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Toward three-dimensional in vitro models to study 
neurovascular unit functions in health and disease 

Tara M. Caffrey1, 2, #, Emily B. Button1, 2, Jerome Robert3, *, #

Abstract  
The high metabolic demands of the brain require an efficient vascular system to be 
coupled with neural activity to supply adequate nutrients and oxygen. This supply is 
coordinated by the action of neurons, glial and vascular cells, known collectively as the 
neurovascular unit, which temporally and spatially regulate local cerebral blood flow 
through a process known as neurovascular coupling. In many neurodegenerative diseases, 
changes in functions of the neurovascular unit not only impair neurovascular coupling but 
also permeability of the blood-brain barrier, cerebral blood flow and clearance of waste 
from the brain. In order to study disease mechanisms, we need improved physiologically-
relevant human models of the neurovascular unit. Advances towards modeling the cellular 
complexity of the neurovascular unit in vitro have been made using stem-cell derived 
organoids and more recently, vascularized organoids, enabling intricate studies of non-cell 
autonomous processes. Engineering and design innovations in microfluidic devices and 
tissue engineering are progressing our ability to interrogate the cerebrovasculature. These 
advanced models are being used to gain a better understanding of neurodegenerative 
disease processes and potential therapeutics. Continued innovation is required to build 
more physiologically-relevant models of the neurovascular unit encompassing both the 
cellular complexity and designed features to interrogate neurovascular unit functionality. 
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Introduction 
The high metabolic demands of the brain, which only accounts 
for ~2% of total body mass but consumes ~20% of total body 
oxygen and glucose, requires an efficient vascular system to 
be coupled with neural activity (Rolfe and Brown 1997; Attwell 
and Laughlin 2001). The coordinated action of neurons, glial 
and vascular cells, known collectively as the neurovascular 
unit (NVU), temporally and spatially regulates local cerebral 
blood flow (CBF) through a process known as neurovascular 
coupling. This process links glutamate release from neurons to 
nitric oxide secretion by interneurons that modulates vascular 
relaxation of nearby smooth-muscle cells (SMC) in the 
arterioles, as well as ATP-triggered calcium entry in astrocytes 
that regulate the release of arachidonic acid modulating 
vascular tone of adjacent pericytes in the capillaries (Attwell 
et al., 2010; Hall et al., 2014; Biesecker et al., 2016; Mishra 
et al. 2016). Specialized endothelial cells (EC) within the NVU 
form the blood-brain barrier (BBB) that restricts blood-brain 
exchange and regulates brain waste excretion (Sweeney et al., 
2018). The structure of the NVU is depicted in Figure 1.   

Neurodegenerative diseases such as Alzheimer’s disease 
(AD), affect million patients worldwide and cost billions of 
dollars every year (Gooch et al., 2017). Neuronal death and 
alteration in brain vascular health are pathological hallmarks 
common in all neurodegenerative diseases (Sweeney et al., 
2018). Despite promising preclinical results, failure of drugs 

in recent clinical trials (Mehta et al., 2017), suggests that 
traditional monotypic cell culture and rodent models do 
not precisely replicate the human brain physiology. Among 
differences between rodent and human, there is differences 
between the white and gray matter and cortical volume ratio 
(Mota et al., 2019), mouse neural density is four times greater 
than humans and the length density m/mm3 about twice that 
of humans (Tsai et al., 2009). Moreover, mice are resistant 
to most neurodegenerative diseases (Lutz and Osborne, 
2014). As such, there is tremendous interest in developing 
three-dimensional (3D) cell-based models to provide a 
more physiologically-relevant representation of the human 
BBB, brain parenchyma and NVU that can complement pre-
clinical models. Furthermore, many of these new models 
can function as platforms for screening compounds to treat 
many neurological disorders (Choi et al., 2019). New models 
leveraging both knowledge of the NVU cellular complexity, 
and engineering solutions to assay NVU functions, would 
greatly improve our understanding of the interactions 
between neurons and the vasculature in physiological and 
pathophysiological conditions. In this concise review, we 
will first discuss the recent advances made to model in vitro 
the brain parenchyma, the cerebrovasculature or/and the 
NVU using either organoids, microfluidic devices or tissue 
engineering techniques. Then, we will discuss the advantages 
and disadvantages of models showing promise for studying 
neurodegenerative diseases. Finally, we will propose the 
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cellular and engineering design features required of future, 
more physiologically-relevant human NVU models. 

Search Strategy and Selection Criteria
Studies cited in this review were searched on PubMed, 
GoogleScholar or Mendeley databases using the following 
keywords: in vitro model, cerebrovasculature, blood-brain 
barrier, neurovascular unit, organoid, spheroid, microfluidic, 
neurodegenrative disease and Alzheimer’s disease. 

