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ABSTRACT 

The lack of in vitro human brain equivalent models with functional neurons and other 

supporting cell types of the human cortex (astrocytes, microglia, oligodendrocytes, 

neurons, pericytes, and microvascular endothelial cells) impedes scientific understanding 

of neurologic disease progression and has significantly limited drug development. These 

cell types interact in concert, termed the neurovascular units (NVU), and the interactions 

result in the formation of a blood brain barrier (BBB) which is one of the primary barriers 

for CNS targeting investigational drugs. Understanding these interactions is essential to the 

development of drugs to treat a wide array of diseases and neurological disorders. The 

current two- and three-dimensional in vitro models, in addition to in vivo models, have 

provided insight on BBB properties. However, these models often fail to mimic the human 

physiological properties of the NVU because most contain cells of varying species that do 

not mimic human brain physiology, and often contain artificial components not 

representative of the environment within the human cortex. Through the use of a spheroid 

culture system, we seek to develop reproducible three-dimensional in vitro human brain 

organ equivalent model consisting of all six-major human brain cell types that mimic the 

normal functions of the human NVU. Our data show the presence of an intact and 

functional BBB.  Furthermore, our results show that the model cannot only be applied in 

drug toxicity screening but also in neurological disease modeling as well. Our model will 

overcome some of the limitations of current 2D in vitro models and may have applications 

in drug discovery and neurotoxicity testing and open the door to individualized patient-

specific disease models when used in conjunction with representative cell types derived 

from induced pluripotent stem cells (iPSCs). 
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CHAPTER 1 

INTRODUCTION 

CHARACTERISTICS OF NORMAL FUNCTION OF THE NEUROVASCULAR UNIT IN HEALTH 

AND IN DISEASE 

 

SPECIFIC AIMS 

In the Unites States alone, over a million adults are annually diagnosed with brain disease 

or disorder. Yet there are limited treatment options for neurologic diseases and disorders 

and hence worsening economic and social costs. The lack of in vitro human brain 

equivalent models with functional neurovascular units (NVU) impedes scientific 

understanding of how the blood-brain barrier (BBB) functions. Such understanding is 

essential to the development of drugs to treat a wide array of diseases and neurological 

disorders. The current two- and three-dimensional in vitro models have provided some 

insight on BBB properties. Studies from these models have shown that the BBB is a 

dynamic component of the NVU which maintains brain homeostasis and that the BBB 

prevents permeability of foreign substances into the brain parenchyma mainly through the 

expression of tight junction (TJ) and adherens junction (AJ) proteins between endothelial 

cells. However, these models fail to mimic the human physiological properties of the NVU 

because most contain rodent cells which do not mimic human brain physiology; those 

based entirely on human cells do not contain all three cell types found in the BBB; and 

most do not incorporate microglia, oligodendrocytes or neurons which are critical in 

maintaining BBB integrity, proper NVU function and most importantly, these are a key 

cell types that are mostly that determine the cognitive abnormalities in neurodegenerative 

disease condition. Some of these models incorporate artificial membranes to represent the 
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basal lamina found in NVU. They thus misrepresent the intercellular interaction among six 

cell types within the NVU. We created a reproducible three-dimensional in vitro human 

brain organ equivalent model consisting of all six major human brain cell types that mimic 

the normal functions of human NVU. We hypothesized that our 3D NVU in vitro model 

containing all the major six cell types would address the intercellular interaction between 

multiple cell types within the NVU; would express endogenous building blocks for the 

basement membrane; the endothelial layer would form a functional BBB. We developed 

such a model using spheroid culture system. Our model overcomes some of the major 

limitations of current in vitro models, has applications in drug discovery and neurotoxicity 

testing, and opens the door to individualized patient-specific disease modeling when used 

in conjunction with representative cell types derived from induced pluripotent stem cells 

(iPSCs). 

Aim 1:  To create a stable 3D human derived six-cell type NVU model with a functional 

Blood-Brain Barrier. Hypothesis: Human Brain Organ Equivalent Model consisting of six 

human brain cell types will mimic human NVU cell interaction to form a dynamic Blood-

Brain Barrier.  

Aim 2. To evaluate the application of the model for assessing disease pathology. We will 

evaluate the effect of hypoxia on BBB integrity and hypoxia involvement in 

neuroinflammation. Hypothesis: Human brain organ equivalent models can be used in 

disease modeling applications. 
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INNOVATION 
 

Our work provides a model that is comprised of only human cells which better 

represents human brain physiology, in a more rapid and scalable design, than current in 

vitro and in vivo models. The incorporation of endothelial cells, pericytes, astrocytes, 

microglia, oligodendrocytes and neurons mean that the model can be used not only to study 

the BBB mechanisms and functions, but also to evaluate the effect of drugs that cross the 

BBB on other human brain cell types within the NVU. This work can, therefore, be 

impactful in validating safety for drugs that are designed for non-neurological diseases and 

the model also provides a platform for evaluating neurodegenerative disease biomarkers 

and possibly disease pathologies with proper organoid maturation. 

