrain

Midbrain

Cerebellum

From neural EBs Qian 2018
Day 1: Addition of A83-01 and DMP

Day 5: Removal of A83-01 and DMP and addition of CHIR-99021 and SB-431542

Day 7: Addition of Matrigel

Day 14: Removal of Matrigel, CHIR-99021 and SB-431542 and addition of insulin

Day 35: Addition of Matrigel

Day 70: Removal of insulin and addition of BDNF and GDNF

From neural EBs Krefft 2018
Day 1: Addition of IWR-1, LDN-193189 and A83-01.

Day 10: Embed in Matrigel.

Day x: When neuroepithelial loop structure visible, remove IWR-1, LDN-193189 and
A83-01 and add insulin.

Day 40 Addtion of BDNF and GDNF.

From dissociated iPSCs Xiang 2017
Day 1: Addition of SB-431542, LDN-193189, XAV939 and Y-27632

Day 4: Removal of Y-27632.

Day 10: Removal of SB-431542, LDN-193189, XAV939 and addition insulin.

Day 18: Addition of BDNF.

From neural EBs Sutcliffe 2017
Day 6: Addition of insulin.

Day 10: Embed in Matrigel

Day 14: Addition of Retinoic acid.

From neural EBs Pasca 2015
Day 1: Addition of SB-431542 and DMP

Day 6: Removal of SB-431542 and DMP and addition FGF2 and EGF.

Day 25: Removal of FGF2 and EGF and addition of BDNF and NT3.

Day 43: Removal of BDNF and NT3.

From dissociated iPSCs Xiang 2017
Day 1: Addition of SB-431542, LDN-193189, XAV939 and Y-27632

Day 4: Removal of Y-27632.

Day 10: Removal of SB-431542, LDN-193189, XAV939 and addition of SHH
and PMM.

Day 18: Removal of SHH and PMM and addition of insulin and BDNF.
From neural EBs Qian 2018
Day 1: SB-431542 and LDN-193189

Day 4: Removal of SB-431542 and LDN-193189 and addition of WNT-3A, PMM and
SHH at day 4

Day 8: Removal of WNT-3A, PMM and SHH and addition of FGF2 and CTNF
at day 8

Day 50: Removal of those and addition of BDNF and GDNF.

From SFEBq Sakaguchi 2015
Day 1: Addition of IWR-1 and SB-431542.

Day 18: Removal of IWR-1 and SB-431542 and addition of CHIR-99021 and BMP4.

Day 21: Removal of CHIR-99021 and BMP4.

From neural EBs Qian 2018
Day: 1Addition of SHH, FGF8, SB-431542, LDN-193189, PMM

Day 5: Removal of SB-431542 and addition of CHIR-99021

Day 7: Removal of SHH, FGF8, SB-431542, PMM

Day 14: Removal of LDN-193189 and CHIR-99021 and addition of BDNF
and GDNF.

From neural EBs Monzel 2017
Day 1: CHIR-99021 and PMM

Day 2: Embed in Matrigel.

Day 8: Addition of BDNF, GDNF, TGF-p3.

Day 14: Removal of PMM.

From neural EBs Jo 2016

Day 1: Addition of Y-27632.

Day 4: Addition of SHH and FGF-8.

Day 7, or when neuroectodermal buds starting to extrude: Embed in Matrigel.

Next day: Addition of BDNF, GDNF.

From neural EBs Muguruma 2015
Day 1: Addition of insulin, Y-27632 and SB-431542.

Day 2: Addition of FGF-2.

Day 3: Gradual removal of FGF-2 until fully removed on day 14.

Day 21: Removal of insulin, Y-27632 and SB-431542.

SPRINGER NATURE



258 K. Grenier et al.

Table 1 (continued)

Organoid fate Differentiation factors Reference

Spinal Cord From neural EBs Hor 2018
Day 1: Addition of Dorsomorphin, SB-431542 and Y-27632.

Day 7: Removal of Dorsomorphin, SB-431542 and Y-27632. Addition of Retinoic
acid, Purmorphamine and Sonic Hedgehog agonist.

Day 14: Addition of BDNF and GDNF.
Day 21: Dissociation of EBs to single cells
Day 31: Embedding in Matrigel
Spinal Cord Seeding of iPSC on Matrigel with Rock inhibitor Thiazovivin. Kawada 2017
At 80% confluence (Day 1): Addition of SB-431542 and LDN-193189

Day 3: Gradual removal of SB-431542 and LDN-193189 and addition of retinoic acid,
smoothened agonist and SU5402 (during 8 days).

Day 11: Cell dissociation and aggregation into spheroids.

Day 21: Spheroids are transferred into the microchamber. Media is changed every
4 days.

SHH sonic hedgehog, Patched-1 receptor ligand. FGF2 Fibroblast growth factor 2. FGF8 Fibroblast growth factor 8. SB-431542 BMP inhibitor

ALKS, ALK4, ALK?7 specific. LDN-193189 BMP inhibitor ALK1, ALK2, ALK3, ALK6 specific. PMM Purmorphamine: Smoothened receptor
agonist. CHIR-99021 WNT inhibitor, GSK3a and GSK3p specific. BDNF Brain-derived neurotrophic factor. GDNF Glial cell-line neurotrophic
factor. A83-01 TGF-p inhibitor. DMP Dorsomorphins: Reversible AMP-kinase inhibitor, BMP-specific. IWR-I WNT inhibitor. XAV939 WNT
inhibitor, TNKS specific. ¥-27632 ROCK inhibitor. SU5402 VEGFR inhibitor

These protocols represent variants from original Lancaster and Knoblich approach. Only the main differentiation factors are included for brevity.
The full protocols can be found in the original publications
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correlates with reduced dendritic connections and neuronal
death [35]. While the pathological process of atrophy has
been hypothesized to be mediated by aggregation of toxic
proteins such as extracellular amyloid-f (ap) and intracel-
lular phosphorylated tau (pTau) in AD, these protein
aggregates also accumulate in clinically healthy older
individuals [36-39]. Similarly, the decline in human brain
function during aging parallels that of other organs, sug-
gesting that pan-cellular mechanisms of aging, rather than
exclusive tissue-specific protein dysfunction, also contribute
to the molecular underpinnings upstream of cell death and
senescence [40]. Of those, the accumulation of DNA
damage has emerged as an important pathophysiological
process associated with neurodegeneration [41-43]. DNA
breaks can be normally repaired by at least four distinct
cellular pathways: nucleotide-excision repair (NER), base
excision repair (BER), homologous recombination (HR),
and non-homologous end joining (NHEJ). However,
because mature neurons are post-mitotic cells, they pre-
ferentially utilize NHEJ, which by definition is error-prone
and induces small genomic deletions [44]. This accumula-
tion of such errors promotes activation of senescence and
apoptosis in neurons as a hypothesized evolutionary
mechanism to prevent malignant transformation [45]. In
turn, the establishment of senescence-activated secretory
phenotypes (SASP) in astrocytes and microglia, following
neuronal DNA damage, promotes chronic neuroinflamma-
tion and is increasingly recognized as an important
pathogenic mechanism in the neurodegenerative cascade
[46]. Indeed, experimental and clinical studies of both
progeric syndromes (e.g. Cockayne Syndrome (CS),
Xeroderma Pigmentosum (XP), Ataxia-Telengiectasia
(ATG), Hutchinson-Gilford progeric syndrome (HGPS))
and neurodegenerative diseases (e.g. AD, PD and Amyo-
trophic Lateral Sclerosis (ALS)) show increased DNA
damage in examined neurons [47-59]. Encouragingly,
increasing activity of the DNA damage checkpoint protein
ATM extended the lifespan of mouse models of HGPS,
providing optimism that similar approaches can alter the
pathogenesis of neurodegenerative disease [60].