Modeling the Brain Parenchyma Using Cerebral 
Organoids
Advances in pluripotent stem cell culture (Takahashi and 
Yamanaka, 2006), genome editing (Heidenreich and Zhang, 
2016) and induced pluripotent stem cells (iPSC) differentiation 
protocols have provided important in vitro translational tools 
to improve our understanding of the biology of the brain 
parenchyma and vasculature in health and disease (Arber et 
al., 2017; Engle et al., 2018; Li et al., 2018; Mertens et al., 
2018). Nevertheless, the limitations of 2D, monotypic cultures 
have been recognized when trying to model clinically relevant 
complexities of heterotypic cell-cell interactions and non-
cell-autonomous disease processes (Engle et al., 2018). For 
example, the benefit of glial co-culture to neuronal maturity 
and activity (Burkhardt et al., 2013; Shi et al., 2013) and 
improved barrier function of EC when cultured with pericytes 
and astrocytes (Canfield et al., 2019b; Blanchard et al., 2020). 
In order to recapitulate the more complex cell-cell interactions 
found in the brain, 3D cultures of brain cells were developed 
to model more closely the architecture of the brain and are 
referred as organoids or spheroids. 

In the presence of minimal media, cerebral organoids mimic 
the tissue architecture and physiological functions of the 
developing human brain in the micro- to millimeter range 
(Lancaster et al., 2013). Provision of extracellular matrix 
(ECM) proteins was a critical step in the development of 3D 
cortical forebrain cultures (Nasu et al., 2012; Kadoshima et al., 
2013) and embedding neural spheroids in extracellular matrix 
such as Matrigel® matrix rapidly promoted the formation 
of polarized neural tube-like buds facilitating outgrowth of 

neuroepithelial cells (Lancaster et al., 2013). Similar to the 
developing brain, these organoids display increasing regional 
specification with distinct areas exhibiting dorsal cortical 
morphology, choroid plexus, and ventral forebrain identity. 
Additional specification occurs within dorsal cortical areas 
AUTS2+ cells marking prefrontal cortex areas and TSHZ2+ cells 
marking occipital lobe. Functional cortical neurons develop 
within the cerebral organoids capable of spontaneous calcium 
surges, and glutamatergic receptor activity in response 
to glutamate (Lancaster et al., 2013). Cerebral organoids 
develop stochastically giving rise to a range of neuronal 
cell types including dorsal and ventral forebrain, midbrain, 
hindbrain, and retina (Lancaster et al., 2013; Lancaster and 
Knoblich, 2014; Camp et al., 2015; Quadrato et al., 2017). The 
stochastic nature of cerebral organoid formation can produce 
variable cellular compositions between batches, lines and 
protocols. This cellular heterogeneity in brain organoids can 
be constrained by altering media composition to guide cells 
to a specific fate. For example, neuroectodermal fate can be 
patterned with dual SMAD inhibition yielding dorsal forebrain 
identities (Kadoshima et al., 2013; Qian et al., 2016) and the 
further addition of sonic hedgehog agonists gives rise to 
ventral forebrain organoids (Bagley et al., 2017; Birey et al., 
2017; Xiang et al., 2017). Similarly, dopaminergic organoids 
are generated with dual SMAD inhibition and sonic hedgehog 
agonists, with the addition of fibroblast growth factor 8, and a 
Wnt activator to generate Forkhead Box A2 positive floorplate 
precursors, which develop into tyrosine hydroxylase positive 
dopaminergic neurons (Qian et al., 2016).

An advantage of 3D brain organoids for in vitro modelling 
i s  the  contr ibut ion  of  non-neuronal  l ineages  that 
support neuronal function. Glia, including astrocytes and 
oligodendrocyte precursor cells, have been observed 
in organoids (Dezonne et al., 2017; Kim et al., 2019). 
Transcriptional analyses of astrocytes isolated from brain 
organoids show astrocytes transition from a fetal to more 
mature state over time, accompanied by an increased peak 
amplitude of intracellular calcium concentration in immature 
neurons from human cerebral cortical spheroids (Sloan et 
al., 2017). Oligodendrocyte maturity also transitions over 
time, developing the ability to interact with neurons and 

Figure 1 ｜ NVU in health and AD. 
Schematic representation of the 
NVU at the pial artery, penetrating 
arteriole and capillary levels in 
health and AD. Flowchart on the 
right depicts the changes associated 
with AD. AD: Alzheimer’s disease; 
Aβ: beta-amyloid; BBB: blood-brain 
barrier; ECM: extracellular matrix;  
NVU: neurovascular unit. 
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myelinated neuronal axons (Madhavan et al., 2018; Kim et 
al., 2019; Marton et al., 2019). Oligodendrocyte-containing 
spheroids display oligodendrocytes with extended processes 
interacting with neurofilament positive axons. Furthermore, 
myelin is observed ensheathing axons with varying levels of 
compaction (Madhavan et al., 2018; Kim et al., 2019; Marton 
et al., 2019). As yet, this myelination does not display a 
mature in vivo structural organization, notably lacking nodes 
of Ranvier (Madhavan et al., 2018). Unlike astrocytes and 
oligodendrocytes, microglia derive form the mesoderm lineage 
(Ginhoux et al., 2010). Microglia are the innate immune cells 
in the central nervous system however in addition to immune 
functions, they have roles in synapse formation, and synapse 
elimination (Miyamoto et al., 2013, 2016), making them key 
players for mature neuronal function studies. Recently Ormel 
et al. reported that microglia innately occur in iPSC-derived 
cerebral organoids after 66 days in culture (Ormel et al., 
2018). In addition to the expression of the microglial marker 
Iba1, the organoid-derived microglia display characteristic 
ramified morphology and are able to mediate phagocytosis, 
with evidence of postsynaptic material within the organoid 
microglia.

