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Abstract

The blood-brain barrier (BBB) regulates the transport of ions, nutrients, and metabolites to help 

maintain proper brain function. This restrictive interface formed by brain microvascular 

endothelial cells excludes the majority of small and large molecule drugs from entering the brain, 

and blood-brain barrier dysfunction is a signature of many neurological diseases. Thus, in vitro 
models of the BBB based on brain endothelial cells have been developed to facilitate screening 

drugs for BBB permeability. However, while brain endothelial cells form the main interface, they 

work in concert with other brain-resident cells such as neural progenitor cells, pericytes, 

astrocytes, and neurons to form the neurovascular unit (NVU). Importantly, non-endothelial cells 

of the NVU play key roles in eliciting BBB phenotypes and in regulating the dynamic responses of 

the BBB to brain activity and disease. As a result, emerging in vitro BBB models have 

incorporated these NVU cell types in addition to endothelial cells. These multicellular BBB or 

NVU models have found increasing application not only in drug screening, but also in studying 

complex cellular and molecular mechanisms underlying BBB biology and disease.

Keywords

Blood-Brain Barrier; Neurovascular Unit; Brain Endothelial Cells; Pericytes; Astrocytes; Neurons

Introduction

The blood-brain barrier (BBB) comprises highly specialized brain microvascular endothelial 

cells (BMECs) that maintain the delicate balance of ions, nutrients, and other molecules 

essential for proper brain function, while also excluding toxins from the central nervous 

system (CNS). Among the specialized properties of BMECs are (i) lack of fenestrae, (ii) 

tight junctions between adjacent endothelial cells, (iii) presence of solute carriers that 

regulate ion and small molecule transport, (iv) expression of efflux transporters including P-

glycoprotein (P-gp), Breast Cancer Resistance Protein (BCRP), and Multidrug Resistance 

Proteins (MRPs), (v) low levels of pinocytosis, and (vi) receptor-mediated processes for 

specific uptake of macromolecules (reviewed in [1–3]).
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Although the microvascular endothelium constitutes this restrictive interface, other cell types 

present in the neurovascular microenvironment during development and adulthood including 

neural progenitor cells, pericytes, astrocytes, and neurons contribute significantly to the 

BBB phenotype. Increasing appreciation of the importance of multiple cell types in 

regulating dynamic BBB responses to physiological and disease stimuli has led to the 

concept of an integrated neurovascular unit (NVU), which minimally consists of BMECs, 

pericytes, astrocytes, and neurons (Figure 1A), and for some studies can extend to include 

neural stem cells or microglia.

The development of in vitro BBB models has been driven by the desire to understand BBB 

function in development, health, and disease. Moreover, because the BBB excludes the vast 

majority of small molecule, protein, and gene therapeutics [4], in vitro BBB models also 

offer a platform for screening drug candidates for BBB permeability. To date, considerable 

effort has led to the generation of many BMEC-based models of the BBB (reviewed in [5–

7]). Importantly, in vitro models that incorporate multiple NVU cell types can have 

advantages over BMEC-only models. First, the presence other NVU cell types can induce or 

improve barrier properties, such as the formation of continuous tight junctions to reduce 

paracellular diffusion or “leakiness”. When used for drug permeability screening, such 

models may therefore yield results that are more predictive of in vivo permeability. Second, 

multicellular models can provide a tool to interrogate paracrine and juxtacrine signaling that 

may underlie elements of BBB development and maintenance. Finally, given emerging 

knowledge about the roles of neurovascular dysfunction in many diseases of the CNS 

(reviewed in [3,8]), in vitro models of the NVU, including those derived from patient-

specific induced pluripotent stem cells (iPSCs), may provide opportunities to better 

understand molecular and cellular mechanisms of CNS diseases.

We will first briefly discuss the roles of neural progenitor cells, pericytes, astrocytes, and 

neurons in regulating the development and maintenance of the BBB. We will then review 

recent advances in BBB modeling resulting from incorporation of NVU cells to form 

multicellular BBB models, and highlight several examples of the utility of such models in 

understanding BBB biology and disease.