 

BACKGROUND  
 

In the Unites States alone, 45 million people are affected by one of the 12 most 

prevalent neurologic disorders, while over one million adults are annually diagnosed with 

brain diseases or disorders [1]. Yet, there are limited treatment options, resulting in 

significant economic and social costs. For example, the Alzheimer’s Association reported 

that in 2016 alone, the national cost for Alzheimer’s and other dementias was 

approximately $236 billion [2]. The discovery of effective therapies has been limited by 

the low success rate of investigational drug trials, which in part is due to the lack of human 

brain-equivalent models [3]. The development of in vitro models that closely mimic human 

brain tissue remains a challenge. Current two- and three-dimensional culture methods that 

have been described in drug screening and disease models, in addition to current animal 
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models, do not mimic human physiology because they either consist of animal cells or do 

not contain all the necessary cell types that are critical to the normal function of the human 

neurovascular unit (NVU)[4-18]. Some models also utilize extracellular matrix (ECM) 

components that are not present in the adult brain. This makes it more challenging to 

translate the results from these models to human disease applications. The work in the 

following chapters highlight data showing normal function in a neurovascular unit that 

contains the constituent six cell types found within the human brain cortex: primary human 

brain microvascular endothelial cells (HBMVEC), human pericytes (HBVP), human 

astrocytes (HA), human microglia (HM), human induced pluripotent stem cell (iPSC) 

derived oligodendrocytes (HO), and human iPSC- derived neurons (HN). 

 

CURRENT IN VIVO AND IN VITRO MODELS. 
 

The use of animal models and in vitro models consisting of rodent cells fails to 

appreciate the lack genetic correlation between humans and rodents [19]. Furthermore, 

even though two-dimensional in vitro co-culture systems provide a platform for studying 

the formation and some functions of the blood brain barrier and the interaction of cells [9], 

animal or human cells in two dimensional platforms still do not recapitulate the three-

dimensional microenvironment within the NVU.  
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CELL TYPE LIMITATIONS IN CURRENT MODELS. 
 

The number of different cell types that can be used in co-culture models while 

maintaining specific cell localization is limited in two dimensional systems. Critical to the 

maintenance of the blood brain barrier in NVU is the interaction between all the six cell 

types in our model. Tight and adherens junction protein formation between adjacent human 

brain microvascular endothelial cells (HBMVEC) plays a central role in regulating 

transport of nutrients into the brain tissue. Brain derived neurotrophic factor secreted by 

HBMVECs support proliferation and survival of oligodendrocytes in the NVU [20]. The 

endothelial cells release platelet-derived growth factor (PDGF) to recruit pericytes which 

in turn produce ECM necessary for the formation of the basement membrane. Additionally, 

it is well known that pericytes cover approximately 30% of the neuro-microvasculature 

and play a role in contractile function [21], microvasculature maturation [22] and collagen 

production [23]. The association of pericytes to blood vessels has also been suggested to 

regulate endothelial cell proliferation, survival, migration, differentiation, and vascular 

branching [24]. This illustrates their direct interaction with endothelial cells in the lumen 

and their crucial role in maintaining the integrity of the BBB in the NVU [25, 26]. Glial 

cell and neuronal induction of the BBB through upregulating membrane associated 

enzymes is well understood [27-29]. Yet some models only consist of endothelial cells and 

neurons [30]. Often, models that incorporate neurons do not include oligodendrocytes that 

are crucial for functioning of a neuronal network and for myelination [31, 32]. These 

models ignore the importance of myelination in normal impulse conduction. Moreover, the 

interaction between astrocytes and oligodendrocytes is well documented [31], and 

astrocytes are known to influence the integrity of the BBB [33-35]. More importantly, 
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oligodendrocytes are known to secret transforming growth factor beta (TGF-β), a factor 

known to promote BBB integrity through the activation of the MEK/ERK pathway, which 

consequently upregulates expression of tight junction proteins [36]. There is a significant 

body of evidence, both in vitro and in vivo, of astrocyte interaction with the cerebral 

endothelium and how this helps determine BBB function, morphology (i.e. tightness), and 

protein expression [28, 37-39]. This dynamic interaction between cell types is crucial for 

the normal function of an NVU. A detailed look at the contribution of each of the cell types 

and other components to the normal function of the NVU in the context of the blood brain 

barrier is outlined below. 

 

NEUROVASCULAR UNIT 
 

A brain tissue unit consisting of endothelial cells, pericytes, astrocytes, microglia, 

oligodendrocytes, neurons, and extracellular matrix components that make up the basement 

membrane is called the neurovascular unit (NVU) [40]. Neurovascular coupling within the 

NVU represents the interaction between neurons and the vascular supply which provides 

them with necessary nutrients for proper neuronal function.  The brain is dependent on 

constant blood supply. A healthy connection between neurons and the blood supply is 

critical for proper regulation of signals that control vascular changes. Neurovascular unit 

dysfunction that leads to an unmatched metabolic requirements in parenchymal tissue is 

evident in many pathological conditions including hypertension, Alzheimer’s disease, and 

ischemic stroke [41]. As shown in Fig 1, the position of astrocytes within the neurovascular 

unit is critical and unique for neurovascular coupling. Theoretical evidence point towards 
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astrocytes contribution to functional hyperemia by shunting vasoactive stimuli from 

neuronal synapses to the astrocytic end feet that connects with the blood vessels [41]. 