Modeling the Cerebrovasculature Using 
Cerebral Organoids
One of the major limitations of organoid models is the 
presence of a necrotic core due to limited diffusion of oxygen 
and nutrients through the organoid (Lancaster et al., 2013, 
2017; Qian et al., 2016). A way to overcome this challenge is 
to provide a microvascular component in 3D organoid cultures 
to deliver nutrients and oxygen, with the added advantage of 
expanding the applicability of organoids to study the BBB and 
NVU. 

One approach to vascularize cerebral organoids is to engraft 
the organoids in animal models. Mansour and colleagues 
developed an in vivo model where human cerebral organoids 
made from human embryonic stem cells (hESC) were 
engrafted in immune-deficient NOD-SCID mouse brains 
(Mansour et al., 2018). The engrafted organoids developed 
a vasculature that is perfused with host blood and had 
reduced apoptosis. Further, once engrafted, organoids 
showed progressive neuronal differentiation patterns and 
maturation with growth of axons to multiples host brain 
regions, gliogenesis and presence of microglia. Together this 
suggests that incorporation of vasculature within in vitro 3D 
cerebral organoids may not only eliminate the necrotic core 
but also aid in the development of a mature system. Similarly, 
Pham et al. implanted cerebral organoids coated with EC 
derived from the same iPSC donor into immune-deficient 
mice and observed increased organoid vascularization (Pham 
et al., 2018). Overall, cerebral organoid engraftment in vivo 
overcomes the limitation of the necrotic core. However, in 
these models, the blood vessels are of partial murine origin 
reducing their relevance and translatability to the human 
BBB, and the protocols provided limited high-throughput 
production for drug testing. 

Another approach to introduce a human vasculature system 
into in vitro 3D cerebral organoid models is through co-
differentiation of EC with neural cell types. Upon treatment of 
hESC self-aggregated neural organoids with VEGF, enhanced 
vascularization is observed with cells expressing CD31 and 
the BBB tight junction marker claudin-5 without a significant 
reduction in neuronal markers (Ham et al., 2020). Further 
treatment with VEGF (25 ng/mL) and Wnt7a (10 ng/mL), which 
are involved in brain angiogenesis and pericyte mesenchymal 
differentiation, promoted tube-like structures surrounded by 
α-smooth muscle actin positive pericyte-like cells by 4 months 
in culture (Ham et al., 2020). Another co-differentiation 
method used ectopically expressed human ETS variant 2 (ETV2) 

under Doxycycline (dox)-induced promoter in a subset of hESC 
using lentivirus transduction. When 20% of the cells express 
ETV2, in the presence of dox a complex vascular network is 
formed in the cerebral organoids (Cakir et al., 2019). ETV2-
induced EC demonstrated increased expression of the tight 
junction proteins zonula occludens-1, claudin-5 and occludin, 
increased expression of the nutrient transporters glucose 
transporter 1 and higher trans-endothelial electrical resistance 
(TEER). Moreover, the vasculature is functionally perfused 
when engrafted into immunodeficient Rag2–/– GammaC−/− 
mice (Cakir et al., 2019). 

Another approach to vascularize 3D organoids in vitro is to co-
culture cerebral and EC spheroids. Song et al. generated hybrid 
NVU spheroids by combining neural progenitor cell spheroids 
and EC spheroids with the additional supporting iPSC-derived 
mesenchymal stem cells (Song et al., 2019).  This tri-spheroid 
culture shows markers of MAP2+ neurons, GFAP+ astrocytes 
and CD31+ EC as well as increased expression of the BBB 
marker glucose transporter 1, efflux transporter breast cancer 
resistant protein, and tight junction marker occludens-1. 
Moreover, these vascularized organoids expressed greater 
ECM proteins such as collagen IV, laminin, chondroitin 
sulfate proteoglycan and matrix remodelling proteins matrix 
metalloproteinase 2 and matrix metalloproteinase 3 (Song et 
al., 2019). Recently, Shi et al. (2020) generated vascularized 
organoids by co-culture of human umbilical vein EC with 
hESC. Over time, human umbilical vein EC displayed more 
BBB endothelial phenotypes with increased expression of 
p-glycoprotein efflux transporter. Furthermore, vascular 
organoids display greater chemical and electrical synaptic 
activity observed by spontaneous excitatory postsynaptic 
currents, spontaneous inhibitory postsynaptic currents and 
bidirectional electrical transmission compared to organoid 
lacking EC. 

