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Background on Alzheimer ‘s Disease
Alzheimer’s disease (AD) is the most common neurodegenerative 

disorder and the main cause of dementia in older people. AD is 
characterized by a progressive decline in cognitive functions, 
memory loss, and motor impairments due to widespread loss of 
neurons and synaptic connections in the cortex, hippocampus, 
amygdala, and basal forebrain [1-3].

Post-mortem analysis of the brains of AD patients has identified 
two main features associated with this disorder, consisting of 
aggregates of misfolded proteins: neurofibrillary tangles (NFTs) 
and amyloid plaques (Figure 1) [4]. The NFTs are generated by 
the abnormal intracellular deposition of hyperphosphorylated 
Tau protein. The Amyloid plaques consist of extracellular fibrillar 
deposits of abnormally folded amyloid-β (Aβ) peptide with 40 or 
42 amino acids (Aβ40, Aβ42), two byproducts of amyloid precursor 
protein (APP) metabolism [2,4-7].
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Figure 1:  Main histopathological alterations observed in the brain of Alzheimer’s disease (AD) patients. A. Healthy Brain. B. AD brain with 
neurofibrillary tangles inside of neurons and amyloid plaques outside.

The causes that trigger AD are not yet known, although age 
is considered the greatest risk factor, since its incidence doubles 
every 5 years after the age of 65. Approximately 95% of cases are 
sporadic or late-onset AD. The APOE4 gene is currently known to 
be the strongest genetic risk factor associated with late-onset AD 
[8]. In addition, there is a strong genetic component that represents 
5% of all cases, known as familial or early-onset AD. Familial AD 
is caused by autosomal dominant mutations (or duplications) in 
the gene encoding APP, and in the genes encoding presenilin 1 
(PSEN1) and presenilin 2 (PSEN2), catalytic components of the 
γ-secretase complex that processes APP [9-10]. These mutations 
are responsible for triggering early-onset AD due to overproduction 
of the Aβ peptide, leading to early deposition of Aβ plaques in the 
brain [11-13].

Currently, there is no effective cure for AD. Over the last decades 
only a few pharmacological treatments have been approved, such as 
acetylcholinesterase inhibitors and N-methyl d-aspartate receptor 
antagonists. They alliviate some symptoms, but do not stop the 
neurodegeneration [14,15]. Despite substantial knowledge about 
the pathologic features, the mechanism that initiates or leads to 
the development of AD remains poorly understood [16]. This could 
be mainly due to the lack of relevant in vivo and in vitro models 
that recapitulate the disease and that allow understanding the 
molecular mechanisms of AD, as well as testing the designed drugs.

Early studies used animal models to understand the pathology 
of AD. Different species such as Drosophila melanogaster, 
Caenorhabditis elegans and Dario rerio were used, although the 
mouse is the main specie used as AD model, since mice present 
an effect like that observed in humans [17]. Mouse models with 
familial mutations of AD exhibit Aβ-induced synaptic and memory 
deficits, but do not fully recapitulate other key pathological events 
of AD, including pathology other than NFTs [17,18].

Currently, due to the high rate (~99.6%) of clinical trial failure, 
there is debate about the usefulness of the animal models [19]. 

They are considered not realistic enough since we cannot see 
neurodegeneration in their brains, such as neuronal loss or the 
development of NFTs. In addition, there are anatomical differences 
between mice and human brain morphology and physiology 
[20,21]. Animal models have a bias in the information they provide, 
since the genes that are modified only represent a minority of 
cases (fAD) and do not represent the totality of the pathology [14]. 
Similarly, human neurons derived from AD patients (post-mortem) 
have shown elevated levels of toxic Aβ species and phosphorylated 
Tau, but no Aβ plaques or NFTs [22].

In this regard, stem cell technology, together with advances in 
2D and 3D neural differentiation (in the case of human Pluripotent 
Stem Cells (hPSCs)), offers a unique opportunity to overcome this 
challenge and generate an unlimited supply of neurons and human 
brain cells for in vitro studies [23].

Stem Cell Technology and Cerebral Organoids
Recent advances in the field of stem cells and new knowledge 

related to cell reprogramming have opened a new world of 
opportunities and the creation of more reliable models. During the 
last decades, the study of stem cells and their characteristics has 
been deepened, as well as their possible therapeutic applications 
as an alternative method to procedures developed in vivo [24]. 
Therefore, the use of derived models of the iPSC neural cells 
helped us to have a better understanding of the disease [25-
27]. By definition, stem cells are those cells that remain in an 
undifferentiated state, have the ability of self-renewing and they 
can proliferate and differentiate to give rise to different cell lines 
according to their potency. The most used nowadays are pluripotent 
stem cells (PSCs) and multipotent stem cells (MSCs) [28].