Furthermore, the neuronal isoform of nitric oxide synthase produces a vasodilator that is 

linked to increase in cerebral blood flow [42-44]. These close interactions between 

neurons, glia and vascular cells defines and determines the normal functions of the 

neurovascular unit. 
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Figure 1: Structural and cellular composition of the neurovascular unit. Created in 

BioRender. 

 

THE BLOOD-BRAIN BARRIER 
 

Critical to the normal function of the neurovascular unit is the blood-brain barrier 

(BBB). It consists of structurally organized endothelial cell lining that interacts in concert 

with pericyte, astrocytes and the basement membrane to shield the parenchymal brain 

tissue from toxins and pathogens while allowing nutrients and providing chemical 

composition for proper glial and neuronal function [45-51]. The delivery of essential 

substances such as oxygen and nutrients, the removal of metabolic waste, and the mediation 
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of signaling of the endocrine glands is regulated at the BBB level [51-54]. Fig 2 (1-6) 

below depicts pathways by which different substances cross the BBB. The figure also 

highlights the interaction between cells of the BBB with other brain cells. The specific 

functions of each of the components of the neurovascular unit with respect to the BBB are 

discussed below. 

 

Figure 2: Transport pathways at the Blood Brain Barrier. Created in BioRender 

FUNCTIONS OF NEUROVASCULAR UNIT COMPONENTS 
 

HUMAN BRAIN MICROVASCULAR ENDOTHELIAL CELLS 
 

Brain endothelial cells have several peculiar properties that they do not share with 

peripheral endothelial cells. Brain endothelial cells receive and send signals to neighboring 

brain cells to enhance barrier properties as shown in Fig 3. Some of these properties include 

the lack of fenestrations, reduced transcytosis, increased expression of specialized 

junctional proteins that limit paracellular transport between the luminal and the abluminal 
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compartments. The junctional proteins include complexes of transmembrane proteins such 

as claudins, occludin and junctional adhesion molecules. 

 

Figure 3: Brain endothelial cell interaction with parenchymal cells. Created in BioRender 

 

BBB properties exhibited by brain endothelial cells is mainly controlled by tight junctions, 

junctional adhesion molecules that are arranged in a polarized manner between adjacent 

brain endothelial cells as shown if Fig 4.  Junctional adhesion molecules are on the luminal 

side while cadherins are on the abluminal side. Between the luminal and the abluminal are 

the tight junctions that creates a tight seal preventing free paracellular transport. Claudins 

are the main tight junctional protein that define BBB maturation [55-57]. Brain endothelial 

cells mainly express claudin 1, 3, 5 and 12 [57-60]. These tetraspan transmembrane 

proteins assist in the construction of the BBB and hence the maintenance of barrier integrity 

between adjacent endothelial cells [55]. Claudin 5 is regulated by β-catenin, however, it is 

inhibited by β-catenin when the transcriptional factor FOXO-1 that is induced by VEGF 
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signaling is active in brain endothelial cells [56, 61]. This regulation in endothelial cells 

determines BBB maturation. 

Even though occludin expression in brain endothelial cells have been shown to 

decrease barrier integrity in vitro [62, 63], occludin deficient mice had normal barrier 

function and the tight junction morphology was maintained [64]. 

The tight junctions (claudins and occludin) are anchored to the actin cytoskeleton 

by Zonula occludens. Specifically, Zonula occluden-1 (ZO-1) is a membrane-associated 

granulate kinase like protein. ZO-1 stabilization of tight junctions is critical such that its 

deletion leads to increased permeability due to the disruption of the tight junction and 

redistribution of active myosin II [65].  In general, the tight junctions at the BBB regulate 

the influx and efflux of biological molecules.  

 

Figure 4: Junctional polarization and arrangement in adjacent endothelial cells. Created in 

BioRender. 
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Interestingly, barrier formation is evident between three adjoining endothelial cells 

as well. Specifically, tricellulin [66, 67] and lipolysis stimulated lipoprotein receptor [68] 

are located at the point of connection between three cells.  These are weak tri-cellular 

junctions; however, they stabilize the specialized junctions in epithelial cells.  

Vascular endothelial cadherin (VE-cadherin) in endothelial cells does not only 

control permeability but it also prevents leukocyte extravasation into the brain parenchyma 

[69]. Furthermore, VE- cadherin and N- cadherin function as adhesion receptors and are 

involved in downstream signaling via complexes of proteins bound to their cytosolic tails. 

N-cadherin in particular, mediates cell-cell interaction between endothelial cells and 

pericytes [70]. Β-catenin is also expressed by endothelial cells and is implicated in barrier 

functions. Its function as a co-transcriptional factor are critical in protein expression of 

claudin-5 [71], but its concerted anchoring of VE-cadherin with its homologue 

plakoglobin/γ-catenin to actin microfilaments stabilizes the junctional proteins and thereby 

improving barrier properties [71].  