Increasing complexity of the 3D culture systems by the 
inclusion of vascular, neuronal and glia cell types brings 
greater relevance to the model systems, and enhances both 
vascular and neuronal physiology within the system (Song et 
al., 2019; Shi et al., 2020). For future studies, it remains to be 
seen if vascularized brain organoids are able to be perfused, 
independent of simple diffusion or animal implantation, 
and in a manner amenable to specifically assay the luminal/
abluminal sides of the vessels. Furthermore, controlled 
perfusion will enable not only the possibility to perfuse the 
system with medium reducing the characteristic necrotic 
core in organoids but also permit the perfusion of blood cells, 
which play fundamental role both in healthy physiology and 
neurodegenerative disease pathophysiology (Zenaro et al., 
2015; Baufeld et al., 2018). Other limitations of the cerebral 
organoid are their variability, however this could be extended 
to every complex 3D culture. 

Modeling the Blood-Brain Barrier and 
Neurovascular Unit Using Microfluidic Platforms 
While organoids predominantly focus on neuron-neuron or 
neuron-glial interaction with the aforementioned problems 
associated with the difficulties in perfusing potential vascular 
bed, many other groups have focused specifically on the 
vasculature and in particular the BBB. There is great interest 
in both academia and industry in developing experimental 
BBB models, with a particular focus on developing novel 
brain therapeutics that require BBB crossing. Historically, BBB 
models used static transwell systems where EC are cultured 
alone or with astrocytes and/or pericytes on a semipermeable 
membrane separating an upper and a lower chamber (e.g. 
(Canfield et al., 2019a; Jamieson et al., 2019)) Although this 
simple system is cost effective and user-friendly, the absence 
of luminal flow as well as the 2D structure do not recapitulate 
the complex architecture of the BBB and therefore limit the 
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relevance of the results. Importantly, it has become clear that 
cells sense and respond to the dimensionality and rigidity 
of their environment, and such qualities cannot be modeled 
using 2D methods (Potjewyd et al., 2018). Multicellular 
spheroid systems consisting of human primary brain EC, 
primary pericytes and primary astrocytes spontaneously self-
organize into a multicellular BBB-like structure with the glial 
cells in the middle and EC on the surface (Urich et al., 2013; 
Cho et al., 2017; Bergmann et al., 2018). In particular, Cho and 
colleagues generated BBB organoids expressing tight junctions, 
molecular transporters and exhibit drug efflux pump activity 
(Bergmann et al., 2018; Cho et al., 2017).  Moreover, these 
organoids are amenable for drug penetration studies using 
confocal fluorescence microscopy and mass spectrometry 
imaging. However, these structures do not allow specific 
manipulations of the BBB to enable real-time monitoring of 
barrier integrity in drug delivery studies, nor are these models 
perfusable through a physical lumen. 3D dynamic in vitro 
BBB models, with the correct anatomical dimensions of the 
NVU, have distinct advantages over traditional, transwell and 
spheroid cultures due to the influence of perfusion conditions 
on cell behavior. EC and astrocytes were co-cultured in hollow 
fibers under luminal flow conditions (Cucullo et al., 2007). 
This model reproduces multiple functional properties of the 
BBB such as high TEER values and low penetrance of polarized 
molecules but the rigidity and the difficulties to image the 
cellular structure limits its relevance.

Recent advances in microfluidic technology have resulted in 
the development of novel BBB and NVU models (review in 
Oddo et al., 2019). A few studies developed 3D microfluidic 
BBB models consisting of EC with astrocytes and pericytes 
originating from different species (Griep et al., 2013; 
Prabhakarpandian et al., 2013; Campisi et al., 2018). While 
these studies better recapitulate the physiology of the brain 
capillary, they lack neurons. Adriani et al. (2017) engineered 
the first 3D neurovascular microfluidic model consisting of 
rat neurons and glial cells with human cerebral EC. In this 
model, the cells are physically organized in layers using a four-
channel chip with direct contact between the channels. The 
neurons and astrocytes were seeded in specific collagen-I 
based hydrogels in the two middle channels, EC were seeded 
in the channel on the astrocyte side and the fourth channel 
served to provide nutriment to the neurons. Although 
the EC permeability is 2 × 10–5 cm/s using 10 kDA dextran 
and neuron have neurite outgrowth and activity upon KCl 
stimulation using the calcium dye X-Rhod-1, this study mixed 
species reducing the relevance of the model (Adriani et 
al., 2017). Human neurons were integrated in a sandwich 
microfluidic device where primary brain microvascular EC line 
a microfluidic channel with a polycarbonate filter membrane 
with 0.2 μm pores separating the brain chamber composed 
of primary astrocytes and pericytes and iPSC derived neurons 
cultured in collagen-I (Brown et al., 2015). Although authors 
reported EC barrier formation using both a four probes 
custom-built impedance system to measure TEER and 10 kDa 
FITC dextran, they did not provide physiological validation of 
neuronal function. Recently Maoz and colleagues developed 
a linked organ-on-chip NVU system consisting of a BBB chip 
(primary human brain EC, pericytes and astrocytes) linked 
via cerebrospinal fluid perfusion (0.0007 dyne/cm2, 0.06 
mL/h) to a brain chip composed of hippocampal stem cell 
derived neurons and primary astrocytes (Maoz et al., 2018). 
Under luminal flow conditions (0.02 dyne/cm2, 0.06 mL/h),  
the BBB was impermeable to both BSA (66.5 kDa) and 
fluorescent Cascade blue (530 Da) and recovered after 
methamphetamines challenge. Although there is a metabolic 
coupling between BBB and the neurons, this model lacks 
anatomical fidelity as the BBB and neurons are separated 
in different chips with EC and astrocytes/pericytes further 
separated by a porous (0.4 µm) polyethylene terephthalate 
membrane. Vatine and col leagues used a sandwich 