Other than defective DNA repair mechanisms and nor-
mal exposition to ambient radiation, intracellular ROS has
been hypothesized as the most important etiology of DNA
damage. Mitochondrial dysfunction has been shown to be
the principal intracellular source of ROS [61]. Interestingly,
mitochondrial DNA damage accumulates in both PD
[54, 55] and ALS [57] and is hypothesized to create a feed-
forward loop where mitochondrial DNA defects induce
mitochondrial dysfunction, which in turn creates more ROS
and DNA damage. In support of this, mitophagy (mito-
chondrial-specific autophagy) and mitochondria-derived
vesicles (MDVs; vesicular mitochondrial quality path-
ways) are quality-control mechanism that have been shown

to be defective in cellular models of PD [62]. Moreover, a
recent study showed that a specific MDVs pathway
normally repressed by PD-associated proteins contribute
to mitochondrial antigen presentation on MHC class I
molecules in the CNS, creating a possible link between
DNA damage, mitochondrial quality control, and neuroin-
flammation [63]. In addition, a number of mitochondrial
toxins have been implicated in PD pathogenesis [64].
Together, these studies suggest that mitochondria-generated
ROS is central to neurodegeneration and that DNA repair
and intracellular quality-control mechanisms limiting sub-
sequent cellular oxidative stress and neuroinflammatory
phenotypes could be defective in neurodegenerative dis-
orders. Indeed, dysfunction of important cellular quality
control mechanisms such as the proteasome, mitochondrial
proteases, and general autophagy have also been linked to
neurodegenerative disorders [65-68]. Interestingly, autop-
hagy is activated both by ROS and DNA damage, and its
dysregulation impairs DNA repair [69] and degradation of
noxious aggregated proteins such as tau, a-synuclein, and
amyloid-f. Paradoxically, these aggregates can also over-
whelm the cellular machinery leading to autophagic dys-
function and thus creating a threshold point in these
pathological cascades of neurodegeneration.

On the other hand, the role of inflammation in the neu-
rodegenerative process appears more complex, with various
neuroinflammatory cascades recently suggested to promote
both neuronal survival and cell death in neurodegeneration.
These dichotomous roles are best exemplified with M1
and M2 types of microglia, which show pro-inflammatory
and anti-inflammatory phenotypes, respectively [70].
a-synuclein and amyloid-f protein have both been shown to
differentially activate these microglia subtypes via toll-like
receptor (TLR) pathways in a context-specific manner based
on their conformation and cellular environment [71, 72].
Importantly, M2 microglia has been shown to help clear
amyloid-p aggregates in the CNS, opening interesting
pharmaceutical possibilities. Of relevance, a rare mutation in
TREM?2 (triggering receptor expressed on myeloid cells-2),
a gene specifically regulating brain microglia, has been
shown in GWAS studies to be associated with AD [73].
Conversely, activation of the SASP in astrocytes or micro-
glia secondary to DNA damage leads to secretion of pro-
inflammatory molecules that promote M1-type microglial
activation to further exacerbate neuronal injury [46]. While
the dichotomization of microglia into M1 and M2 types is
useful to conduct experiments, it is clear that there is a
continuum of functional states in microglia encompassing
support, antigen presentation and phagocytosis roles [74].
Thus, a better understanding of the complex dynamics of
CNS neuroinflammation cascades appears essential to
identify precise pharmacological targets to tackle neurode-
generative disorders.
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In light of this knowledge, organoids, by their very
nature, appear as an attractive system to understand the
dynamics between these various mechanisms leading to
neurodegeneration. Reprogramming of adult cells to form
iPSC allows engineering of young brain tissue with a life-
time of genetic events. This results in a temporally con-
densed system in which pathogenic molecular and cellular
mechanisms upstream of protein aggregation and cell death
can be interrogated, and ultimately where the entire patho-
logical cascades can be scrutinized and characterized at
every step by -OMICS technologies to establish causal
relationships between genetic changes and neuronal health
(Fig. 2c). iPSC-derived cerebral organoids from older
patients with “sporadic” neurodegeneration provides an
attractive avenue to study these relationships not possible in
static pathological tissue from human brain or via inference
of pathological findings from animal neurodegenerative
models. Below, we discuss the pioneering studies that
highlight these exciting avenues and look forward to how
many of the potential challenges can be overcome.

Neurodegenerative models in brain
organoids

Alzheimer’s disease

Despite the inherent limitations in modeling age-associated
disorders in embryonical-derived cells, recent studies have
provided significant promise for the use of cerebral orga-
noids to understand neurodegenerative diseases. For
example, by infecting human neural stem cells with lenti-
viral construct expressing p-amyloid precursor protein
(APP) or mutated presinilin 1 (PSEN1) (found in familial
Alzheimer’s disease (FAD) cases) and growing them in
Matrigel, Choi and colleagues developed 3D models to
study Alzheimer’s disease phenotypes [75]. While this
approach experimentally deviates for the classic organoid
workflow, these 3D colonies developed both extracellular 8-
amyloid plaques and neuronal aggregates of phosphorylated
tau, findings that tend not to be simultaneously observed in
two-dimensional neuronal cultures or animal models.
The authors hypothesized that perhaps animal models might
be too genetically removed from humans to recapitulate
the neurodegenerative process and that two-dimensional
neuronal cultures lack the architectural and density
requirements needed to allow focal accumulation and
polymerization of misfolded proteins into characteristic
plaques and tangles. In addition to providing insight into the
dynamics of f-amyloid plaques and neurofibrillary tangles
(NFTs) formation, this model provided a novel platform for
drug screening. As a proof of principle, they showed that
inhibition of glycogen synthase 3 (GSK3) attenuated

SPRINGER NATURE

B-amyloid plaques and NFTs formation, confirming a
hypothesis previously only shown in animal models
[76, 77]. This is a timely innovation as multiple potential
drugs for Alzheimer’s disease developed in animal models
have failed late-phase clinical trials [78—80]. This 3D cul-
ture system could serve as a complementary and scalable
tool to test and nominate new therapeutic agents.