Roles of non-endothelial NVU cells in BBB formation and function

Stewart and Wiley [9] used quail-chick transplantation studies to show that developing 

neural tissue was necessary for endothelial BBB development. Subsequent work established 

the ability of both astrocytes [10,11] and neurons [11,12] to induce BBB phenotypes in 

endothelial cells. In addition, during early embryogenesis the BBB initially forms in the 

presence of neural progenitor cells when astrocytes are not yet present. Studies have 

demonstrated the ability of embryonic neural progenitor cells (NPCs) to induce BBB 

properties such as decreased endothelial permeability and improved tight junction formation 

in vitro [13], and it was later determined that Wnt/β-catenin signaling driven by NPCs is 

required for CNS angiogenesis and contributes to barriergenesis during development [14]. In 

addition, signaling through retinoic acid secreted by radial glial cells [15], Hedgehog 

secreted by astrocytes [16], and GPR124 [17,18] have also been implicated in aspects of 

BBB development. Key roles for pericytes in barriergenesis have also been described, as 
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pericytes regulate BBB endothelial tight junction morphology, transcytosis, and expression 

of leukocyte adhesion molecules [19]. Pericytes are also required for the maintenance of the 

BBB in adulthood, as demonstrated by pericyte-dependent endothelial gene expression, 

reduction in endothelial transcytosis, and astrocyte end-foot polarization [20]. Furthermore, 

given the ability of astrocytes to induce and maintain endothelial BBB properties in vitro, 

the close association of astrocytes with endothelial cells in vivo, and correlations between 

astrocyte pathologies and BBB breakdown (reviewed in [21]), it is likely that continued 

astrocyte-endothelial signaling is necessary for BBB maintenance. Neurons similarly have 

the ability to induce and maintain BBB properties in vitro [11,12,22], but currently a 

detailed picture of neuron-endothelial crosstalk is lacking. Taken together, there is a clear 

impact of non-BMEC cell types on BBB formation and function motivating the development 

and use of multicellular NVU-type models to continue to advance our understanding of 

these complex phenomena in neural health, disease, and therapy.

Advances in multicellular BBB models

Recently developed multicellular BBB models have incorporated neural progenitor cells, 

pericytes, astrocytes, and neurons. These models have employed both primary and 

immortalized cells from human, rodent, bovine, and porcine sources. NVU cells derived 

from pluripotent stem cell or neural stem cell sources have also been used (Table 1). Most 

models have been constructed using either Transwell culture inserts or microfluidic devices, 

and models based on cell aggregates are an emerging alternative (Figure 1B). Below we will 

summarize each of these configurations as they pertain to the contribution of NVU cells to 

the BBB model.

Transwell models

Transwell-based BBB models typically consist of endothelial cells cultured on an 

extracellular matrix-coated permeable membrane of a cell culture insert, which is then 

suspended within a well of a 12- or 24-well plate (Figure 1B). Benefits of the Transwell 

platform include ease of use, moderate scalability, and the ability to rapidly and 

nondestructively quantify barrier integrity via measurement of transendothelial electrical 

resistance (TEER). Additionally, for permeability screening, molecules or cells can be added 

to the culture medium in the top (apical or “blood-side”) chamber and their accumulation in 

the bottom (basolateral or “brain-side”) chamber evaluated over time, or vice versa. 

Drawbacks of the Transwell system include the lack of fluid flow and the relatively large 

media volume, which may attenuate the effect of cell-cell signaling through soluble factors. 

Additionally, the permeable membrane prevents substantial contact between BMECs and 

other NVU cell types.

The Transwell system can be readily adapted to multicellular BBB models, and offers 

flexibility in the arrangement of different cell types depending on the intended application of 

the model. NVU cell types can be cultured on the bottom of the well, allowing the exchange 

of soluble factors with BMECs cultured on the insert. For example, human pluripotent stem 

cell (hPSC)-derived BMECs have been co-cultured sequentially with primary human 

pericytes and human neural progenitor cell-derived neurons and astrocytes in this manner, 
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demonstrating robust increases in TEER up to 5,000 Ω × cm2 [23]. In addition to allowing 

sequential co-culture with different cell types, the Transwell platform also allows 

simultaneous co-culture of three distinct cell types while maintaining spatial separation of 

each cell type for subsequent molecular analysis. BMECs are typically cultured on the top 

surface of the membrane, a second cell type is cultured on the bottom surface of the 

membrane (sometimes referred to as “contact” co-culture, though the membrane prevents in 
vivo-like cell-cell contact), and the third cell type is cultured on the bottom of the well 