microfluidic device where iPSC-derived EC were cultured in 
a perfusable channel with a polydimethylsiloxane porous 
membrane (7 μm pores) separating the brain chamber 
composed of iPSC-derived neurons and astrocytes (Vatine 
et al., 2019). The authors demonstrated BBB function using 
both luminal circulated 3 kDa FITC-dextran (0.03 mL/h),  
and modified chips with gold electrodes on both sides of 
the porous membrane. In this sandwich model, the TEER 
measures were as high as 1500 Ω/cm2 two days after seeding 
corresponding to the lower limit of reported in vivo BBB 
resistance (1500–8000 Ω/cm2) (Wolff et al., 2015). Further 
using the cell permeable calcium dye Fluo-4 and confocal 
microscopy, the authors showed that neurons in the chip 
exhibit spontaneous activity that was inhibited by the 
sodium channel blocker tetrodotoxin indicating that the 
chip environment supports neuronal synaptogenesis and 
network formation. Further, this model allows the use of 
patient derived iPSCs and the possibility to flow patient blood 
through the circulation channel opening avenues to study 
neurodegenerative diseases and personalized medicine. 

Due to the nature of microfluidic chip production using soft 
lithography, perfusion channels are rectangular resulting in 
non-uniform flow and a shear stress profile which alters EC 
behavior (van der Helm et al., 2016). In order to generate 
a circular channel, several groups have used micro-needles 
placed into a collagen gel. Once the gel polymerized the 
needle is removed to generate a hollow channel that is 
lined with EC (Chrobak et al., 2006; Kim et al., 2015a). Other 
groups have used viscous fingering to create a hollow channel 
in a collagen-I matrix containing glial cells and pericytes 
(Herland et al., 2016). Although these techniques generate 
a single circular vascular channel, there is as yet no study 
demonstrating the ability to culture functional human 
neurons in these systems. The use of collagen-I represents 
another limitation, as although collagen-I is present in the 
cerebrovasculature, the brain parenchyma ECM is composed 
of hyaluronan, chrondroitin sulphate proteoglycan and 
tenascin R (Lau et al., 2013). Finally, the group of Li Jeon 
used a parallel microfluidic chip design where EC grow via 
angiogenesis from a perfusion channel into a channel filled 
with ECM (e.g. fibrinogen, collagen or Matrigel® matrix) 
containing neurons and glia (Bang et al., 2017). Because 
this system relies on angiogenesis, flow dynamics in the 
vascular bed are not altered like in rectangular channels. 
Furthermore, this model promoted cell-cell interactions as 
there is no porous membrane separating the vascular and the 
brain chambers. Recently this system was further improved 
in a high throughput 96 well plate format (Lee et al., 2019). 
These systems hold great promise but so far have been 
generated using cells from different species. Osaki et al. (2018) 
generated a fully humanized model using a parallel chip 
design where iPSC-derived EC formed a perfusable vascular 
network in a porcine skin collagen-I matrix containing iPSC-
derived neurons. They further demonstrated the formation of 
a low permeability BBB using 40 kDa fluorescent dextran and 
neuronal function via calcium imaging. Because these models 
rely on EC angiogenesis, the vascular network and the flow 
might be highly variable between chips and reproducibility 
remains to be demonstrated. 