Lee and colleagues devised a different approach by
generating cortical organoids from sporadic AD patient-
derived iPSC. Despite these more physiological conditions,
not confounded by overexpression, they were also able
to generate f-amyloid plaques [81]. Similarly, they
showed that the pathogenic phenotype could be rescued by
inhibition of P-secretase (BACEl) or y-secretase, again
demonstrating the drug-testing potential of this system.
Interestingly, inhibition of these proteases was less efficient
at reducing plaque load in organoids when compared to
complementary two-dimensional cultures. This strengthens
the hypothesis that differences in diffusion between the two
culture systems may account for this potentially more
representative modeling of plaque formation and may allow
discovery and selection of molecules that have improved
bioavailability and pharmacokinetics. Moreover, they
demonstrated significant variations in protease efficacy
between five patient-derived brain organoids, even with
similar initial plaque loads. These findings motivated the
authors to further explore which molecular factors can
explain this inter-patient variations in proteases efficiency.
By performing a proteome analysis of the five patient-
derived organoids, they identified variations in specific
protein levels (e.g. clathrin), that correlate with protease-
induced plaque load reduction. Brain organoids may thus
also allow a mechanism for evaluation and selection of drug
in a personalized patient-specific manner. Finally, they also
validated the efficacy of the BACEI and y-secretase inhi-
bitors in the 3D neuronal culture model developed by Choi
and colleagues and showed that they inhibited NFT for-
mation as well. This highlights how different 3D neuronal
culture models can be used in a complimentary fashion to
accelerate drug discovery efforts. Similarly, the ability to
form pathologic hallmarks of neurogenerative conditions
such as NFT and f-amyloid plaques provides dynamic
models to understand the early molecular underpinnings
driving their development. Recently, Amiri and colleagues
showed that repeated RNA sequencing of cerebral orga-
noids through development provided a dynamic portrait on
how the brain is patterned [82]. Similar approaches with
organoid models of disease could provide temporal insight
into the aberrant pathways and molecular programs opera-
tional early before NFT and plaque formation.

A third group also confirmed that brain organoids from
AD patient-derived iPSCs form p-amyloid plaques and
NFTs that can be reversed using p-secretase and y-secretase



Three-dimensional modeling of human neurodegeneration: brain organoids coming of age 261

inhibitors [83]. They also show that organoids preserve the
abnormal endosome morphology and function previously
shown in mouse models and brains of sporadic and familial
AD patients [84, 85]. Interestingly, they used brain orga-
noids derived from healthy individuals to demonstrate that
they also accumulate small “baseline” levels of B-amyloid
deposits and NFTs. This crucially demonstrates that these
“precursor” and/or “physiological” levels of B-amyloid
deposits and NFTs, commonly found in the brains of
clinically healthy individuals [36—39], can also be modeled
and studied. This same group later demonstrated the
potential of using iPSC combined with CRISPR technology
to study neurodegenerative disease pathogenic cascades by
generating multiple isogenic APOE4 or APOE3 brain cell
types [86]. The APOE allele (variants either APOE2,
APOE3, APOE4) remains the strongest genetic factor for
Alzheimer’s disease, where APOE4 is deleterious and
APOE? protective [87, 88]. Through transcriptional profil-
ing of these cells, the authors were able to identify cell
type-specific molecular pathways associated with APOE4
and identify causal relationships between AD-associated
pathogenic mechanisms in these human cells. In particular,
they found that APOE4 increased expression of genes
involved in lipid metabolism and immune responses, partly
through activation of nuclear transcription factors nuclear
factor 1 (NF-1), activator protein 1 (AP-1) and NF-«xB.
Moreover, APOE4 increased levels of genes involved in
synapse formation in neurons. Together, these APOE4-
dependent changes in the transcriptome led to decreased cell
proliferation, increased synaptic formation, and most
importantly increased endosomal trafficking and amyloid-
B4y secretion by APOE4 neurons. Moreover, when they
added isogenic APOE microglia to their previously estab-
lished organoid model grown from patient-derived iPSC
carrying an APP duplication, they found that the APOE4
microglia displayed altered morphologies and were
impaired in their ability to phagocytose amyloid-f aggre-
gates compared to APOE3 microglia. APOE4 microglia
also showed increased soluble levels of TREM2, a gene
associated with AD that is increased in amyloid-p phago-
cytosing microglia promoting pathogenic inflammation
[73]. These co-culture systems highlight the potential flex-
ibility of organoid cultures, where various cell type with
isogenic backgrounds can be combined to study the role of
genetic variants in specific cell types in human tissue.

In a similar approach, Park and colleagues used a clever
microfluidic system to introduce microglia into mixed 3D
astrocytic and neuronal co-cultures and investigate the role
of neuroinflammation in AD [89]. By doing so, they where
able not only to recapitulate amyloid- accumulation and
phosphorylated tau aggregation, but also elements of neu-
roinflammation associated with AD. Interestingly, the
healthy control-derived brain organoids produced relatively

very little amyloid-p, even when cultured for a similar
length to Choi and Raja and their colleagues [75, 83]. This
might reflect the variability in amyloid-f and tau deposits
found in humans, or potentially protective effect mediated
by the initial inclusion of astrocytes in the 3D culture. By
comparing AD-derived vs control-derived organoids with
and without microglia, Park and colleagues were able to
identify both AD-associated microglia-attracting chemo-
kines in CCL2, CCL5, and CX3CL1 and microglia-secreted
pro-inflammatory cytokines including 11-6, I1-8, TNF-a,
MIF, and PAI-1. Moreover, they were able to validate the
hypothesis that microglial migration to amyloid-f}, secretion
of pro-inflammatory molecules and subsequent neuronal
loss was dependent of TLR-4 and IFN-y. This spatially and
temporally controlled addition of microglia demonstrates
the potential and flexibility of 3D cultures to investigate
complex cellular interactions in human tissue in the context
of neurodegeneration. One could indeed imagine adding
not only various cell types, but therapeutic or noxious
molecules to these cultures in such controlled fashion,
establishing additional cell-based high-throughput testing
platforms to design symbiotic immune-based therapies.

Frontotemporal dementia

While brain organoids have proven useful to study AD,
emerging studies are now also demonstrating their potential
to study other neurodegenerative disorders. Seo and col-
leagues generated cerebral organoids from iPSCs derived
from patients with Frontotemporal Dementia (FTD) [90].
These patients carried the Tau P301L mutation, and the
CRISPR-CAS9 system was used to create a companion
isogenic control culture by correcting this defect. Based on
their previous finding that a non-cleavable mutant P35
protein attenuated amyloidosis and improved cognitive
function in a FAD mouse model, they introduced a mutation
in p35 (Ap35KI) in the P301L background. This showed
decreased levels of phosphorylated tau and increased the
expression of synaptophysin, a marker of functional
synapses. Unfortunately, these authors do not compare tau
phosphorylation to healthy control-derived organoids in this
study. It would have been interesting to see if they could
detect some phosphorylated tau in these control organoids
as shown by Raja et al. as it was undetectable in wildtype
mice. This could provide insight of how brain organoid
models, derived from human iPSC, compare to animal
models at recapitulating hallmarks of FTD neuropathology.