(Figure 1B). For example, Thomsen et al. developed a Transwell BBB model incorporating 

primary porcine brain endothelial cells, pericytes, and astrocytes [24]. Both pericytes and 

astrocytes increased TEER and decreased mannitol permeability compared to BMEC 

monoculture. “Contact” co-culture of pericytes and BMECs or astrocytes and BMECs 

increased expression of the gene encoding the tight junction protein claudin-5, an effect not 

observed in analogous “non-contact” co-cultures. Transwells are also amenable to 

alternative arrangements of cells. As a recent example, Hawkins et al. demonstrated that 

endothelial cells could be cultured on the bottom of the insert to facilitate a comparison of 

monolayer (two-dimensional, 2D) and collagen hydrogel (three-dimensional, 3D) astrocyte 

culture in the top chamber [25]. Addition of TGF-β1 to 3D astrocyte-endothelial co-cultures 

led to a larger decrease in TEER than in 2D, and this effect was not observed in the absence 

of astrocytes.

Several recently reported Transwell-based models incorporate one or more cell types derived 

from hPSCs. hPSCs are an attractive cell source for in vitro modeling since they are 

renewable and scalable, there are established protocols for their differentiation to many 

relevant NVU cell types including BMEC-like cells [23,26,27], and the resulting cells may 

have more relevance to human biology than immortalized cell lines or cells isolated from 

nonhuman animals, particularly for modeling human disease. For example, a quadruple-

culture model encompassing hPSC-derived brain endothelial cells, hPSC-derived and 

primary astrocytes and neural stem cells, and primary pericytes exhibited increased TEER, 

decreased permeability to 40 kDa dextran, and increased expression of the glucose 

transporter Glut-1 (SLC2A1) compared to endothelial monoculture [28]. Another potentially 

powerful application of stem cell technology is the use of patient-derived iPSCs to create 

patient-specific multicellular BBB models wherein all cell types are derived from the same 

donor iPSC line. Recently, Canfield et al. demonstrated the differentiation of BMECs, 

neurons, and astrocytes from the same iPSC line [22]. Subsequent triple-culture of BMECs 

with a mixture of neurons and astrocytes in a physiologically-relevant 1:3 ratio increased 

TEER and improved tight junction continuity compared to BMECs cultured alone. As 

another example, co-differentiation of endothelial cells and pericytes from iPSCs by 

sequential treatment with several growth factors, and co-culture with iPSC-derived neurons 

and astrocytes induced BBB properties in the endothelial cells, including expression of 

nutrient and efflux transporters and development of tight junctions [29]. Subsequently, the 

resultant BMEC-like cells were purified via FACS and incorporated in a Transwell model in 

co-culture with astrocytes. Examples of the utility of such NVU models derived from 

patient-specific iPSCs in disease modeling are discussed below.
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Microfluidic models

Microfluidic devices offer several benefits in multicellular BBB modeling. Compared to 

Transwells, the smaller relative medium volume in microfluidic systems minimizes dilution 

of secreted factors that may be important in modulating BBB properties. These systems also 

facilitate the application of shear stress by medium flow, mimicking the effect of blood flow 

in vivo, and therefore serve as a platform to investigate influences of shear stress on BBB 

properties [30,31]. Microfluidic models also permit a more physiologically-relevant 

arrangement of the different NVU cell types, including the possibility of legitimate cell-cell 

contacts (Figure 1B). Drawbacks of microfluidic BBB models include limited scalability 

and the requirement of specialized equipment and expertise for their construction.

As a recent example of a microfluidic device facilitating physiologically-relevant 

arrangement of cell types, Adriani et al. developed a BBB model employing primary rat 

NVU cells in four parallel channels [32]. The first channel contained a neural cell culture 

medium, the second and third contained hydrogels with neurons and astrocytes, respectively, 

and the fourth contained a tubular BMEC monolayer and endothelial cell culture medium. 

The authors demonstrated close association of astrocyte processes with endothelial cells, 

confirmed the formation of a barrier by evaluating dextran permeability from the lumen, and 

assayed the barrier’s restrictiveness to glutamate via neuronal calcium imaging.