Development of In Vitro Neurodegenerative 
Models 
In the last decade, several groups have made considerable 
efforts to develop human in vitro models intended to study 
neurodegenerative diseases in particular for AD (Slanzi et al., 
2020). Among all these models only a handful recapitulate 
the 3D complexity of human tissues. Choi and colleagues 
first described a model made of the immortalized human 
neural progenitor cell line ReNcell VM that overexpressed the 
amyloid precursor protein and/or presenilin 1 (PSEN1) with 
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amyloid precursor protein (K670N/M671L and V717I) and 
PSEN1 (ΔE9) commonly known as early onset familial AD (FAD) 
mutations (Choi et al., 2014; Kim et al., 2015b). ReNcell were 
grown in thick (1:1) or thin (1:10–20 cell:Matrigel® matrix) 
3D culture on transwell or regular 24 or 96 well plates. After 
10–14 weeks, ReNcell showed both extracellular beta-amyloid 
(Aβ) plaque accumulation and phosphorylated Tau (pTau) 
deposition in neuron soma and neurites, two pathological 
hallmarks of AD. ReNcell derived neurons were also used to 
generate neurospheroids within arrays of microwells, where 
they produced both Aβ plaques and hyperphosphorylated 
tau protein after 8 weeks in culture (Jorfi et al., 2018). This 
model presents undeniable progress for drug screening 
against amyloid plaques and pTau deposition but lacks non-
neuronal cell types. In 2018, Park et al. used the ReNcell with 
the FAD mutations and the microglial human cell line SV40 
to generate a 3D tri-culture model composed of neurons, 
astrocytes and microglia to study AD (Park et al., 2018). 
ReNcell were seeded and differentiated into neurons and 
astrocytes in Matrigel® matrix at a ratio of 1:1 or 1:5 in a 
homemade polydimethylsiloxane well with 50 μm side micro-
channels for microglial recruitment from the outside of the 
well. Unlike previous ReNcell models, neuron functionality 
was confirmed using calcium imaging using microscopy. After 
3-9 weeks of culture, microglia were seeded on the outside 
of the well and maintained in culture for up to 6 days to allow 
recruitment and migration via the micro-channels. In addition 
to Aβ plaque formation and pTau accumulation, the authors 
reported microglial recruitment, nitric oxide release and 
axonal cleavage as a result of neuroinflammation. The lack 
of vasculature and circulating monocyte in this model might 
under report the role of immune cells in AD as in addition of 
resident microglia, blood-circulating monocytes infiltrate the 
brain and participate in the immune response (Maleki and 
Rivest, 2019). Recently Shin and colleagues developed a five 
channels microfluidic AD model composed of neurons and 
astrocytes differentiated from ReNCell with FAD mutations 
and co-cultured with the BBB cell line hCMEC/D3 (Shin et al., 
2019). Using this model, they showed several aspects of BBB 
dysfunction in AD including increased BBB permeability, matrix 
metalloproteinase 2 level, and reactive oxygen species (ROS), 
decreased tight junction expression, and deposition of Aβ in 
the vasculature. Although these studies represent undeniable 
progress toward novel human in vitro models, these studies 
required immortalized cells lines and the overexpression of 
FAD mutations which may both limit the relevance of the 
models as cells lines do not always recapitulate primary cells 
(Kaur and Dufour, 2012) and FAD mutations only account for 
1% of total AD cases (Lane et al., 2018).   

To circumvent the limitation associated with cell lines, Lee et 
al. generated iPSC from blood cells of five AD patients before 
differentiating them into neurospheroids composed of both 
neurons and astrocytes (Lee et al., 2016). More recently, 
a physiological 3D model of AD was described in which 
neural areas with a cortical-like organization are generated 
from fibroblast-reprogrammed iPSCs donated by an adult 
with FAD mutation (PSEN1 A246E) and Down syndrome 
patients using the protocol described by Lancaster and 
Knochblich (Gonzalez et al., 2018). After 110 days in culture 
aggregated Aβ plaques and hyperphosphorylated tau protein 
spontaneously accumulate in these highly complex cerebral 
organoids. The large-scale application of such patient derived 
organoid models might be limited in the future due to the 
laborious procedures, high costs and time associated with 
their generation.   

Recently, Blanchard and colleagues developed a 3D, self-
assembled BBB to study cerebral amyloid angiopathy 
(CAA) and AD (Blanchard et al., 2020). Briefly, iPSC-derived 
astrocytes, pericytes and endothelial cells were encapsulated 
in Matrigel® matrix and self-organized over four weeks into a 

