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Summary

Alzheimer’s disease (AD) is the most common cause of dementia, and there is currently no cure. 

The “β-amyloid cascade hypothesis” of AD is the basis of current understanding of AD 

pathogenesis and drug discovery. However, no AD models have fully validated this hypothesis. 

We recently developed a human stem cell culture model of AD by cultivating genetically modified 

human neural stem cells in a three-dimensional (3D) cell culture system. These cells were able to 

recapitulate key events of AD pathology including β-amyloid plaques and neurofibrillary tangles. 

In this review, we will discuss the progress and current limitations of AD mouse models and 

human stem cell models as well as explore the breakthroughs of 3D cell culture systems. We will 

also share our perspective on the potential of dish models of neurodegenerative diseases for 

studying pathogenic cascades and therapeutic drug discovery.

What is Alzheimer’s Disease?

Alzheimer’s disease (AD), which currently affects 5.2 million people in the United States, is 

the most common cause of dementia, and has become the 6th leading cause of death [1]. 

However, no cure is currently available. AD patients typically show gradual cognitive 

impairments including loss of memory, language skills and abilities to focus and reason [2]. 

β-amyloid plaques and neurofibrillary tangles (NFT) observed in brains of AD patients are 

key pathological markers of AD. The β-amyloid plaques are composed of aggregated β-

amyloid peptides (Aβs), which is derived by proteolytic cleavage from the β-amyloid 

precursor protein (APP) [2, 3]. The NFT is composed of hyperphosphorylated tau proteins 

(p-tau), a microtubule binding protein. In pathological conditions such as AD, tau proteins 

are hyperphosphorylated, released from axonal microtubules and form insoluble fibers 

(paired helical filaments, PHF) and aggregated in cell bodies and apical dendrites to form 
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the NFT. Interestingly, NTFs are observed in other neurodegenerative conditions such as 

progressive supranuclear palsy, corticobasal degeneration and frontotemporal dementia 

(FTD), while β-amyloid plaques are unique to AD [3].

What major obstacles are Alzheimer’s researchers grappling with?

The “β-amyloid cascade hypothesis” of AD has provided the groundwork for current 

understanding of AD pathogenesis [4–6]. With strong experimental support from many 

studies, this hypothesis is the framework for most current clinical trials for potential AD 

therapies [7]. The β-amyloid hypothesis proposes that excessive accumulation of pathogenic 

Aβs triggers a vicious pathogenic cascade including synaptic deficits, altered neuronal 

activity, hyperphosphorylation of tau/NFT and finally, neuronal death. In cases of familial 

AD (FAD), mutations in APP or presenilin 1 (PSEN1) trigger this toxic cascade by 

increasing generation of pathogenic Aβ species [5]. However, no AD animal models derived 

from FAD mutations have been able to recapitulate both β-amyloid and NFT together [3, 8–

10]. Widely used current AD mouse models are generated by overexpressing human APP 

(hAPP) and/or PSEN1with single or multiple FAD mutations. Although most of them 

recapitulated β-amyloid plaques and β-amyloid-induced synaptic/memory deficits, all of 

them fail to recapitulate robust NFT pathology and neuronal death as observed in AD 

patients [3, 9] (for a graphical summary, see http://www.alzforum.org/research-models; 

accessed in June 29, 2015). The recent failures of anti-β-amyloid therapies in humans, which 

were highly effective in mouse models, might be explained by limitation of AD mouse in 

comprehensively modeling human AD pathologies [11, 12].

Recently, human neurons were generated from fibroblasts of FAD patients using induced 

pluripotent stem cell (iPSC) technology [13–22]. These neurons share the same genetic 

makeup of FAD patients and provide a platform for a new generation of AD models that 

comprehensively recapitulate the pathogenic cascades of the human brain environment. 

However, it is still technically challenging to demonstrate neurodegenerative disease 

conditions with iPSC lines in a petri dish, since they generally occur in the late stages of life. 

Recently, our laboratory reported a unique 3D culture model of human neural progenitor 

cells overexpressing APP and PSEN1 with human FAD mutations. Seeded in a novel 3D 

culture system, these cells demonstrated both robust extracellular aggregates of β-amyloid 

and hyperphosphorylated/aggregated tau pathologies for the first time in either cell or mouse 

FAD models [23].

What is the purpose of this article?