Brain endothelial cells have relatively large quantities and volume of mitochondria 

compared to peripheral endothelial cells. This is because they contain a enzymes and active 

transport systems that rely on either directly ATP consumption or secondary active 

transport system that depends on the electrochemical gradient generated by active 

transporters [72].  Facilitated and active transporters at the BBB include glucose 

transporter-1 (GLUT-1) [73-75], permeability glycoprotein- (P-gp) also known as 

multidrug resistant protein 1 (Mdr-1), and breast cancer resistant protein (BCRP) that are 

critical in efflux of harmful hydrophilic and hydrophobic xenobiotics from the brain 

parenchyma [76-78]. 
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Low transcellular transport at the BBB is governed by low numbers of caveolae 

and reduced transcellular transporters such as major facilitator superfamily domain-

containing protein -2 (MFSD2 or MFSD2A)[79, 80]. Specifically, MFSD2A is an omega3 

fatty acid DHA transporter in endothelial cells where it regulates vesicular traffic in CNS 

BBB/blood retinal barrier (BRB)[81, 82]. Systemic ablation of MFSD2A increased BBB 

permeability due to uncontrolled vesicular trafficking in endothelial cells [83]. Caveolin-1 

regulates signal transduction, endocytosis, transcytosis and molecular transport. It also 

controls angiogenic response through mediating VEGF receptor 2 (VEGFR2) 

phosphorylation and internalization [49, 70, 84]. Caveolin-1; however, contributes to 

junctional opening by weakening VE-cadherin based adherens junction by interacting with 

β-catenin[85]. Under inflammatory conditions, the pro inflammatory chemokine CCL2 

induces BBB disruption through CAV-1 mediated internalization of occludin and claudin-

5 [86]. 

Enzymatic activity is also prevalent in brain endothelial cells. These enzymes make 

chemical modifications to molecules that may cross the BBB and affect neuronal function. 

These chemical modifications reduce toxicity of molecules by either metabolism that 

renders the molecules inactive or by addition of moieties that directs them towards 

excretory pathways [87, 88]. Specifically, brain endothelial cells have high concentrations 

of γ-glutamyl transpeptidase, alkaline phosphatase and aromatic acid decarboxylases [89]. 

Together with active transporters, the metabolic barrier regulates the concentrations of 

ions, metabolites and foreign substances within the NVU [74, 90].  
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PERICYTES 

 

Pericytes wrap around the small vessels thereby providing both structural and 

vasodynamic support to the microvasculature. Pericytes are involved in cerebral 

autoregulation through their expression of receptors that are critical in chemical 

transmission for transmitters such as catecholamines [91], angiotensin II [92], vasoactive 

intestinal peptides [93], endothelin-1 [94], and vasopressin [95]. Ramsauer and colleagues 

have shown that pericytes stabilize the capillary like structures that are formed by 

endothelial cells during angiogenesis and differentiation of the BBB [96]. Furthermore, the 

use of viable pericyte deficient mouse mutants have shown that pericyte deficiency 

increases BBB permeability to water and a range of low to high molecular weight tracers 

[46]. This increased permeability has been shown to occur through endothelial transcytosis. 

This indicates that  pericyte regulation of the transcellular barrier is critical to the normal 

function of the BBB [97]. Other conditional knockout mouse models have also shown that 

loss of pericytic laminin causes BBB breakdown and hydrocephalus [98]. This can be 

attributed to the destabilization of the basement membrane that provides structural support 

for the endothelial cells, pericytes and astrocytes and promote BBB integrity. Diminished 

expression of critical transporters such as aquaporin 4 (AQP4) in conditional knockouts is 

also linked to hydrocephalus[98].  BBB -specific gene expression patterns in endothelial 

cells and induction of polarization in astrocyte foot processes are also regulated by 

pericytes [46].  

 

BASEMENT MEMBRANE 
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In the NVU, basement membrane contributes to the integrity of the BBB by 

providing structural support for both endothelial cells and pericytes. The cerebrovascular 

basement membrane mainly consist of extracellular matrix proteins; collagen IV, laminin, 

perlecan, nidogen and fibronectin that are released by endothelial cells, pericytes and 

astrocytes [99-101]. It is worth noting that the neurovascular unit consist of two types of 

the basement membrane (BL1 Fig 3) the endothelial basement membrane formed by 

endothelial cells and pericytes and (BL2 Fig 3) the parenchymal basement membrane that 

consist of extra cellular matrix proteins secreted by astrocytes [102-105]. The protein 

composition in these perivascular spaces are distinctly different; the endothelial basement 

membrane consists of laminin α4 and α5 [106] while the parenchymal membrane is 

composed of laminin α1 and α2 [102, 103]. This particular protein composition contributes 

to specific signaling within the NVU that is necessary for normal function of the BBB. 

Hence, the basement membrane serves not only as a physical barrier but also regulates 

signaling pathways in endothelial cells and pericytes thereby influencing BBB integrity 

[102, 107, 108].  