capillary bed. In this model, ECs form vessel-like structures, 
mural cells migrate to positions proximal to the vessel, 
and aquaporin-4 positive astrocytes surround the vessels 
and extend GFAP+ projections into the perivascular space. 
Additionally, the authors demonstrated the BBB cultures 
remodel the ECM, acquiring laminin-4 found in the BBB 
basement membrane (BM) - the site of amyloid deposition in 
capillary CAA. The anatomy of this self-assembled 3D model 
recapitulates the BBB, however it is unclear if the vessels are 
perusable and therefore limits its usage with respect to vessel 
biology. In parallel to the development of spheroid, organoid 
and microfluidic models, bioengineering techniques were 
used to generate perfusable vessel models. We developed 
a 3D human perfusable model of large cerebral vessels to 
study CAA and Aβ-associated vascular inflammation. This 
model consists of primary human EC, SMC and astrocytes, 
seeded on a tubular biodegradable scaffold and cultured in 
a bioreactor with the vascular tissue separating a “brain” like 
chamber and a “blood” like chamber (Robert et al., 2017). 
Although this model was generated with umbilical EC and 
SMC, the endothelium developed a BBB like phenotype 
with Claudin-5 and glucose transporter 1 expression. To 
recapitulate the CAA conditions, recombinant Aβ40 and Aβ42 
are added to the brain chamber medium, thus studying Aβ 
accumulation and transport through the vascular wall. Since 
Aβ activates endothelial cells increasing leukocyte binding and 
transmigration, this 3D biomimetic model was also used to 
study Aβ-induced peripheral blood monocyte adhesion to the 
human endothelium (Robert et al., 2017). This bioengineered 
model was recently used to mechanistically understand 
how blood-circulating high-density lipoprotein promotes 
cerebral vascular health in AD by reducing amyloid beta (Aβ) 
vascular accumulation and Aβ-induced monocyte binding to 
the endothelium (Robert et al. 2020). However, this model 
lacks neurons and relies solely on exogenous recombinant 
Aβ, and thus, is limited in its ability to study the role of 
neuronal biology and function.  Recently, we successfully 
expanded this platform to generate a model of the arterial 
neurovascular unit composed of primary human EC, SMC, 
and astrocytes cultured in the presence of apical human iPSC-
derived glutamatergic cortical neurons. In this novel model, 
Aβ is produced by iPSC neurons and transported through 
the vascular wall where they accumulated gradually with 
Aβ40 accumulating the strongest. In addition to Aβ, pTau also 
accumulated in the vascular wall further endorsing this system 
as a potential viable AD model (Robert et al., 2020). 

Taken together, these studies summarized in  Table 1 
clearly demonstrate how human based 3D in vitro models 
might revolutionize the mechanistic investigation of 
neurodegenerative diseases, and facilitate the development 
of associated therapeutics. 

Towards Improved Models of the Neurovascular 
Unit
The use of in vitro models to study in vivo physiology and 
disease processes comes with limitations.  Acknowledging that 
not every model is suited to answer every biological question, 
has thus far demanded the use of complementary systems to 
build a complete picture of disease mechanisms (Blanchard 
et al., 2020). As we look to the future, we now envisage the 
biological and engineering components of new models as we 
progress towards an ideal NVU model. 

Increased cellular complexity in future models will enhance 
the physiological relevance, and better recapitulate the 
anatomical and functional features of the NVU. In existing 
systems, inclusion of vascular and parenchymal cell types 
enhances both vascular and neuronal physiology (Song 
et al., 2019; Shi et al., 2020). To advance cerebrovascular 
models, vessels formed of EC need to be structurally 
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supported by appropriate mural cells, such as pericytes in 
the capillary and SMC in larger vessels, which regulate EC 
gene expression, barrier permeability and CBF (Armulik et al., 
2010; Vanlandewijck et al., 2018; Liu et al., 2020). In addition 
to mural cells, astrocytes should form endfeet structures to 
interact with the vessels as they regulate lumen dilation and 
constriction to control blood flow (Iadecola and Nedergaard, 
2007; Masamoto et al., 2015). Support for the interactions 
of EC, mural cells and astrocytes is provided also by BM 
proteins collagen IV, laminin, nidogen and perlecan (Xu et 
al., 2019). Notably in AD, changes to the BM are observed 
including deposition of Aβ, BM thickening, and alteration in 
BM protein composition (Thomsen et al., 2017). Therefore, 
systems incorporating relevant BM will be able to investigate 
mechanisms of these disease related changes.

Brain EC show a gradual gene expression from the arteries, 
capillaries and veins (Vanlandewijck et al., 2018) and like 
other cells, EC gene expression changes while aging (Ximerakis 
et al., 2019). In addition to specific tight junction (Claudin 
5, etc.), which are often used to define the specificity EC in 
in vitro models, brain EC express a wide array of polarized 
transporters reflecting the importance of trans-BBB transport 
(Barar et al., 2016). Further characterisation of EC will 
therefore improve the relevance of future models. In addition, 
EC are due to their anatomical localization, directly exposed 

to CBF and shear stress and neurodegenerative disease alter 
CBF. In particular, shear stress directly regulates the structure 
and functions of EC and pathological shear stress causes 
endothelial dysfunction (Colgan et al., 2007). For example, 
within capillaries blood flow rate typically range between 6 
to 12 nL/min with a shear stress ranging from 10 to 20 s/cm2 

for a capillary of 10 μm (Wong et al., 2013). Systems modeling 
native like blood flow and shear stress will further enhance 
the translatability to human.

A highly important aspect for these complex cellular models 
is to ensure reproducibility. The origin of primary cells and 
the differentiation protocols for stem cells will need to be 
standardized. Higher reproducibility might also be achieved 
in the upcoming years with companies offering differentiation 
kits for the generation of organoids (e.g. StemCell, Vancouver 
Canada), selling premade organoids (e.g. Neurix, Geneva, 
Switzerland) or producing ready to seed microfluidic devices 
for low (e.g. Emulate Boston, USA or Aim Biotech, Singapore) 
and high throughput (e.g. Mimetas, Leiden Netherland) 
research. 