In this review, we will discuss the progress and limitations of current in vitro and in vivo AD 

models, provide insight into the challenges of representing AD pathogenic cascades, 

particularly in human stem cell models, explore the breakthroughs and trajectories of 3D cell 

culture, and provide our perspective on existing and future obstacles to modeling AD and 

other diseases in a dish.
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Current AD mouse models do not fully recapitulate AD pathologies

Given the prevalence and poor prognosis of AD, the development of animal models has 

been a research priority to understand pathogenic mechanisms and test therapeutic 

strategies. The discovery of FAD genes allowed the development of transgenic models that 

reproduce several neuropathological, neurodegenerative, and behavioral characteristics of 

the spectrum of disease in AD patients. To date, ~200 FAD mutations in APP or PSEN1 

genes have been discovered (see http://ghr.nlm.nih.gov/gene/APP and http://

ghr.nlm.nih.gov/gene/PSEN1; accessed in June 29, 2015). Many of these FAD mutations 

have been incorporated into transgenic mouse models of AD, the most common of which are 

summarized in Table 1.

What are the limitations of mouse APP mutation models?

Games and colleagues reported the first AD transgenic model, termed PDAPP mice, which 

over-expresses hAPP containing the Indiana (V717F) mutation [24]. These mice developed 

β-amyloid plaques accompanied by dystrophic neurites and extensive gliosis (reactive 

astrocytes and activated microglia). Although p-tau were detected in some of the dystrophic 

neurites after 14 months of age, no PHF or NFT were identified [25]. APP23 line over-

expresses the hAPP containing the Swedish (K670N/M671L) mutation [26]. Similar to 

PDAPP mice, APP23 mice showed some dystrophic neurites containing p-tau, which 

surround β-amyloid plaques, but still no NFT were detected [26]. The Tg2576 mouse model 

also expresses hAPP containing the Swedish mutation, and shows an age-dependent 

parenchymal Aβ deposition, but again, no tau hyperphosphorylation at any of the major 

phosphorylation sites [27]. Neuronal loss is absent in PDAPP and Tg2576 mice while 

APP23 mice show less than 30% of neuronal loss in the CA1 region of the hippocampus at 

the age of 14–18 months [28–30]. In order to achieve more robust β-amyloid accumulation, 

transgenic mouse models harboring two hAPP FAD mutations were generated: J20 and 

TgCRND8 mice, which express hAPP with the Swedish mutation together with the Indiana 

mutation [31, 32]. Although these lines exhibited age-dependent robust increase of Aβ40 

and Aβ42 levels and parenchymal β-amyloid deposition, no tau hyperphosphorylation occurs 

at any of the major phosphorylation sites. Also, no clear neuronal loss is evident in these 

lines.

Is tau pathology observed in mice expressing both APP and PSEN1 

mutations?

To increase the levels of pathogenic Aβ42, mouse models over-expressing both hAPP 

mutations and PSEN1 mutations were generated. The doubly transgenic APP/ PSEN1 line, 

which over-expresses hAPP containing the Swedish mutation together with the mutant 

PSEN1 gene (M146L), shows a selective increase in Aβ42 and develops large numbers of β-

amyloid deposits that resembles compact Aβ plaques [33]. Next, APPswe PSEN1ΔE9 mice 

were made by co-injecting two vectors encoding Swedish APP mutant and ΔE9 PSEN1 

mutant (lacking exon 9) [34]. As in the case of the APP/PSEN1 mice, these mice begin to 

develop Aβ deposits earlier than single transgenic mice only harboring APP mutations. 

APPSL/PSEN1 mice, which carry hAPP with the Swedish and London mutations and human 
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PSEN1 with the M146L mutation, showed about 30% loss of pyramidal neurons in the 

hippocampal CA1–3 fields as well as β-amyloid plaques [35]. Another line showing 

neuronal loss is the APP/PS1KI mouse, which expresses hAPP Swedish and London 

mutations together with two PSEN1 knock-in (KI) mutations (M233T/L235P) [36]. 

Recently, 5xFAD mice were generated by over-expressing five FAD mutations: hAPP with 

the Swedish, London and Florida mutations together with mutant PSEN1 (M146L/L286V) 

[37]. 5xFAD mice exhibited much higher levels of Aβ42 than those of Aβ40, and rapidly 

accumulated massive amounts of cerebral Aβ42 at young ages. Large pyramidal neurons in 

cortical layer 5 and subiculum are visibly reduced in number at 9 months. However, no 

robust p-tau nor NFT was observed, despite extensive β-amyloid plaques, gliosis and 

neuronal loss [35, 37, 38].