The current three-dimensional models consist of artificial polycarbonate and 

polytetrafluorethylene, polydimethyl-siloxane membranes serving as basal lamina [5, 30, 

109], which is not reflective of the human brain ECM. Even though the use of collagen 

(usually type I) to provide a 3D microenvironment for glial cells and neurons [5] allows 

for the fabrication of multi cellular in-vitro models, it is important to note that no collagen 

I and very low amounts of collagen type 4 are found in the adult human brain. The ECM 

in the adult brain tissue consists of lecticans, a family of proteoglycans that contain lectin 



24 
 

and hyaluronic acid domains [110]. Incorporation of such ECM may promote BBB 

maturation that recapitulates normal human physiology.  

 

ASTROCYTES 

 

In vertebrate CNS, astrocytes are the most abundant cell type. They have 

specialized end feet covering the surface of the CNS microvessels [49]. With this close 

association to the microvessels, astrocytes express crucial proteins such as aquaporin-4 

(AQP-4) and the potassium channels Kir4 at the foot processes to regulate water 

homeostasis in the NVU[111]. Astrocytes have been shown to improve BBB integrity in 

co-culture models with brain endothelial cells or by administrating conditioned media to 

the brain endothelial cells [112-115]. They improve and maintain BBB integrity through 

the secretion of factors Wnts and norrin [116]. Astrocytes also release sonic hedgehog, 

retinoic acid, and angiopotin-1, key factors that are known to support barrier properties in 

brain endothelial cells[117-119]. The crosstalk between endothelial cells and the astrocytes 

is not only critical for improving and maintaining the BBB integrity but it is also vital for 

cellular differentiation that promotes BBB maturation. Specifically, endothelial cells 

secrete leukemia inhibitory factor-1 that supports astrocytes differentiation which in turn 

induces the expression of Src suppressed C-Kinase substrate, leading to astrocytic secretion 

of angiopotin-1 which stabilizes vessels through Tie2/TEK binding on endothelial cells 

[111].  

MICROGLIA 
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As a distinct class of the glial cells, microglia serve as the primary brain immune 

effector cells that become activated and undergo morphological and functional 

transformation during various brain injuries and diseases [90, 120]. They are 

ontogenetically related to the mononuclear phagocyte lineage and are involved in in 

lesions, neurodegenerative diseases, stroke and brain tumors [90, 121-124].  Microglial 

activity to injury is complex, however, structural changes such as motile branches and 

migration of stomata have been observed during microglial response to insults [125, 126]. 

During their resting phase, microglia have long, thin ramified processes [120]. During this 

phase, microglia are in the vigilant form because they can promptly sense slight 

homeostatic disturbance in the CNS. The changes from the resting phase to the activated 

form is antigen specific and depends on specific cytokine activation [75, 127-129].  

Research investigating microglial involvement in brain injuries has been done and 

there are very few studies that have been conducted to delineate a direct link for microglia 

and BBB maintenance. Glial involvement in BBB maintenance have mostly been attributed 

to astrocytes because their end feet processes touch the microvessels. Findings on 

microglial location in the perivascular space highlight their interaction with endothelial 

cells and hence their influence on BBB integrity. During the resting phase, microglial cells 

effectively control the neurovascular unit microenvironment. Nimmerjahn and colleagues, 

have shown that microglia clear the parenchyma of accumulated low diffusible metabolic 

products and tissue component debris [120]. They observed bulbous branch ending and 

spontaneous engulfment of tissue components. Further staining highlighted microglial 

processes and protrusions in contact with neuronal cell bodies and blood vessels [120]. 

This indicates that under healthy conditions, microglia interact with other cortical elements 
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and regulate the NVU microenvironment by clearing debris and cellular components. 

However, it should be noted that upon activation, microglia release cytokines such as TNF-

α and IL-6 that have been associated with BBB dysfunction [130, 131]. Further discussion 

on microglia involvement in disease state will be included in specific disease sections of 

this compilation. More studies are needed to elucidate the direct interaction between 

microglia and cells of the BBB in order to fully understand the involvement of microglia 

in BBB maintenance. Current in vitro neurovascular unit models do not consist of 

microglia. The work presented in the following chapters is based on a model that consist 

of microglia.  

 

OLIGODENDROCYTES 

 

Oligodendrocytes like the Schwann cells in peripheral nervous system, they are 

glial cells with fewer branches compared to astrocytes and are responsible for the formation 

of myelin sheets that provide support and insulation to exons in the central nervous system 

[90]. The insulation provided by the myelin sheets are critical for neuronal stimuli 

conductivity. Oligodendrocytes produce a membrane consisting of lipids and protein that 

wraps around the axons in the CNS [90]. Normal oligodendrocyte function is vital for 

proper signal transmission in the CNS. Since a single oligodendrocyte can extend its 

processes to about 50 axons [132], the effects of oligodendrocyte dysfunction can be 

conceivably deleterious. More importantly, oligodendrocytes are known to secret TGF-β, 

a factor known to promote BBB integrity through the activation of the MEK/ERK pathway 

which consequently upregulates expression of tight junction proteins for BBB maturation 
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and maintenance [36]. Rhodes and colleagues have shown that lesions or injury that results 

in oligodendrocytes dysfunction open the BBB [133]. No definitive studies have been 

conducted so far to address the chicken and egg question on which comes first; 

oligodendrocyte dysfunction that cause BBB breakdown or whether it is the breakdown of 

the BBB that results in oligodendrocyte dysfunction that consequently leads to neuronal 

dysfunction. Rhodes and colleagues showed that BBB breakdown using VEGF or 

lipopolysaccharide in rats and mice caused hypertrophy in oligodendrocytes precursor 

cells.  Direct injection of blood components such as serum, thrombin did not have an effect. 