Parkinson'’s disease
A longstanding hypothesis of the pathophysiology of PD,
based mostly on neuropathological findings by Braak and

Braak, is that toxic aggregates of a-synuclein can propagate
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themselves from the neurons in the gut, up toward the
brainstem, in a prion-like manner [91]. This is also sub-
stantiated by genetic evidence, such that LRRK?2, the most
common genetic variant in PD (variant G2019S, N551K,
N2081D), is also a genetic risk factor for Crohn’s disease
(variants N551K, N2081D) [92]. However, only recently
has this theory been demonstrated in animal models [93],
and despite a number of associative studies, has yet to be
convincingly shown in human cells or tissue [94]. A study
by Son and colleagues demonstrates the power of 3D cell
cultures as they interrogate the genetic changes in both
intestinal and neural cellular spheres with and without
LRRK2 G2019S mutations (the most common PD-
associated causal mutation) [95]. While they provide evi-
dence that LRRK?2 G2019S induces similar genetic changes
in synaptic transmission pathway both in neural and
intestinal cells, the strength of this study was to rather
demonstrate the potential of simultaneously studying mul-
tiple organ systems as organoids. Combined intestinal and
brain organoids might eventually become a powerful tool to
investigate synuclein transmission in human systems.
More recently, two groups took advantage of the newly
developed capacity to produce region-specific brain orga-
noids, in this case midbrain, to develop PD models. Kim
and colleagues introduced the LRRK2 G2019S mutation in
midbrain organoids that show both markers of dopaminer-
gic neurons and dopamine production [96]. Interestingly,
they not only found diminished dopamine transporter
(DAT) and tyrosine hydroxylase (TH) markers in the LRRK
G2019S organoids, but also increased activated caspase-3
levels in dopaminergic neurons, suggesting that LRRK2
G2019S mutation induces dopaminergic neuron death
[96]. Moreover, they found increased phosphorylated
S129 synuclein co-localizing with endosomes, reproducing
the hallmark of synuclein aggregation and mislocalization
in PD. Interestingly, they also compared the transcriptome
of LRRK2 G2019S midbrain organoids culture vs sporadic
PD-patient-derived brain tissue and found an enrichment of
PD-associated genetic changes that were not found in a
corresponding 2D LRRK?2 G2019S culture. Finally, silen-
cing the gene controlling the expression of TXNIP, a pro-
tein found to be central to the LRRK2 G2019S-associated
transcriptomic changes seen in both midbrain organoids and
sporadic PD-patient-derived brain tissue, led to a decrease
in synuclein aggregation. Thus, these authors demonstrated
both that midbrain organoids can be a faithful model of PD
with neuropathological hallmarks but also a great com-
parative tool to reveal the most important pathways
involved in PD. Similarly, Smith and colleagues also con-
structed a midbrain organoid model but instead of intro-
ducing the LRRK2 G2019S mutation, they used iPSCs
generated from patient harboring the mutation, and engi-
neered isogenic controls, to produce the organoids [97].
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The midbrain organoids again displayed dopaminergic
neuron marker TH and midbrain floorplate markers EN-1
and FOX Al. Interestingly, these organoids were also found
to produce dopamine in an order of magnitude greater than
those of Kim and colleagues (20ng/ml at day 35 and around
300 ng/ml at day 70 for Smits et al, 2ng/ml at day 45 for
Kim et al.), suggesting a much higher percentage of dopa-
minergic differentiation. Importantly, they were able to
show pacemaking activity of the dopaminergic neurons, a
feature hypothesized to underly selective neuronal vulner-
ability to ROS and toxic agents used to model PD such as
MPTP [98]. Interestingly, the patient lines, irrespective of
the LRRK2 G2019S mutation, both showed approximately
3-fold reduction in the number of dopaminergic neurons
growing in the midbrain organoids compared to the control
cell lines. This suggests that even rejuvenation by repro-
gramming, and independently of the LRRK2 G2019S
mutation effects, patient cell lines still carried genetic or
epigenetic dysfunctions that prevented the midbrain orga-
noids from generating as many dopaminergic neurons as
those from control individuals. However, they did find that
the presence of LRRK2 G2019S mutation, whether intro-
duced in controls or naturally found in patients, seems to
decrease the number of dendrites branching and thus the
complexity of the dopaminergic dendritic tree, favoring
non-dopaminergic neuronal proliferation.

Motor neuron disease

While there are limited studies to date that use organoids as
models for motor neuron diseases, they are already showing
great promise. Kawada and colleagues for example used
microfluidic technology to develop axon fascicles from
neural spheres [19]. Briefly, they custom made a culture
microdevice containing a chamber to receive neural spher-
oids, a microchannel for axon fascicle formation and a
target chamber accommodating axon terminals. The authors
first differentiated iPSCs into motor neurons precursors by
adding retinoic acid, Smoothened agonist and an FGFR
antagonist prior to neural sphere formation. These led to
neural spheres in which >60% of cells demonstrated
HB9 staining, a motor neuron marker. Interestingly, dif-
ferentiating the iPSCs in a preferred neuronal precursor
population prior to organoid growth represents a different
strategy than most protocols already discussed and opens
additional avenues to design specific subregions in more
organized and reliable manners without compromising the
cellular diversity of the organoids culture system. Indeed,
only a minor fraction of the organoid cells expressed GFAP
and almost none expressed O4, an oligodendrocyte marker,
or Nestin, a neural stem cell marker. Once the spinal motor
neuron precursors-enriched neural spheres were put in the
recipient chamber, they spontaneously started to grow
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axons in the microchannel which formed a single, straight,
unidirectional fascicle by 20 days. These fascicles were
shown to express both axonal marker Taul and presynaptic
marker Synapsinl but no nuclear or dendritic markers.
Importantly, the authors observed synchronized electro-
physiological activity in the organoids suggesting that the
neurons form a functional network. These models were then
used to demonstrate possible applications for neurodegen-
erative studies by using peroxide (H,0,), a ROS-generating
molecule, to study its impact on the axonal bundle integrity.
Not surprisingly, they found that it altered the structural
integrity and coherence of the bundle, demonstrating that
this model can be easily used for interrogating axonal
degeneration.

Another group used similar differentiation factors (retinoic
acid to caudalize, puromorphamine (Sonic Hedgehog ago-
nist) to ventralize and promote spinal motor neuron differ-
entiation) following the establishment of neural spheres [20].
By doing so, they yielded organoids with a homogeneous
expression of neural stem cell markers Sox1 and Nestin,
which later developed into rosettes with neural stem cell at
the apex and a motor neuron marker (ISL1+)-expressing
cells at the base. Interestingly, these motor neuron pre-
cursors were mostly positive for HOXB4, a cervical level
marker, HOXCS, a brachial/thoracic level marker but not
HOXCI10, a lumbar level marker. Strikingly, the authors
were able to show contraction of mouse myofibers co-
cultured with the organoids and showed proximity of motor
neuron axons (SMI-32 positive) to acetylcholine receptors
at the NMJ (labeled with alpha bungarotoxin), suggesting
that the spinal cord organoids can form functional synapses.
Finally, they also show significant expression of astrocytic
marker S100B and V1 inhibitory interneurons marker
(Renshaw cells) PAX2 and LHS1 in those organoids,
demonstrating more cellular diversity than those of the
Kawada group, perhaps as a consequence of introducing the
caudal and ventral differentiation factors after the estab-
lishment of neural spheres. Using this protocol, Hor and
colleagues used iPSCs derived from Spinal Motor Atrophy
(SMA) type I and type II patients to generate ventral spinal
cord organoids. Interestingly, they observed that while the
patient-derived organoids initially formed a similar number
of ISL1+4 neurons in early culture (day 14-28), they even-
tually expressed approximately 1.6-3.2 fold of those com-
pared to the control organoids in later culture (day 35),
suggesting that in patient-derived organoids ISL1+4 neurons
degenerate following relatively normal neurogenesis and
differentiation. Finally, by performing transcriptome ana-
lysis, the authors confirmed previous findings from 2D
culture that patient-established or siRNA-induced down-
regulation of the SMN gene increased CDK and cyclin
protein expression. This seems to prevent neuronal pre-
cursors from establishing themselves by post-mitotic

differentiation and increased apoptosis, which can remark-
ably be reversed with CDK inhibitors. Altogether, this study
demonstrates how that spinal cord organoids can be gen-
erated by precisely controlling caudal and ventral signaling
and represent a very flexible model to study spinal motor
neuron diseases. Indeed, the spinal cord architecture is
simple compared to that of the brain and it would be very
interesting and technically possible to combine the use of
microfluidics to establish gradients of caudal and ventral
differentiation factors to generate more diverse and faithful
models of the spinal cord.