Mouse models expressing tau pathology

In an effort to generate AD mouse models that exhibit β-amyloid plaques and NFT lesions, 

transgenic mice harboring both FAD and tau mutations linked with FTD and parkinsonism 

were produced. Lewis and colleagues first crossed Tg2576 mice with a transgenic line 

JNPL3, which expresses the FTDP-17 Tau (P301L) mutation, generating a bigenic 

transgenic mouse model referred to as TAPP [39]. While JNPL3 mice develop NFT-like 

lesions in the absence of β-amyloid pathology, TAPP mice exhibit both β-amyloid plaques 

and NFT. 3xTg model, developed by Oddo and colleagues, expresses hAPP Swedish and 

P301L Tau mutations from exogenous transgenes combined with a PSEN1 M146V mutation 

from the endogenous mouse gene [40]. These mice show progressive β-amyloid deposition, 

in which intracellular immunoreactivity is detected in some brain regions. Extracellular β-

amyloid plaques appear by six months in the frontal cortex and become more extensive by 

twelve months. The conformation of tau was altered and hyperphosphorylated at multiple 

residues in the brain after occurrence of β-amyloid plaques (i.e. 12 to 15 months old). Tau 

reactive dystrophic neurites are also evident in the brains of older 3xTg mice.

In addition to FTD mutations, a cross between transgenic mice containing three APP 

mutations (Swedish, Dutch, and Iowa) without tau mutations and a strain deficient in nitric 

oxide synthase 2 (NOS2), termed APPSwDI/NOS2−/− mice were developed. These mice 

displayed tau hyperphosphorylation and aggregation of their native mouse tau in regions 

where β-amyloid deposition is particularly dense. However, it is not clear whether these 

models show the filamentous assemblies of tau protein observed in human AD patients [41].

FAD mouse models and beyond

In summary, FAD mouse models have failed to fully recapitulate AD pathogenesis in 

humans. They have exhibited β-amyloid pathology resulting in senile plaques similar to 

those found in AD patients, but none have successfully shown β-amyloid -driven NFT 

formation. Old PDAPP and APP23 mice exhibit dystrophic neurites containing p-tau, which 

may represent pre-tangles, but they do not progress to NFT. The transgenic mice that 

express mutant forms of tau and APP together with or without PSEN1 (3xTg and TAPP, 

respectively) developed both plaques and tangle-like pathology in brain tissues. However, 

these mouse models contain a tau mutation associated with FTD, not AD. It is crucial to 
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note that no mutation has been located in the tau gene in AD: in AD, it is normal human tau 

that becomes pathological. Fundamental species-specific differences in genome and protein 

composition between mice and humans may preclude the recapitulation of bona fide AD 

pathological events in mouse models. One of the differences might lay in the dissimilarity of 

tau gene structures in humans and mice. In this regard, it is interesting to note that a rat FAD 

model, termed TgF344-AD, which has six tau isoforms similar to human, and expresses 

Swedish APP and PSEN1ΔE9 mutations, exhibits some aspects of extensive tauopathy, 

although clear PHF structures were not evident [42].

Human iPSC-derived AD models

Recent advances in reprograming technology have made it possible to generate human 

neurons derived from the fibroblasts of AD patients. These cells truly have an AD genetic 

background, and thus are expected precisely to recapitulate AD pathogenesis in vitro when 

differentiated into mature neurons. Recently, several groups have successfully generated 

human neurons from AD patients [13–16, 18, 20, 21, 43].

β-amyloid pathologies in human iPSC-derived neurons harboring FAD 

mutations

Yagi and colleagues reported the first FAD neurons derived from human iPSCs carrying 

FAD mutations in PSEN1 and PSEN2 [21]. As evidence for pathogenic changes, they 

showed that the Aβ42/Aβ40 ratio was significantly increased in FAD neurons as compared 

to neurons from non-AD controls. Human iPSC-derived neurons with different PSEN FAD 

mutations also showed significant increases in Aβ42/40 levels, confirming that PSEN FAD 

mutations impair PS/γ-secretase activity [2, 13, 15, 17, 19]. Similar to PSEN FAD 

mutations, APP FAD mutations (V717I, London) significantly increased the Aβ42/40 ratio 

in human forebrain neurons [13, 14].