PSCs are characterized by their potential to generate, after their 
differentiation, specialized cells corresponding to the three germ 
lines (ectoderm, mesoderm, and endoderm). PSCs mainly include 
two types of cells:
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i. Embryonic stem cells (ESCs). These cells are obtained 
from the inner cell mass of the embryonic blastocyst [29].

ii. Induced pluripotent stem cells (iPSCs). These cells are 
generated by cellular reprogramming of somatic cells through 
the introduction of transcription factors (Oct4, Sox2, Klf4 or 
Nanog and Lin28) [30,31] and show morphological, molecular, 
and functional like ESCs.

In general, these versatile cells are proving to be a very useful 
tool both for the study of human embryonic and brain development 
and for the molecular and pathological pathways associated with 
different neurological diseases, including AD [32-35].

The vast knowledge about PSCs arose from monolayer (2D) cell 
cultures, which lack the three-dimensional

(3D) component essential for organogenesis. This is especially 
important in the human brain, which is characterized by its 
complexity, expansion, and interplay of neural ramifications [36]. 
Recent technological advances have made it possible to obtain 
3D cultures, derived from hPSCs that are called organoids. These 
organoids offer the real possibility of growing 3D structures in 

culture that closely resemble human tissue and are rapidly becoming 
a new research approach for disease modeling [37,38]. This 
potential, combined with the availability of human iPSCs (hiPSCs) 
from patients, makes it possible to model tissues with different 
genetic loads, mutations, etc. In addition, in the case of brain 
organoids, they also allow the study of human neurodevelopment 
[39,40].

In recent years, the work of Drs. Lancanster and Knoblich have 
established the methodology that has made possible to generate 
cerebral organoids (COs) from hPSCs (also called mini-brains or 
brain organoids) (Figure 2) [41,42]. The protocol has been modified 
to obtain more specific brain structures, such as cortical organoids 
[43]. These differentiation protocols offer great opportunities 
for studies of neurodegenerative diseases, such as AD [44,45]. 
Since 2D culture models do not have the complex extracellular 
environment necessary for extracellular protein aggregation, 3D 
culture conditions generated from hPSCs hold more promise for 
recapitulating key in vitro features of AD pathophysiology, such as 
Aβ peptide production and its aggregation in amyloid plaques, Tau 
protein hyperphosphorylation and NFT-like structures, synaptic 
dysfunction and neuronal degeneration, among others.

Figure 2: Cerebral Organoid (CO). A. Bright-field representative image of one CO. B. Immunohistochemistry showing proliferative zones 
positive for SOX2 (green), a neural precursor marker, and differentiated neurons stained for βIIITub (red). Scale bar= 100μm. Dashed lines mark 
the proliferative zones. βIIITub: Tubulin β 3 Class III. Hoe: Hoechst.

And indeed, some recent studies have shown that COs generated 
from hiPSCs derived from familial AD patients harboring APP 
duplications or PSEN1 mutations can reproduce some of the main 
AD-like pathologies, including hyperphosphorylated Tau, amyloid 
aggregation, endosomal abnormalities, and cellular apoptosis 
[46-48]. In addition, some of these COs showed alterations in the 
number of glutamatergic neurons, lactate dehydrogenase activity 
and gene expression of inflammatory factors like cytokines [49]. 
These findings are significant as the phenotypes have never been 
reported in mouse models with familial AD mutations and could 
be an excellent opportunity to study the molecular and cellular 

processes that take place during the early steps and evolution of 
AD.

At present, it has been possible to model sporadic AD as well, 
by using Aftin-5 (an agonist of Aβ42) to induce the production and 
secretion of Aβ42 peptide in COs [50]. Another group has produced 
sporadic AD COs using hiPSCs derived from AD patients with APOE 
gene mutations. These organoids presented high levels of both 
Aβ peptide and hyperphosphorylated Tau, neuronal apoptosis, 
and synaptic loss, suggesting that APOE4 can be independently 
associated with increased levels of hyperphosphorylated Tau in 
these COs [51].
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Conclusions
As has been commented through this review, 3D models, 

especially COs, seem to be, currently, the best model to advance 
in the research of AD. Compared with the previous models (in 
vivo animals and 2D cultures in vitro), COs, have been shown 
not only to recapitulate some of the most important features of 
the AD pathology, but also to be more efficient. This has allowed 
tremendous progress to be made in the field in the last decade.

Human COs represent an innovative model in which part of 
the complexity of the human brain is present. For this reason, they 
are quickly becoming a very interesting model for the study of the 
molecular and cellular pathology characteristic of AD at the brain 
level.

These organoids can be generated from control iPS cells from 
patients with familial or sporadic AD, to which mutations in genes 
of interest can be introduced or deleted by genetic editing. This 
could accelerate the discovery of new therapeutic targets for the 
possible treatment of this disorder. In addition, COs provides a very 
appropriate technology to deepen the study of the interactions 
of the different brain cell phenotypes (neuron-astrocytes-
oligodendrocytes-microglia) in physiological and pathological 
conditions.

However, deepening the use of these models and perfecting 
them is the challenge that the scientific community now faces. Even 
with the limitations that they still present, they are already giving 
great results, allowing not only to better understand the AD, but 
also to delve into possible therapies.
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