However, platelets, macrophages, TGF-β, TNF-α and IL-1 caused hypertrophy and 

increased NG2 in oligodendrocyte precursor cells [133]. Further studies that incorporate 

diseased oligodendrocyte or other parenchymal cells in animal and in vitro models may 

help delineate the effect of dysfunctional oligodendrocytes on the BBB integrity. Most 

existing in vitro models do not include oligodendrocytes and hence their contribution to 

BBB maturation is not realized. We seek to incorporate oligodendrocyte precursor cells in 

our model to closely mimic normal human physiology of the neurovascular unit.  

 

NEURONS 

 

The concerted interaction between neurons, glial cells and endothelial cells termed 

neurovascular coupling, determines BBB formation and function in vertebrates. As 

depicted in Fig 1, astrocytic processes enwrap synaptic terminals which allow them to 

transmit signals from neurons to the microvessels [41, 134]. Neuronal involvement in BBB 

maturation and maintenance is not well understood. However, co-culture of rat brain 

endothelial cells with differentiated neuro progenitor cells (NPCs) revealed some clues that 
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neurons influence BBB integrity [135]. Neuro-endothelial cell co-culture studies have 

shown that neurons increase trans-endothelial electrical resistance and decreases 

permeability in endothelial cells [135, 136]. The underlying mechanisms through which 

neurons influence BBB integrity are not well understood, however, Lippmann’s results 

from co-cultures with NPCs showed upregulation of 10 endothelial cell genes [135]. Some 

of the genes that were upregulated included genes that induce angiogenesis, CPE gene that 

encodes for carboxypeptidase E- an enzyme that regulate brain derived neurotrophic factor 

processing [135]. The upregulation of the CPE gene in endothelial cells indicates an 

increase of the peptide reflecting the cross talk between neurons and endothelial cells. They 

also showed that neurons increased MDR1A expression, a gene that encodes for a critical 

efflux transporter at the BBB [135]. These studies indicate that increasing complexity of 

co-culture models that include multiple neural cells instead of the primary BBB cells 

increase not only BBB integrity but may also help create platforms that can be utilized in 

many applications beyond BBB studies.  

 

BBB DYSFUNCTION IN NEURODEGENERATIVE DISEASES 
 

Mechanistic causes for most neurological disorders are not known, however, blood-

brain barrier dysfunction and inflammation play major roles in neurodegenerative disease 

pathologies [75, 137-143]. To highlight major BBB malfunctioning components associated 

in neurological disorders, I will address BBB breakdown in Alzheimer’s disease, 

Parkinson’s disease and multiple sclerosis. However, it should be noted that BBB 

malfunction in Amyotrophic Lateral Sclerosis (ALS) [144-146], Huntington’s disease 
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[147-149], HIV associated dementia [150-153] and other neurological diseases not listed 

here contributes to disease pathology.    

 

ALZHEIMER’S DISEASE 

 

Alzheimer’s disease (AD) is characterized by accumulation of plaques in the brain 

that results in cognitive impairment. Schneck and colleagues compiled the current concepts 

in AD [154]. Here, the discussion will only be limited to BBB dysfunction in AD.    

Over 20 independent postmortem studies confirmed BBB breakdown in AD [155]. 

Hallmarks of BBB dysfunction include, pericytes and endothelial cell degeneration, loss 

of tight junctions, red blood cell and monocyte extravasation, brain capillary leakages of 

blood borne components such as albumin, immunoglobulin (IgG), fibrinogen, thrombin 

[139]. There are many factors that contribute to BBB breakdown in AD. Some of these 

factors include early cerebrovascular disorder [156], vascular dysregulation [157], and 

ischemic damage [158].  

Transgenic animal models are prevalently used to study Alzheimer’s disease [122, 

159-162]. Mice with an APP mutation have been shown to have capillary leakages of blood 

derived fibrinogen, IgG and albumin and leakage of injected Evans blue. Further electron 

microscopy in these mice also indicated degeneration and loss of pericytes, endothelial and 

smooth muscles cells [163-167]. Time course studies evaluating BBB breakdown with 

respect to other pathologies indicated that BBB breakdown develops early in APP 

transgenic mice[52, 166-168]. Deane and colleagues observed aberrant expression of low-

density lipoprotein transporter protein1 (LRP1) in APP transgenic mice [169]. This 
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transporter is a major efflux protein for Aβ toxin at the BBB.  Other studies with an APP 

model showed an increase in expression of an influx transporter, receptor for advanced 

glycation end products (RAGE) [170]. Normal function of transporters such as RAGE at 

the BBB is crucial for maintaining brain homeostasis. Cerebrovascular autoregulation is 