APP duplication mutations robustly increased total Aβ levels, mostly Aβ40, in iPSC-derived 

human neurons, possibly by increasing the levels of APP, a precursor protein for Aβ 

generation [13, 20]. Although it does not carry any FAD mutations, Trisomy 21/Down 

syndrome neurons also showed robust increases in total Aβ levels due to the APP gene 

duplication located on chromosome 21 [44]. In those Down syndrome neurons, Shi and 

colleagues showed both intra and extra cellular deposits of Aβ42 species [44]. APP E693Δ, a 

rare autosomal FAD mutation associated with early-onset AD symptoms without β-amyloid 

plaques, leads to a reduction in extracellular Aβ levels while inducing the accumulation of 

intracellular Aβ oligomers in a human iPSC-derived neuronal model [18]. Interestingly, APP 

E693Δ neurons showed elevated endoplasmic reticulum (ER) and oxidative stress, both of 

which could be blocked by Docosahexaenoic acid (DHA) treatments [18]. These data may 

suggest that the accumulation of intracellular Aβ oligomers plays a role in the cognitive 

decline of AD patients with APP-E693Δ [45].
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What can we learn about tau pathology in human iPSC-derived models?

Regarding tau pathologies, Israel and colleagues detected an increase in tau phosphorylation 

(pThr231) in neurons carrying an APP duplication mutation [20]. Blocking Aβ generation 

with β-secretase inhibitors significantly decreased tau phosphorylation in the same model, 

but γ-secretase inhibitor, another Aβ blocker, did not affect tau phosphorylation. APP V717I 

neurons also showed an increase in levels of total and phosphorylated tau [14]. More 

importantly, treatment with Aβ-specific antibodies early in culture reverses the phenotype of 

increased total and phospho tau (pThr231) levels, suggesting that altered Aβ species are 

responsible for total and phospho tau levels in APP V717I neurons [14]. Recently, Moore 

and colleagues also reported that cortical neurons derived from iPSCs harboring APP V717I 

or APP duplication mutation showed increases in both total and phospho tau (pS202/T205 

and pS396/pS404) levels [13]. The altered tau metabolism was not observed in neurons 

carrying PSEN1 FAD mutations (PSEN1 Y111C, M146I and Intron 4). The elevated total 

and phospho tau levels in these cells were normalized by β-secretase inhibitor treatments but 

interestingly, not by γ-secretase inhibitor. The altered tau metabolism in APP V717I and 

duplication neurons may represent a very early stage of tauopathy in AD. Validation in other 

models will strengthen this intriguing hypothesis.

Together, these reports demonstrate that human iPSC-derived FAD neurons can successfully 

recapitulate the hallmarks of early stage of AD pathogenesis, including accumulation of 

pathogenic Aβ species, increases in ER and oxidative stress and possibly very early stage 

tauopathy. However, these FAD neurons did not show robust extracellular β-amyloid 

aggregation, NFT pathologies such as aggregated, or hyperphosphorylated tau with PHFs; 

neither did they display any signs of neurodegeneration, as observed in AD patients. The 

low levels of Aβ species in the current iPSC-derived human AD neurons, poses a limitation 

in reconstituting robust β-amyloid accumulation within 6–10 weeks, as we have shown in 

our 3D culture models.

Modeling Alzheimer’s disease in a 3D human neural cell culture system

Lack of robust AD pathologies in FAD iPSC-derived neurons might be due to the relatively 

low levels of pathogenic Aβ species in those models. As summarized in Table 2, FAD iPSC 

neurons generally show moderate to low levels of pathogenic Aβ42 while Aβ levels in AD 

patient brains are robustly elevated as compared to age-matched healthy controls. For 

example, the average levels of insoluble Aβ40 and Aβ42/43 were 159 and 1659 pmol/g wet 

tissue in AD brains and Aβ40 and Aβ42/43 levels were elevated by 330 and 558-fold in AD 

patients as compared with the age-matched controls, which is much higher than the Aβ 

levels achieved by FAD iPSC models [46] (see table 2 for summary of Aβ levels in select 

FAD iPSC neurons).

How do we achieve pathogenic Aβ levels in human neural progenitor cells?