With the increasing cellular complexity and therefore relevant 
physiology of future models, engineering and design solutions 
to interrogate enhanced functionality of models will be key 
to maximizing biological readouts. Devices to support the use 

Table 1 ｜ AD model summary 

Structure Advantages Limitations References

Cortical model based on 3D hydrogel gel 
(neurons and astrocytes)

• Deposition of amyloid plaques • Absence of vascular cells Choi et al. (2014); Kim et al. 
(2015b); Jorfi et al. (2018)• Accumulation of pTau • Absence of flow  

• High-throughput possible • Cell lines with FAD mutations
• Short time of culture 

Cortical model based on 3D hydrogel gel 
(neurons, astrocyte and microglia)

• Deposition of amyloid plaques • Absence of vascular cells Park et al. (2018)
• Accumulation of pTau • Absence of flow  
• Microglial migration assay • Cell lines
• Short time of culture 

NVU capillary model based on 
microfluidic chip (EC, astrocytes and 
neurons)

• CAA and amyloid plaque deposition • Cell lines Shin et al. (2019)
• Live imaging • Absence of mural cells
• Vascular flow • Non-contractile
• EC permeability assays
• Short time of culture 

Cortical model based on organoids 
(neurons and astrocytes)

• IPSC from AD patient • Low through put Lee et al. (2016); Gonzalez 
et al. (2018)• Deposition of amyloid plaques • Long time of culture 

• Accumulation of pTau • Absence of vascular cells
• Apoptosis assay • Absence of flow

Capillary model based on 3D hydrogel 
(EC, pericytes and astrocytes)

• IPSC from patient • No perfusion Blanchard et al. (2020)
• CAA • Exogenous Ab
• Deposition of BM • Absence of neuron
• Self-organization of the vasculature • Non-contractile?
• Short time of culture 

Arterial model based on tissue 
engineering (EC, SMC and astrocytes)

• CAA • Recombinant Ab Robert et al. (2017)
• Vascular flow • Absence of neuron
• Trans-endothelial transport • Low throughput 
• Primary cells • Long time of culture 
• Monocyte perfusion • Non-contractile 
• Live media sampling in lumen and 
ablumen

NVU arterial  model based on tissue 
engineering (EC, SMC, astrocytes and 
neurons)

• CAA • Low throughput Robert et al. (2020)
• Accumulation of pTau • Long time of culture
• Neuronal and glial biomarkers • Non-contractile 
• Trans-endothelial transport • Umbilical origin of the vascular cells 
• Vascular flow
• Live media sampling in lumen and 
ablumen

3D: Three-dimensional; AD: Alzheimer’s disease; Aβ: amyloid beta; BM: basement membrane; CAA: cerebral amyloid angiopathy; EC: endothelial cells; FAD: 
early onset familial AD; IPSC: induced pluripotent stem cells; NVU: neurovascular unit; pTau: phosphorylated Tau; SMC: smooth-muscle cells. 
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of imaging allows leveraging of the numerous fluorescent 
based assays for function, from basic protein expression using 
immunocytochemistry, to fluorescent calcium indicators for 
signal transduction (e.g. Fura-2), and organelle trackers (e.g. 
Mitotracker, Lysotracker). Tractable perfusion of vessels is of 
high importance and the addition of sensor devices opens 
up models to in line measurements of flow, pressure, sheer 
stress, compliance and vascular integrity (Webb et al., 2007; 
Booth and Kim, 2012; Laterreur et al., 2014; Tsai et al., 2015; 
Varma and Voldman, 2015).  Designs that include ports 
will permit sampling of analytes from perfused vessels, or 
the parenchyma (Robert et al., 2017b). Finally, thoughtfully 
designed electrodes are useful for live measurements of 
TEER, chemical and biological molecules quantification at the 
nanoscale or electrophysiological studies of neuronal activity 
(Schaffhauser et al., 2011; Rackus et al., 2015; Mahshid et 
al., 2017; Liu et al., 2018; Vatine et al., 2019). A schematic of 
the propose features is depicted in Figure 2. We anticipate 
as more commercial devices become available, these models 
will become user-friendly and cost-effective for use in most 
research facilities.

B

A

Figure 2 ｜ In vitro models of the NVU. 
(A) Current NVU model types. (B) Proposed features for future in vitro models 
of the NVU. NVU: Neurovascular unit. 

Summary
As we progress towards more physiologically-relevant 
models of the NVU, innovations drawn from advanced cell 
culture systems, and novel engineering designs will drive 
our understanding of the biology and pathophysiology of 
the NVU. With increased fidelity, it is hoped model systems 
will be better positioned to identify disease mechanisms and 
treatment targets, as well as inform which therapeutics will be 
effective in vivo.      
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