Psychiatric disorders with neurodegeneration
(Schizophrenia)

Multiple decades of research now suggest that some chronic
psychiatric disorders are both neurodevelopmental and neu-
rodegenerative processes [99]. However, animal models are
poorly representative of the most complex aspects of human
cognitive neurobiology and, not surprisingly, have yielded
very few major discoveries with therapeutic potential. Brain
organoids, by their ability to model both early cerebral
development and by recapitulating features of neurodegen-
eration, are poised to bring a revolution to this field. A few
studies over the last few years are beginning to illustrate this
potential. Stachowiak and colleagues used iPSCs from three
control and four schizophrenia patients to grow cerebral
organoids and model the first trimester of development [23].
Both controls and patient-derived organoids formed typical
rosettes with subventricular zones, intermediate zones and
cortical zones that appeared grossly similar. However, a more
detailed cellular analysis revealed that the patient-derived
organoids lacked mature neurons (Pan-Neu +) in the cortical
zone and instead contained abundant proliferating neuronal
precursors in the intermediate zone that extended as far as the
cortical zone. Moreover, they went to show that the patient-
derived organoids cortical zone neurons exhibit a striking loss
of nuclear FGFR1 staining. Together, these findings support a
previously established theory that a premature neuronal
maturation dependant on integrated nuclear FGFR1 signaling
is central to schizophrenia pathophysiology.

Another study, by Johnstone and colleagues, exploited
brain organoids to investigate the neurodevelopmental
consequences of the 16p13.11 microduplication, a genetic
alteration known to be associated with both schizophrenia,
developmental delay and seizure disorders [24]. In this
article, the authors correlate the clinical and imaging find-
ings of 16p13.11 microduplication schizophrenia patients
with their own patient-derived organoid features. Specifi-
cally, they found reduced cortical thickness on MRI corre-
lated with a decreased proliferation and organoid size in
patients compared to control. Interestingly, an increased
ratio of asymmetrical (one neural progenitor producing a
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neural progenitor and a neuron) to symmetrical divisions
(one neural progenitor producing two neural progenitors)
seems to underly the defect. An RNA analysis on 2D grown
iPSC patient-derived neurons then showed a significant
decrease in NFkf signaling in patient cells, in particular
phosphorylation of NFkf at S536 (also known as p65). To
demonstrate the relevance of their findings, they then used
small molecules to induce translocation of p65 to the
nucleus, which rescued the proliferation deficit in patient-
derived neural cell progenitors. However, given that these
compounds also increase p65 translocation in control cells,
this might only demonstrate that NFxf activation has a
proliferative effect in neural progenitor cells independent of
the effects of the 16p13.11 microduplication. Nevertheless,
this study offers a tantalizing window into personalized
medicine by correlating patient phenotype with their orga-
noid behavior, creating a prognostication and drug-testing
platform for this disease.

Together, these early studies show that 3D cell culture
models, including brain and spinal cord organoids, can be
harnessed to demonstrate defects in human cells that reca-
pitulate pathological cascades found in neurodegenerative
diseases. Both patients and control-derived brain organoids
demonstrate neuropathological hallmarks of human neuro-
degeneration that were challenging to model in animal
models over the last few decades of research. They appear
poised to overcome some of the previous barriers and
limitations of two-dimensional cultures and become com-
plementary models and platforms to test novel genetic
interactions and therapeutic agents. There are however
many outstanding clinical and neuropathologic questions
and considerations, that if addressed, we believe could
dramatically improve the ability of cerebral organoids to
model neurodegenerative conditions.

Exploiting the limitations of current brain
organoids system for neurodegeneration
studies

Maturity and aging

While there are several neurodegenerative disorders with
juvenile or early onset, aging remains the strongest and
most common risk factor of neurodegenerative diseases.
Brain organoids are currently generated from either ESCs or
iPSCs. While the former are by definition young and
immature cells, iPSCs have been shown to become reju-
venated during reprogramming, having lengthened telo-
meres and mitochondrial network with increased fitness
[100, 101]. These processes are similar to those happening
during fertilization in vivo [101] and mitigate some of the
benefits of patient-derived models. Moreover, processes
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associated with senescence phenotypes, such as abnormal
nuclear morphology and DNA damage foci have been
shown to be reduced after induced pluripotency [102]. It is
therefore not surprising that brain organoids closely match
the genetic, epigenetic and transcriptomic signatures of
human fetal cortex up to the second trimester of develop-
ment [9, 14, 103—105]. Thus, even with the aforementioned
promise, caution should be exercised when brain organoid
models are used to used to understand neurodegeneration.

Different strategies, based on the growing molecular
understanding driving aging, can perhaps help overcome
this limitation. One approach could involve leveraging the
biology of known human premature aging disorders and
engineering disease-associated mutations or overexpression
of progeric genes (Fig. 3). Alternatively, induction of ROS,
DNA damage and mitochondrial damage with the use of
toxins could be explored [106, 107]. Using the former
approach, Miller and colleagues overexpressed progerin, a
truncated form of lamin A associated with HGPS to pro-
mote aging in iPSC-derived dopaminergic neurons [102].
Using this strategy, they were able to induce aging-related
markers and features including neuromelanin accumulation.
More interestingly, when progeria was expressed in Par-
kinson’s disease patient iPSC-derived dopaminergic neu-
rons, disease phenotypes such as Lewy-body precursor
inclusions, enlarged mitochondria, loss of tyrosine hydro-
xylase and dendrite degeneration were produced. This not
only illustrates the potential to use aging strategies with
iPSCs to better reproduce neurodegenerative pathology but
also highlights the feasibility of using a “young” cell system
such as iPSCs to study the full spectrum of aging. Other
genetic changes associated with progeroid syndromes, such
as DC, CS and ATG have yet to be leveraged to induce
aging in neurodegenerative iPSC models (Table 2). Inter-
estingly, iPSCs derived from progeroid syndromes patients’
cells were shown to regain aging features after an initial
rejuvenation [108—111], demonstrating that some disease-
associated genetic or epigenetic changes (in addition to the
causative mutations) associated with age must be conserved
even after the iPSC process. This seems to be true of cells
from older patients without clinical disease as well [112].
Indeed, Zhang and colleagues demonstrated that, as
opposed to young cells, aged-cell derived iPSCs have a
decreased expression of cell-specific glucose transporter 3
(GLUT3), which in turn decreases glycoslysis and impairs
the ability of these cells to suppress oxidative phosphor-
ylation. In addition to directly causing DNA damage, ROS
further decreases an already age-dependent blunting of
DNA damage response, accelerating the aging process in
those rejuvenated cells [112]. Therefore, progeroid syn-
dromes patients-derived iPSC themselves can serve as
valuable tools to study aging and neurodegenerative pro-
cesses. Finally, bypassing the intermediate pluripotent state
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Fig. 3 Functional and
Architectural analysis of brain
organoids for neurodegenerative
diseases. a High-throughput
platform for drug testing. Brain
organoids can be functionally
analyzed in vivo with intrinsic
(CRISPR-CAS9 integrated
probes) or extrinsic (Calcium-
imaging, mitochondrial
membrane potential imaging,
ROS imaging) molecular probes
and with electrophysiology
techniques (optogenetically
based interrogation or
spontaneous activity). Once
fixed, the organoids can be
entirely processed by tissue-
clearing methods to visualize the
entire neuronal networks.
Alternatively, in vivo imaging of
cellular activity (microglia,
astrocytes) and organellar
dynamics (CRISPR-CAS9
integrated specific organellar
reporters and fluorescent
proteins) can also be achieved.
The complex and large amounts
of data can then be sub-
processed in part by deep-
learning systems and help to
identify functional and
architectural markers and
patterns of neurodegeneration.
b Brain organoids as avatar of
personalized medicine. Brain
organoids can be generated
directly from patient cells to test
various compounds in different
concentration to achieve the best
possible therapeutic effect