To overcome the limitation of current human iPSC-derived cellular models, we generated 

human stem cell lines producing high levels of pathogenic Aβ species by overexpressing 

human APP together with PSEN1 carrying multiple FAD mutations [23]. Similar strategies 

have previously been applied in AD mouse models to accelerate the severity and onset of β-
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amyloid deposition in brain tissue [3, 8, 9]. For example, 5XFAD mouse model with five 

different FAD mutations showed β-amyloid deposits and cognitive deficits in 2–4 months as 

compared to 9–12 months of Tg2576 mice harboring a single FAD APP mutation [27, 27, 

37]. APP K670N/M671L (Swedish), V717I (London) mutations and PSEN1 ΔE9 mutations 

were chosen to increase pathogenic Aβ42 levels in ReNcell VM (ReN) human neural 

progenitor cells [23].

Using FACS enrichment protocols, we were able to generate FAD ReN cell lines highly 

expressing Aβs, especially Αβ42, as compared to previously reported cell models (see table 

2 for Αβ levels in FAD cell lines [23]). Next, FAD ReN cells were differentiated into 

neurons and glial cells by growth factor deprivation in a standard two-dimensional (2D) 

culture system, Since FAD ReN cells produce high levels of Αβ42, we expected to detect Αβ 

aggregation after 4–6 weeks of differentiation. However, we could not detect any 

extracellular β-amyloid aggregates or hyperphosphoylated tau/NFT pathologies (personal 

observation).

Using Matrigel-based 3D systems to model AD

In 2D cell cultures, the secreted Aβ species from FAD ReN cells immediately diffuse into 

the relatively large volume of cell culture media, and is subsequently removed during 

regular media changes (commonly performed every two to three days). This likely explains 

why we could not detect Aβ aggregation in a 2D cell culture system (Fig. 1). We 

hypothesized that 3D hydrogels would provide a brain tissue-like closed environment, which 

would accelerate Aβ deposition by limiting the diffusion of secreted Aβ into the cell culture 

medium and thus provide local niches capable of achieving high enough Aβ concentrations 

for initiation of Aβ aggregation (Fig. 1) [47–50]. We chose Matrigel specifically as our 3D 

hydrogel because it can be easily solidified with ReN cells through moderate thermal 

change, and it provides a brain-like environment rich in structural proteins such as laminin, 

entactin, collagen, and heparin sulfate proteoglycans [51].

After switching to the 3D Matrigel culture system, we were able to observe robust 

extracellular β-amyloid deposits in 6 week-differentiated FAD ReN cells, as detected by Aβ 

immunostaining and AmyloGlo, a β-amyloid dye [23, 52]. Biochemical analysis also 

confirmed the presence of β-amyloid aggregates (dimer, trimer, tetramer) in Tris-buffered 

saline (TBS)-insoluble/Sodium dodecyl sulfate (SDS)-soluble and SDS-insoluble/Formic 

acid soluble fractions [23]. More importantly, 3D-differentiated FAD cells showed dramatic 

increases in phospho tau (pSer199/Ser202/Thr205, pSer396/Ser404) levels in detergent-

insoluble fractions from FAD ReN cells without significantly affecting total tau levels. In 

addition, the hyperphosphorylated tau proteins were abnormally accumulated in 

somatodendritic compartments, silver-stained with a modified Gallyas protocol, and formed 

Sarkosyl-insoluble filamentous structures detected by immunoelectron microscopy [23] (see 

table 2 and Figure 2 for summary and timeframe of β-amyloid and tau pathology in our 3D 

FAD ReN cell model). These analyses clearly demonstrate the recapitulation of β-amyloid 

and NFT pathologies in our 3D FAD models. We also found that inhibition of Aβ generation 

with β- or γ-secretase inhibitors not only decreased β-amyloid, but also attenuated phospho 
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tau pathologies, which suggests that excess accumulation of β-amyloid directly causes the 

hyperphosphorylated tau pathology in this model.

Are there other cellular 3D culture models of AD?

In addition to our human 3D culture model, other 3D systems have recently reported 

recapitulation of AD pathogenesis. 3D culture technique meets human stem cell technology 

in a Zhang et al. study, in which human neuroepithelial-like stem cells, It-NES, were 

cultured in a PuraMatrix hydrogel made by laminin and a self-assembling peptide matrix 

[53]. Those 3D It-NES cultures were then exposed to a soluble Αβ oligomer preparation 

from synthetic/monomeric Aβ42. The 24-hr Αβ oligomer treatment largely decreased the 

activated form of p21-activated kinase (pPAK) and redistributed the pPAK to 

submembranous regions, which resembles the altered pPAK distribution in both AD patients 

and mouse models. Interestingly, the same Αβ oligomer preparation showed no impact on 

pPAK levels or distribution in 2D-cultured It-NES cells, which again clearly demonstrates 

the advantage of 3D hydrogel systems in studying β-amyloid-induced pathogenesis. Choi 

and colleagues established a 3D neurospheroid model useful for testing Aβ toxicity in a 

microfluidic platform [54, 55]. This model consists of prenatal rat, not human, cortical 

neurons and synthetic Aβ42 and would be more interesting if the system could be extended 

to human FAD neurons [54, 55].