Other microfluidic devices employ permeable membranes as a BMEC substrate. For 

example, primary rat BMECs and pericytes were cultured on opposite sides of a membrane 

and astrocytes were cultured on the bottom surface of the device, reminiscent of the common 

Transwell arrangement [33]. The device also incorporates transparent electrodes for TEER 

measurement and imaging during operation. Wang et al. similarly constructed a microfluidic 

device for the triple-culture of immortalized mouse BMECs, pericytes, and astrocytes, and 

showed a significant increase in P-gp activity in a model incorporating all three cell types 

compared to an endothelial-pericyte co-culture [34]. Furthermore, increasing the medium 

volume decreased TEER, likely as a result of the dilution of astrocyte- or pericyte-secreted 

factors.

Finally, microfluidic systems incorporating iPSC-derived BMECs are also emerging. Wang 

et al. co-cultured iPSC-derived BMECs with primary rat astrocytes in a microfluidic device 

where flow is driven by gravity and scaled to achieve a medium residence time similar to 

that observed in the brain microcirculation [35]. The multicellular BBB system maintained 

TEER above 3000 Ω × cm2 up to day 10 of operation, and permeabilities for six evaluated 

small and large molecules correlated well to in vivo transport across the BBB. In the future, 

microfluidic models incorporating multiple iPSC-derived NVU cell types, rather than from 

primary or immortalized sources, may offer improvements in fidelity and scalability.

Cell aggregate-based models

Self-assembled cell aggregates comprising BMECs, astrocytes, and pericytes are emerging 

as a possible alternative to Transwell and microfluidic models for certain applications. These 

“spheroid” models permit direct contact between different NVU cell types and yield an 

endothelial monolayer for permeability studies (Figure 1B). Furthermore, such models are 

Gastfriend et al. Page 5

Curr Opin Biomed Eng. Author manuscript; available in PMC 2019 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



highly scalable and simpler to fabricate and operate than microfluidic devices. Drawbacks of 

these models include the inability to measure TEER, and that they presently lack neuronal 

contributions.

Urich et al. first demonstrated that under low-attachment culture conditions, primary human 

brain endothelial cells, astrocytes, and pericytes self-assembled into organized spheroidal 

structures with an astrocyte core covered with pericytes surrounded by an outer monolayer 

of endothelial cells [36]. BMECs in the assembled spheroids possess tight junctions and P-

gp activity, and proof-of-concept screening of a panel of fluorescently-labeled cell-

penetrating peptides identified four peptides that appeared to enter the brain after 

intravenous injection [37]. Incorporating iPSC-derived cell types will be an important next 

step toward realizing the full utility of this emerging aggregate-based BBB model system.

Applications of NVU models

The significant technical advances in multicellular BBB models described above have 

facilitated recent applications in understanding neurovascular biology and disease. One 

exciting set of applications has leveraged patient-specific iPSCs for neurovascular disease 

modeling. For example, astrocytes were differentiated both from normal iPSCs and those 

carrying mutations in Amyotrophic Lateral Sclerosis linked genes SOD1 or FUS [38]. The 

authors showed that endothelial cells co-cultured with SOD1-mutant astrocytes had 

increased P-gp expression and activity compared to endothelial cells co-cultured with 

normal astrocytes, and that this effect was dependent on nuclear translocation of NF-κB and 

correlated with increased reactive oxygen species (ROS) in endothelial cells. They also 

demonstrated that FUS-mutant astrocytes induced similar effects on P-gp and NF-κB 

activity, but these effects correlated with TNF-α production rather than ROS [38]. As 

another example, BMECs, astrocytes, and neurons were differentiated from iPSCs carrying 

mutations in the thyroid hormone transporter monocarboxylate transporter 8 (MCT8), which 

has been linked to Allan-Herndon-Dudley syndrome (AHDS), a severe form of mental 

retardation [39]. Using the iPSC-derived cells to individually model the effects of MCT8-

deficiency indicated that neural cell development proceeded normally in a T3 thyroid 

hormone-dependent fashion. However, MCT8-deficiency substantially reduced T3 thyroid 

hormone transport across BMECs in a Transwell model to suggest that AHDS may be a 

result of a BBB transport deficiency. Notably, through the use of genome editing tools, the 

phenotype could be rescued by correcting the MCT8 mutation in patient-derived iPSCs.