(o10)

by direct reprogramming of differentiated cells into neurons
has been shown to better maintain cellular aging hallmarks
[113]. Indeed, Tang and colleagues demonstrated that it is
possible to directly reprogram ALS donor fibroblasts into
motor neurons. Interestingly, contrary to neurons engi-
neered by the iPSC method, the motor neurons maintained
the extensive DNA damage, loss of heterochromatin and
nuclear organization, and increased SA-p-Gal activity.
However, it remains to be seen how this method can be used
in conjunction with organoids generation as fully differ-
entiated cells might not be able to undergo spontaneous
organization into 3D tissue.

The use of toxins inducing ROS and/or mitochondrial
damage might represent a more versatile and com-
plementary approach to promote aging in organoids. Inter-
estingly, the iPSCs process-driven switch from oxidative

-
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phosphorylation (OXPHOS) to glycolysis appears to be
partially suppressed in older patient-derived iPSCs [112].
Moreover, some neurodegenerative diseases patient-derived
iPSCs have been shown to be inherently susceptible to
oxidative stress [114, 115]. This suggests that both DNA-
damage and ROS strategies could be particularly effective
in promoting and modeling aspects of the aging process in
iPSCs (Table 2). For example, one group treated human
iPSCs with paraquat, a known mitochondrial Complex I
toxin that promotes the formation of ROS, to induce chronic
stress in retinal pigment epithelium (RPE) and model age-
related macular degeneration [115]. Using this approach,
they identified micro-RNAs regulating RPE oxidative stress
responses and implicating the NRF2-KEAPI1 regulatory
pathway. Importantly, some doses of paraquat can induced
chronic stress without cell death whereas higher
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Table 2 Limitations and solutions in using brain organoids to study neurodegenerative diseases

Limitation

Solution

Advantage

Youth and immaturity of organoids

Cellular and regional diversity,
connectivity and myelination

Growth, reproducibility and blood
supply and batch-to-batch

heterogeneity

Increase progeric / decrease anti-aging
protein levels via CRISPR-CAS9 genome
editing

Induce ROS production and cell senescence
with toxins or pro-inflammatory molecules

Add pre-differentiated cell types to
developing organoids

Grow organoids longer to promote intrinsic
differentiation and plateauing of
stochastic events

Fuse region-specific organoids
(“assembloids)” to promote cell migration
and differentiation

Growth in mini bioreactors, use of
microfilaments and defined cocktails

Add endothelial-precursors to developing
organoids

Graft of human organoids in animals for

Can look at impact of aging on neurodegeneration-
associated mutation

Decouple normal aging changes from disease state.

Possibility to assess impact of processes such as
inflammation and myelination on specific
neurodegeneration models

Allows to understand the role of aging on neuronal and
glial developmental fates.

Possibility to assess specific region-to-region
development in isolation

Increased reproducibility and high-throughput
possibilities

Allows to control level of vascularization and assess
impact on neurodegenerative process

Allows to understand in vivo vascularization of human

vascularization

neural tissue

concentrations triggered apoptosis. This dose-dependant
effect illustrates the experimental flexibility of a toxin-
induced aging strategy to tease out early versus late changes
in neurodegeneration molecular cascades. However, trans-
lating this approach might be a challenge in organoids, as
ROS-inducing molecules might not penetrate 3D tissue as
efficiently. On the other hand, this can potentially be turned
into an advantage to trigger neurodegeneration in a het-
erogeneous manner, and subsequently simultaneously
interrogate the interactions between damaged and healthy
tissue. That gradient of toxin concentration in tissue
might translate into a gradient of senescence, allowing us
to better characterize simultaneously different stages of
neurodegeneration.

Cellular and regional diversity, connectivity, and
myelination

Neurodegenerative diseases vary in both cellular type and
brain region susceptibility over the evolution of the disease.
Organoids however are largely exposed to relatively
homogeneously dispersed and fairly simple cocktails of
differentiation factors that lack the true variety and gradient-
effects that surrounding mesenchymal embryonic structures
provide during development and limit the full complement
of cells found in neural tissue. Multiple groups have now
shown that it is possible to develop microglial or astrocytes
precursors from embryonic or iPSCs origin and successfully
integrate them into growing organoids [86, 89, 116]
(Table 2). These non-neuronal precursors can either be
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added initially with neuronal precursors or once the orga-
noids have started to grow. Conversely, it appears that cells
within the organoids, while displaying neuronal fates in
early culture, have the potential to differentiate into other
cell types. Two groups have now shown that successive
cycles of cell dissociation from the organoids can generate
mature and relatively pure astrocytic cultures [117, 118].
Moreover, Quadrato and colleagues recently demonstrated
that cell diversity in brain organoids, much like in the
developing human brain, increase with days in culture. By
performing single-cell RNA analysis on more than 80,000
cells from 31 organoids, they found a surprisingly varied
pool of cell precursor types, including clusters with
increased mesenchymal markers. Other neural cell types
such as photoreceptors and astrocytes however did not
appear before 6 months of growth. This confirms the
potential of organoid cells to self-pattern into more diver-
sified and complex cell fates than originally thought. Once a
cell differentiates itself spontaneously into a different fate
than the rest of the organoid, whether spontaneously or
guided by architectural cues, the differentiation factors
gradient likely becomes less homogeneous and triggers the
differentiation of more cells, in a feed-forward or cascading
fashion, mirroring that of normal development. Therefore,
as long as growth does not plateau, varying culture periods
can be exploited to tune the diversity of cell types available
(Table 2). Similarly, improved culturing techniques
including the use of bioengineering filaments provide
refined approaches that limit the stochastic production of
non-neural elements [119]. Similarly, Ormel and colleagues
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also showed that brain organoids grown using the Lancaster
protocol can intrinsically develop mesodermal-derived
elements such as microglia that have transcriptomic sig-
natures closely resembling that of post-mortem human
microglia [120]. Moreover, they demonstrate that decreas-
ing neuroectodermal-stimulants such as heparin in culture
and delayed Matrigel embedding can also be leveraged to
increase the yield of microglial elements in the generated
organoid. Therefore, there is optimism that the appropriate
balance of mesodermal, endodermal and ectodermal ele-
ments could be achieved with slight protocol modifications
prior to orienting the growth of the organoid toward more
ectodermal fates.