Why is 3D better than 2D for modeling AD?

We have demonstrated that a powerful advantage of 3D culture for modeling AD is that it 

provides a local environment that promotes aggregation of β-amyloid, which can trigger 

pathogenic cascades, including NFT [23]. In addition, other studies have shown that 3D 

conditions more closely mimic in vivo environments and can accelerate neuronal 

differentiation and neural network formation [47, 48, 50, 56–59]. Neurons grown in a 2D 

environment are able to spread freely across the surface of the glass or plastic surface, but 

they have no support for vertical growth, which can lead to unintended apical-basal polarity 

rather than the more accurate neuronal stellar morphology [60]. Additionally, the space 

between cells is not as accurate: 2D models tend to have reduced linkages between neurons, 

and synaptic distances are usually too large [61]. In addition to morphology, neurons grown 

in a 3D environment are able to express genes such as neuronal markers more accurately, as 

compared to neurons grown in a monolayer [62]. Indeed, we also confirmed that 3D 

differentiation dramatically elevated mature neuronal marker expression as compared with 

2D-differentiated ReN cells [23]. More importantly, we found that 3D culture condition 

greatly elevated 4-repeat adult tau (4R tau) isoforms, which is essential for recapitulating tau 

pathology [23]. The elevation of 4R tau isoform by 3D culture conditions were also 

observed in SH-SY5Y neuroblastoma cells [63] and human neural stem cells derived from 

iPSC although the impact was not as high as ReN cells (personal observation). High levels 

of 4R tau isoform would also contribute to the robust tauopathy observed in our 3D FAD 

ReN cell models as well as β-amyloid accumulation. These findings clearly suggest that 3D 

culture conditions, as compared with 2D, would have additional advantages in recapitulating 

neurodegenerative disease conditions including those associated with tauopathy.
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Do 3D cultures make superior models for diseases other than AD?

Another advantage of 3D culture is that it can simulate mechanical strain, which can be 

converted to biochemical signals through opening of stress sensitive ion channels, leading to 

signaling cascades: this is impossible in 2D cultures. Tang-Schomer and colleagues 

engineered a brain-like cortical tissue comprising an ECM gel strengthened by a scaffold 

derived from silk proteins. The tissue model, constructed from concentric donut-like layers 

of differing concentration and mechanical stiffness allowed rat cortical neurons to develop 

intricate networks that recapitulated traumatic brain injury (TBI) conditions [59]. The 3D 

cerebral organoid model is another example that highlights the advantage of 3D culture 

models: developing distinct brain-like regions for up to ten months when cultured in a 

spinning bioreactor [64]. Using this model, Lancaster and colleagues were able to 

reconstitute a model of microcephaly, which cannot be achieved using conventional 2D 

culture systems. These examples demonstrate the enormous potential of 3D culture models 

for reconstituting neurological diseases.

What are the applications of a 3D model of AD?

The most valuable application of our 3D human neural cell culture model of AD is large-

scale high-throughput screening for novel therapeutic targets, and validation of targets 

during the initial stages of drug discovery, which are not feasible in the current AD mouse 

models [23, 43, 65, 66]. A major strength of 3D human neural cell culture models is their 

flexible scalability. A spectrum ranging from 6-well thick-layer to 96-well thin-layer 

cultures enables a range of purposes from validation of targets to large-scale drug screening. 

The immortalized and single-clonal ReN cells in our 3D cultures are particularly well suited 

for large-scale, high throughput studies due to their quick proliferation and stability over 

repeated passages. Human stem cell-derived models provide a valid system to test the 

efficacy and potential toxicity of candidate AD drugs. Cross-checking a candidate drug 

target in both human and mouse based models would minimize chance of failure in the final 

stages of clinical trials [11].