Other applications have sought to use multicellular BBB models to understand the response 

of the NVU to inflammatory stimuli. Brown et al. constructed a NVU model from primary 

human BMECs and pericytes, mouse astrocytes, and human iPSC-derived neurons in a two-

chamber microfluidic device [40]. After exposure of the vascular (apical) chamber to 

lipopolysaccharide (LPS) or a cocktail of inflammatory cytokines, the authors harvested 

media from the vascular and brain chambers and used LC-MS-based metabolomics to 

identify metabolic pathways influenced by inflammatory stimuli, including several that were 

differentially-affected between the two chambers, indicating the impact of the multicellular 

configuration. Similarly, a microfluidic NVU model comprising a tubular monolayer of 

primary human BMECs surrounded by pericytes or astrocytes was employed to evaluate 
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cytokine release upon TNF-α stimulation [41]. The authors demonstrated that astrocyte and 

pericyte co-cultures showed increased basal levels of the pro-survival cytokine granulocyte 

colony stimulating factor (G-CSF) compared to BMEC monoculture, and co-cultures also 

displayed increased induction of G-CSF upon TNF-α stimulation. They further showed that 

these effects were not detectable in an analogous Transwell model. Taken together, these 

examples demonstrate the unique ability of multicellular in vitro models of the NVU to 

provide novel biological insights that would be difficult or impossible to discern with 

BMEC-only models.

Conclusions

The shift from BMEC-centric in vitro BBB models to multicellular BBB models with one or 

more additional NVU cell types has greatly expanded their potential beyond drug 

permeability screening to the interrogation of molecular and cellular mechanisms underlying 

BBB physiology and disease. We therefore anticipate increasing application of multicellular 

BBB models incorporating iPSC-derived BMECs and other NVU cell types to the study of 

neurovascular contributions to diseases. As new models of the NVU are developed, 

additional elements that merit consideration include the composition of extracellular matrix 

[42] and inclusion of additional cell types such as microglia, especially in the context of 

inflammation [43]. Finally, we suggest that incorporating additional cell types present in 

vascular microenvironments may improve the utility of other in vitro models such as those 

related to the blood-nerve barrier or other organ-specific endothelia.
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Highlights

• The BBB is formed by specialized brain microvascular endothelial cells 

(BMECs).

• Diverse cell types of the neurovascular unit regulate the BBB.

• Inclusion of these cell types in addition to BMECs improves in vitro BBB 

models.

• These multicellular models are useful in studying BBB biology and disease.
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Figure 1. 
The NVU and multicellular BBB models. (a) Cross-section of a brain capillary, showing the 

organization of BMECs, pericytes, astrocytes, and neurons. (b) Transwell, microfluidic, and 

cell aggregate-based in vitro model systems incorporating BMEC monolayers along with 

other NVU cell types. General attributes of in vitro model systems, including: (i) the ability 

to achieve cell-cell contact, (ii) the ability to quantify barrier formation by transendothelial 

electrical resistance (TEER) measurement, (iii) the ease of scale up for high-throughput 

experiments and (iv) the ease of permeability screening, are characterized as • poor, •• 

moderate, or ••• excellent.
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Table 1

Summary of cell types and cell sources used in multicellular BBB models.

Neurovascular unit cell type Species and cell source References

BMECs Human primary [31,36,37,40,41]

Human immortalized [32,33,37]

Human pluripotent stem cell-derived [22,23,26–30,35,38,39]

Porcine primary [24,42]

Rat primary [13,22,33]

Rat immortalized [12]

Mouse primary [38]

Mouse immortalized [25,34,38]

Neural progenitor/stem cells Human primary [23,28]

Human pluripotent stem cell-derived [28]

Rat primary [13]

Pericytes Human primary [23,27,28,36,37,40,41]

Human pluripotent stem cell-derived [29]

Porcine primary [24,42]

Rat primary [33]

Mouse immortalized [34]

Astrocytes Human primary [28,31,36,37,41]

Human pluripotent stem cell-derived [22,27–29,38–40]

Human neural progenitor cell-derived [23]

Porcine primary [24,42]

Rat primary [13,26,32,33,35]

Mouse primary [38]

Mouse immortalized [25,34,40]

Neurons Human pluripotent stem cell-derived [22,29,39,40]

Human neural progenitor cell-derived [23]

Rat primary [12,32]
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