Another solution to generate cellular and regional diver-
sity that has emerged is the fusion of region-specific brain
organoids to form “assembloids”. This creates gradients of
trophic factors that induce the migration of cells within
neural tissue, generating more cellularly diverse and archi-
tecturally advanced brain regions. These complex structures
also form intermediate regions with a new identities. For
example, Xiang and colleagues first developed Median-
Ganglionic Eminence-like (MGE) organoids by dual SMAD
and canonical WNT inhibition and activation of sonic
hedgehog (SHH)-signaling pathway [10]. By mixing ventral
fate MGE organoids with organoids showing a more dorsal
cortical fate, the authors saw interneuron migration from
MGE into the cortical layer. Two other groups used a similar
method and further characterized interactions between
excitatory and inhibitory neuron types [121, 122].

Another challenge of brain organoids is the prospect of
developing functional synapses and neurochemistry that
reflects that of the human brain. This would afford
researchers the ability to study finer pathophysiological
changes and test neuromodulatory agents for potential
application to psychiatric and neurodegenerative diseases.
The optimism is so great in this domain that special com-
mittees have formed to discuss the ethical implications
with developing potentially pain-sensing “mini-brains”
[123, 124]. However, several challenges must be addressed
before brain organoids can display such organized signal
processing. Brain organoids culture typically take a few
months to reach maximal size of about 4 mm and about
6 months to display mature connections [7, 9, 125, 126]. In
addition to necessitating a relatively long period to develop
functional synapses, it is likely that brain organoids of this
size will not be able to model the connectivity of long white
matter tracts found in the human brain that are essential for
high-order neural processing. A possible solution to par-
tially model these connections however is again to fuse
region-specific organoids (Table 2). As previously men-
tioned, doing so not only promotes the migration of specific
neuronal types but also increases local cellular type diver-
sity [10, 121, 122]. This approach might not be suitable for

the longest CNS tracts but has the advantage of isolating the
contribution of one region to the development of another,
something which otherwise would be difficult to unravel in
the complexity of the developing brain. Interestingly, a
recent study by the Lancaster group has shown that growing
slices of mature cortical organoids at the liquid-air interface
promotes the growth of longer tracts, enhances connectivity
between cells and furthers cortical layers differentiation
[127]. Furthermore, the emergent axonal bundles exhibited
neuronal guidance behaviors similarly to in vivo models
and could form functional synapses with isolated mouse
spinal cord. Finally, possibly by having a constant and
homogeneous supply of oxygen and a reduced thickness,
these organoids cortical slices can survive much longer (up
to 1 year) in culture, overcoming another limiting aspect of
organoid culture. This innovative approach however comes
at a cost of reducing the complexity of the 3D architecture
that appears to be a strong asset to modeling neurodegen-
erative inclusions.

Another key component to connectivity is the myelina-
tion of axons (Table 2). While some groups have managed
to integrate oligodendrocytes to brain organoids [7], mature
myelination of axons in these has yet to be achieved. In a
recent study, Matsui and colleagues shows that brain
organoids generated from H9 human ESCs for 6 months
harbour oligodendrocyte with simple myelin sheaths around
neurons, similar to what can be observed in prenatal human
brains [7]. Consequently, the maturity of the organoid itself
appears to be the limiting factor for the myelination process.
Accordingly, the same aging-promoting strategies men-
tioned in a previous section might be instrumental in
achieving proper myelination. Finally, another strategy
would be to add separately grown iPSC-derived oligoden-
drocytes at various stages of organoid growth as it might
better reflect normal developmental phases and result in
more robust myelination.

Growth, reproducibility, and blood supply

Due to biophysical constraints, brain organoids currently
reach a maximal growth of about 4 mm after multiple
months of culture [7, 128]. The limited diffusion of oxygen
and nutrients stunts growth and induces necrosis at the core
of the organoids. Moreover, while self-organizing cultures
have proven to be cheaper and more accurate methods of
growing brain organoids, they can lack homogeneity
between batches given their initial spatial organization on
plates and their development in heterogeneous extracellular
matrices (Matrigel). Growth of organoids in smaller min-
iaturized spinning bioreactors has been shown to accelerate
growth and to provide more consistency between batches.
Combining 3D printing technology and biophysical analy-
sis, Qian and colleagues developed Spin(), a bioreactor that
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can fit into a conventional 12 well that can be stacked to
further increase throughput [14]. Other groups demon-
strated that scalability and automation can be improved by
starting cultures with neurospheres instead of adherent
colonies [129]. This method also seems to greatly decrease
variation in those 3D cultures, and in doing so removing an
important barrier to achieve a functional 3D cell culture
platform for drug testing. Quadrato and colleagues used
similar bioreactors but also found simple adjustments in the
culture protocol that promote organoids growth and sus-
tainability. They added brain-derived neurotrophic factor
(BDNF) to the final differentiation medium, and used a
reduced number of initial pluripotent stem cells, which led
to reduced programmed cell death and necrosis and viable
cultures up to 9 months [126]. Nonetheless, the growth of
brain organoids eventually plateaus and due to the limited
access to nutrients and oxygen. As the field is still very
much in its infancy, it is expected that groups will continue
to propose individualized modifications that aim to improve
consistency of various organoids culture system [130]. It is
important to highlight that these rapidly evolving protocol
could have modifications (e.g. more directed differentiation
by use of additional growth factors) that come at the
potential expense of other important features to improve
consistency (e.g. autonomous self-organizing cellular pro-
grams that inherently increase cell diversity). Diligences in
the annotation of culture conditions is thus required to
ensure reproducibility in modeling subtle aspects of neu-
rodegenerative disorders in this culture system as the field
develops.

Vascular pathology is central to the two most common
neurodegenerative diseases worldwide, AD and vascular
dementia. In addition, vascularization has been shown to be
important for the later stages of neocortex development,
including inducing neurogenesis and serving as guides to
neuronal migration [131, 132]. The development of blood
vessels in organoids was first realized by adding mesench-
ymal stem cells to tissue-specific cells by two groups in
2015 [133]. With this technique, Takebe and colleagues
generated vascularized organ buds that acquired functional
blood vessels after transplant in severe combined immu-
nodeficient mouse models. Importantly, they found that the
ability of the tissue-specific cells to condensate and form
vascularized organ buds upon the addition of mesenchymal
stem cell was dependent of the density and biochemical
properties of the substrate (Matrigel) in which they grow in.
Schwartz and colleagues on the other hand added endo-
thelial cells and mesenchymal stem cells to neural pro-
genitors already organized into multilayers with radially
oriented neural and glial populations [116]. These con-
structs expressed an extensive capillary network by three
weeks of growth and were used to validate the drug-testing
potential of this system. Notably, they also added microglial
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precursors and showed that these can adapt into ramified
and ameboid morphologies that associate with the endo-
thelial tubules (Table 2). Finally, Mansour and colleagues
bypassed the need for mesenchymal or microglial pro-
genitors by grafting brain organoids onto adult mouse brain
[134]. Strikingly, the organoids demonstrated vascularized
and functional neuronal networks with integration of
microglia. Together, these studies show that growing
organoids possess the inherent ability and trophic factors
needed to promote angiogenesis when cultured in a favor-
able environment, whether constituted from mesenchymal
and/or endothelial stem cells or by a living organism. It
would be interesting to compare this ability in young versus
old, immature versus mature brain organoids to explore the
impact of age and maturity on the brain parenchyma
capacity to support strong vasculature (Table 2). In addition,
models of ischemia and vascular-dementia could be devised
simply by providing nutrients and oxygen via the devel-
oping vasculature and later occluding it (Table 2). Finally,
vascular disease-associated patient-derived iPSCs differ-
entiated into mesenchymal or endothelial stem cells can be
used to study angiogenic mechanisms implicated in neuro-
degenerative diseases (Table 2).