impaired in APP models [171].  Studies have shown reduced brain glucose uptake due to 

glucose transporter dysfunction in APP transgenic models. BBB breakdown and inhibition 

of LRP1 transcription due to diminished GLUT1 expression in brain endothelial cells is  

thought to accelerate Aβ pathology [172]. Alterations in protein expression of all these 

crucial transporters at the BBB can result in a malfunctioning BBB that can lead to 

deleterious secondary consequences. BBB breakdown has been shown in many other 

transgenic models. For examples, loss of BBB integrity [173] and loss of vascular 

phenotype [164] in mice expressing PSEN1 mutation, BBB breakdown in Tau transgenic 

mice [174], Pericyte degeneration  and BBB dysfunction in PDGFRβ- deficient transgenic 

mice [26], and  accumulation of perivascular  IgG, fibrinogen, thrombin, hemosiderin 

deposits and leakage of Evans blue in APOE transgenic mice [175]. Even though no 

effective treatment has been developed from any of these animal models, it is worth noting 

that the models have increased our understanding of molecular pathways and may possibly 

help to identify biomarkers for early Alzheimer’s disease diagnosis. 

More importantly, neuroimaging in patients with mild cognitive impairment 

revealed that BBB breakdown precedes brain atrophy or dementia [168, 176-178]. Further 

studies and new models are still needed to determine cellular and molecular mechanism by 

which the BBB is impaired to accelerate the development of therapeutic targets for 

Alzheimer’s disease that aim to maintain and repair BBB integrity. 



31 
 

  

PARKINISON’S DISEASE 

 

Parkinson’s disease (PD) is a progressive neurodegenerative disorder that is 

characterized by neuronal death in the substantia nigra, degeneration of dopaminergic 

neurotransmission, and the presence of Lewy bodies [179-181]. PD symptoms include 

asymmetrical bradykinesia, rigidity, resting tremor and postural instability [182, 183]. 

Cellular events such as failure in the protein degradation machinery, oxidative stress, 

mitochondrial dysfunction, defects in mitophagy and the accumulation of α-synuclein are 

believed to drive PD initiation and progression [180, 184, 185]. These and many other 

cellular dysfunctions lead to glial or neuronal cell death.  

While some studies in animal models assume that BBB integrity remains 

unchanged  during the development of PD pathology [186, 187], more clinical evidence 

shows increased BBB permeability in PD patients [188-191]. PD patients have been shown 

to have reduced P-gp function [189, 192]. P-gp knock out studies have shown an increased 

parenchymal accumulation of administered neurotoxins, ivermectin and the carcinostatic 

vinblanstine and hence normal P-gp function at the BBB is crucial in PD [193]. 

Furthermore, diminished P-gp activity in aged people is associated with reduced removal 

of toxins from the brain,  hence the link to PD pathology [194]. Since PD is a chronic 

neurodegenerative disorder that affects one in every 100 people at the age of 60 and above, 

it is worth pointing out that many ageing processes such as increased production of ROS 

and proinflammatory cytokines in brain endothelial cells contribute heavily BBB 

dysfunction [194-196]. Also, vascular damage from α-synuclein deposition increases BBB 

permeability which suggests the role of the protein in BBB disruption and PD development 
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[180, 197, 198]. Since neurons and other parenchymal cells are mainly affected in PD and 

other age-related dementias, it is critical that in vitro models designed to understand 

molecular involvement of the BBB in PD consist of these cell types.  

 

MULTIPLE SCLEROSIS 

 

Multiple sclerosis (MS) is a chronic autoimmune, inflammatory neurological 

disease that is characterized by demyelinating plaques of the central nervous system (CNS) 

[199-201]. MS symptoms include visual disturbances, numbness, prickling, muscle 

weakness, loss of coordination and balance, thinking and memory deficits [202]. The 

disease starts to manifest between the ages of 20 and 40. The cause of MS is unknown and 

there is no cure for the disease. The only existing therapies are based on blocking 

transmigration of T cells across the BBB [203]. Leukocyte entry into the CNS is one of the 

hallmarks of MS. Activated leukocytes specifically autoaggressive CD4+ T lymphocytes 

are believed to accumulate in the brain by traversing the BBB and the CSF barrier through 

steps including, rolling, activation, adhesion and transmigration [204-208].  Chemokines 

activate integrins on leukocytes to enhance adhesion. This binding subsequently leads to 

cytoskeletal reorganization of G-protein-coupled receptors which allows the 

transmigration of leukocytes [205, 209]. The transmigration of leukocytes highlights the 

importance of maintaining BBB integrity in MS. Neuroimaging studies and postmortem 

findings in MS patients show that BBB disruption is an early feature in MS [83] and animal 

studies have shown that BBB breakdown precedes leukocyte infiltration [47, 83]. Spencer 

and colleagues speculated that environmental and genetic associations may influence the 