Another key application of our AD model is investigation into the molecular mechanisms 

underlying AD pathology. This will provide novel druggable targets and may lead to the 

discovery of new diagnostic and prognostic biomarkers of AD [67]. While human iPSC-

derived AD models allow study of pathogenic mechanisms under physiological conditions, 

our 3D model provides insight after pathological accumulation of β-amyloid and NFT 

formation, which are present in moderate to advanced AD. Our neural cell culture model 

system might also be an ideal model to test the impact of AD-risk genetic variants and 

environmental factors on AD pathogenesis.

What are the challenges and limitations of modeling AD in 3D cultures?

Although human neural cell culture models of AD provide promise and support for the next 

generation of AD models, major challenges still exist. One of the most poignant is the 

difficulty of reconstituting neurodegenerative disease conditions in vitro over a short time-

course while the pathogenic changes of AD progress slowly and commence in the later 

stages of life [68]. Differentiation and maturation of human neural stem cells occurs over a 
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span of months, which may not be enough to establish the aged brain conditions under 

which patients develop robust neurodegenerative pathologies [68]. In our study, we have 

shown that β-amyloid pathology can be accelerated by introducing multiple FAD mutations 

in human neural progenitor cells, together with the 3D culture conditions [23]. However, 

comprehensive recapitulation of AD-associated neurodegenerative changes is still proving to 

be an elusive goal using hiPSC-derived neurons from AD patients, which only harbor a 

single FAD mutation. Supplementation through gene manipulation or by aging-associated 

stresses, such as DNA damaging agents or proteasome inhibitors, may promote degenerative 

phenotypes in human iPSC-derived cellular AD models [68–70].

Another limitation in the current human stem cell-based models is the technical difficulty of 

reconstituting the brain regions most affected in AD, most notably the hippocampus and 

specific cortical layers. Recent studies demonstrated that forebrain/cortical neurons derived 

from FAD patient iPSCs showed significant increase of pathogenic Aβ levels [13, 14].

What are the latest innovations in 3D culture technology?

The creation of active, organized, brain-like structures in vitro has proven to be a formidable 

challenge. Advancements in 3D culture technology are beginning to address the issue. 

Moore et al. showed that both control and FAD cortical neurons formed a spontaneously 

active neural network [13]. Still, these neural networks could not completely reflect the 

organized, layered networks observed in human brains. Tang-Schomer and colleagues 

recently showed the reconstitution of 3D brain-like cortical tissue with silk protein scaffolds 

and collagen gel [59]. A “3D cerebral organoids” model recapitulated cerebral cortex-like 

structures using ES and iPSCs. This innovative system contained progenitor populations 

with characteristic features of human cortical development [64].

Can we overcome the imaging issue?

One of the major challenges for 3D culture systems is the low optical transparency during 

high-resolution imaging due to the thick nature of the culture. To analyze the β-amyloid and 

tau pathologies, we developed both thin layer cultures (~100–300 µm) for high 

magnification imaging and thick layer cultures (~4 mm) for biochemical analysis (Fig. 2) 

[23, 52]. Tang-Schomer and colleagues designed a system with a collagen-filled central 

surrounded by 3D silk-scaffold structures. This model allows live observation of neurite 

networks [59]. New advances like the “CLARITY” technology may also pave the way for 

comprehensive imaging of thick-layered 3D cultures [13, 71].

Conclusion and outlook

Human stem cell technology has provided a platform for a new generation of AD models 

useful both for studying disease pathogenic cascades and drug discovery in a human brain-

like environment. In this manuscript, we have reviewed the current progress and explored 

the limitations of modeling AD in a dish. We have also presented major breakthroughs and 

current trajectories of 3D cell culture technology. Additionally, we shared our perspective 

on the future obstacles facing recapitulation of neurodegenerative diseases, including AD, in 

vitro. Still, many hurdles remain: introduction of neuro inflammatory systems including 
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microglial cells, reconstitution of sporadic AD and recapitulation of neuronal death 

stemming from β-amyloid and tau pathologies. However, the combination of mature neurons 

derived from patient fibroblasts partnered with new 3D culture technology will propel our 

understanding of pathogenic cascades and drug discovery.
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Fig. 1. Impact of 2D vs 3D cell culture systems on β-amyloid aggregation
Matrigel-based 3D culture conditions promote aggregation of secreted Aβ species from FAD 

ReN cells.
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Fig. 2. Timeframe of AD pathologies in 3D FAD ReN cells
Extracellular Aβ aggregates develop ~6 weeks after differentiation and tauopathy is evident 

from ~10–14 weeks after differentiation. Day 0 indicates the day on which cells are seeded 

with Matrigel.
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