Brain organoids as functional avatars for precision
diagnostics and personalized prognostication in
neurodegenerative diseases

Neurodegenerative diseases, by their progressive and irre-
versible nature, have been challenging for clinicians to
diagnose and prognosticate. Reliable markers of early dis-
ease have yet to be identified and brain tissue biopsies rarely
provide enough benefits to outweigh the risks of the pro-
cedure. iPSC and brain organoid culture therefore present a
great opportunity to reliably identify individuals at the risk
of dementia or movement disorders, and even possibly
predict the course of their disease. This would rely on first
identifying robust differences between brain organoids
grown from patient- versus control-derived iPSCs. Given
the limitations of brain organoids culture mentioned earlier
in the text, and their intrinsic complexity, finding robust and
reliable differences might appear at first a formidable task.
However, the advent of emerging downstream molecular
readouts (e.g. proteomics), and automated and objective
pattern recognition tools (e.g. deep-learning networks) for
quantitative histological analysis could help overcome these
barriers (Fig. 3) [135-138]. Mass spectrometry-based pro-
teomics is now increasingly used as a global profiling tool
to probe clinically relevant biological differences is human
disease [135, 137, 139-142]. Proteomics offers the advan-
tage over genomic technologies of not only detecting
protein-level differences, which do not always correlate
with mRNA levels, but it also allows detection of
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post-transcriptional modifications (e.g. phosphorylation)
that have particular relevance for aggregates in neurode-
generative disease (e.g. hyperphosphorylated tau) and
potential upstream pathogenic pathways. Coupled with
dynamic tracking of the formation of protein aggregates in
organoids, this technology could offer new insights into
disease pathogenesis previously not possible. Similarly, the
transition from 2D to 3D tissue systems increases the
importance of tools that allow accurate quantification of
complex histological patterns of disease. Technological
improvements in both computational software and hardware
tools now allow for true automation in image analysis that
has recently matched, and in cases surpassed, the cap-
abilities of pathologists and other subspecialized physician
experts alike [136, 138, 143, 144]). Our own group has
focused on developing ‘“hypothesis free” unsupervised
deep-learning approaches capable of defining “anomalous”
outlier patterns in histological data [145]. Thus, while it
may not be feasible to carry out molecular profiling on
organoids interrogated by large drug libraries/experimental
conditions, automated analysis of H&E and immuno-
fluorescence images of organoids could allow detection of
even subtle and unexpected structural changes in various
organoids models of neurodegeneration.

Two-photon microscopy offers a mechanism to bypass
tissue sectioning but has required organisms with trans-
parent tissue such as zebrafish or tadpoles to overcome the
heterogeneous refractive indexes of different cellular ele-
ments. Modern tissue-clearing methods have therefore first
relied on dehydration followed by immersion in a solvent to
homogenize these refractive indexes, a process named
3DISCO (3D imaging of solvent-cleared organs) [146].
Dodt and colleagues for example developed a solvent-based
tissue-clearing technique in 2007 that allows imaging of
artificially expressed fluorescent proteins and some auto-
fluorescent proteins in whole organs, but lost most other
epitopes in doing so [147]. In 2013, the Deisseroth group
devised a tissue-clearing method (CLARITY) based on
cross-linking a hydrogel composed of acrylamide to the
tissue followed by electrochemical ionic detergent extrac-
tion of lipid molecules [148]. This method allowed to clear
the tissue to near-transparency while maintaining structural
integrity and most epitopes available to immunolabelling.
Consequently, imaging multiple proteins of interest in
integral tissue with light sheet fluorescence microscopy
(LSFM) is now feasible. A number of methods were then
derived from this breakthrough, including PACT (passive
clarity technique), which utilizes ionic detergent extraction
without an electrochemical gradient. This provides greater
epitope stability and creates less damage due to heating
[149]. Another method called CUBIC (clear, unobstructed
brain imaging cocktails and computational analysis), used
cheaper and more widely available aminoalcohols to clear

the lipids, and was later shown in de-paraffinized paraffin-
embedded tissue [150], opening the technique to patholo-
gical diagnostic applications [151]. Finally, ScaleS, a tissue-
clearing method using sorbitol as a solvent was shown to be
particularly good at preserving structural details, a feature
that is very useful to image the architecture and disposition
of complex protein aggregates such as amyloid plaques
[152]. Thus, multiple tissue-clearing techniques with dif-
ferent advantages and disadvantages are now available
[153], and it will be important to determine which one is
more amenable to image neurodegenerative features in
brain organoids (Fig. 3).

With the help of CRISPR-CAS9 genome-editing tech-
niques, fluorescent labels and functional reporter systems
can be integrated in pluripotent cells prior to organoid
growth. These can be used to interrogate regional con-
nectivity, cellular migration and sub-cellular mechanisms.
This will be particularly useful to establish optogenetic
systems in 3D cultures. Interestingly, recent studies showed
that light can induce neuronal activity in organoids that
have developed photoreceptor cells [126], suggesting that
brain organoids are sufficiently translucid to allow probing
with light. In this manner, specific neurotransmitter path-
ways can be interrogated in vivo in human tissue and
analyzed in various genetic background. Extrinsic reporters
of ROS, mitochondria membrane potential and oxygen
consumption can also be used to monitor mitochondrial
function in vivo. Finally, electrophysiological interrogation
of brain organoids in conjunction with calcium-imaging can
be used to monitor the neuronal networks fitness.

Once the organoid is architecturally and functionally
imaged, the data obtained will be many levels of complexity
greater than what obtained with two-dimensional tissue. By
feeding the data into emerging deep-learning pattern
recognition systems discussed above, we might be able to
discover novel histological and cellular patterns of early
neurodegenerative process that will be difficult for humans
to detect and analyze using the traditional qualitative
microscopy examination (Fig. 3). These changes and read-
outs promise to improve diagnostics and predictive abilities
in the development of neurodegenerative disorders in
pre-symptomatic patients and expedite early initiation of
therapy.

Conclusion

Despite multiple decades of research and the continued
refinement of neurodegenerative hypotheses and models,
we have yet to nominate successful disease-modifying drug
for these debilitating diseases. This is in part because animal
models and relatively simple two-dimensional cell culture
models have failed to replicate and effectively dissect the
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human-specific pathogenic cascades leading to neuronal
death. While brain organoids are perhaps best known and
used to study early neural development, there is now
increasing interests to translate them to other neurological
disorders. The flexibility that combines the benefits of
human-specific processes with an experimentally malleable
model to explore spatiotemporal molecular mechanisms of
disease has profound implication for the neurodegenerative
community. This promise and accumulating advances that
allow integration of additional variables and risk factors
(toxic agents, vasculature) makes brain organoids a for-
midable and scalable system to improve our understanding,
provide precision to diagnostic and prognostic predictions
and personalize drug discovery efforts for neurodegenera-
tive diseases. Overcoming the existing challenges through
the adoption of various emerging technologies and
approaches discussed in this review aims to help accelerate
progress toward this important goal.
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