BBB which results in the vessel pathology of the disease [201]. In order to elucidate the 
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mechanistic involvement of the BBB in MS pathology, new in vitro models that contain 

both vascular cells that form a functional BBB and the inclusion of neuro-glial components 

such as oligodendrocytes and neurons are critical. Such models can be applied to assess 

transmigration of leukocytes. Models containing a functional BBB can be used to identify 

disease initiative microenvironmental factors such as changes in cytokine levels that play 

a role in the activation of circulating leukocytes and thus the initiation of adhesion of 

leukocytes. Further, such models could be utilized in understanding pathological 

connections between BBB integrity and demyelination that occurs in MS. Current in vitro 

models of the NVU do not contain oligodendrocytes or neuronal cells types which makes 

it impossible to study MS disease conditions in vitro. 
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CHAPTER 2 

Note: This chapter has been published in Scientific Reports 

 

HUMAN CORTEX SPHEROID WITH A FUNCTIONAL BLOOD BRAIN BARRIER FOR HIGH-

THROUGHPUT NEUROTOXICITY SCREENING AND DISEASE MODELING 

 

ABSTRACT 
 

The integral selectivity characteristic of the blood brain barrier (BBB) limits therapeutic 

options for many neurologic diseases and disorders. Currently, very little is known about 

the mechanisms that govern the dynamic nature of the BBB. Recent reports have focused 

on the development and application of human brain organoids developed from neuro-

progenitor cells.  While these models provide an excellent platform to study the effects of 

disease and genetic aberrances on brain development, they may not model the 

microvasculature and BBB of the adult human cortex. To date, most in vitro BBB models 

utilize endothelial cells, pericytes and astrocytes. We report a 3D spheroid model of the 

BBB comprising all major cell types, including neurons, microglia and oligodendrocytes, 

to recapitulate more closely normal human brain tissue.  Spheroids show expression of 

tight junctions, adherens junctions, adherens junction-associated proteins and cell specific 

markers. Functional assessment using MPTP, MPP+ and mercury chloride indicate charge 

selectivity through the barrier. Junctional protein distribution was altered under hypoxic 

conditions. Our spheroid model may have potential applications in drug discovery, disease 

modeling, neurotoxicity and cytotoxicity testing.  
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INTRODUCTION 
 

Over a million adults are annually diagnosed with brain diseases or disorders in the 

US alone 1. The Alzheimer’s Association reported that in 2016, the national cost for 

dementias was approximately $236 billion2. A major contributor to this high treatment cost 

is the late stage failure of promising drug candidates. Only 8% of central nervous system 

drug candidates that reach initial Phase 1 human safety testing eventually achieve 

regulatory approval due to either toxicity or ineffectiveness 3.  This estimate does not 

include the number of initially promising treatments pursued during pre-clinical in vitro 

and in vivo studies 3. The shortage of effective therapies and low success rate of 

investigational drugs are in part due to the lack of human equivalent models 4. Some current 

2D systems may not accurately mimic human physiology because they do not possess the 

three dimensional organization of tissues, and often consist of cell lines, lacking 

physiologically relevant ratios of all cell types present in the organ 5,6.  More recently 

established 3D blood brain barrier (BBB) models have provided an understanding of size 

exclusion, selectivity and many other important aspects such as the expression of efflux 

and transport of proteins.  Urich et al. reported the successful assembly of human primary 

astrocytes, pericytes, and endothelial cells into a BBB-like model 7. Cho et al. went on to 

characterize the BBB properties of a similar model 8.  

The formation, maintenance and function of the BBB in the human neurovascular 

unit (NVU) depend on highly specific intercellular interactions within the human brain: 

specifically, the association between pericytes and blood vessels and how they regulate 

human brain endothelial cell proliferation, survival, migration, differentiation, and vascular 

branching 9. This signifies direct pericyte-endothelial interactions in the lumen and their 
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crucial role in maintaining the integrity of the BBB in the human neurovascular unit 10,11. 

The interaction between astrocytes and oligodendrocytes and the direct influence of 

astrocyte on the integrity of the BBB are also well documented 12 13-15.  There is a 

significant body of evidence, in both in vitro and in vivo systems, highlighting astrocyte 

interactions with the cerebral endothelium and the ways in which they help determine BBB 

function, morphology, and protein expression 16-19.  Microglia also play a critical role in 

BBB regulation and modulation of tight junction expression.   They in turn have complex 

integrations in brain diseases such as epilepsy, ischemic stroke, and neurodegenerative 

disorders 20.  Furthermore, neurons are known to induce BBB related enzymes 21. 

Therefore, the inclusion of the major human NVU cell types in an in vitro organoid model 

would be helpful in predicting human physiologic conditions. 

 A natural progression from the currently established BBB models would be to 

define the effect of chemical agents on all the cell types that are critical to the normal 

function of a human NVU, including the microglia, oligodendrocytes and neurons that are 

adjacent to the BBB, and to further understand the intercellular dynamics once molecules 

cross the barrier.  Therefore, the development of a 3D in vitro system that contains all major 

cell types found in adult human brain cortex may provide a platform that can be used to 

understand the fundamental principles at play with the BBB, its function, and also to 

understand the effects of chemical substances that cross the BBB.  

Here we report the development of a human neurovascular unit organoid model that 

contains the six constituent cell types found within the brain cortex: human brain 

microvascular endothelial cells (HBMVEC), human pericytes (HBVP), human astrocytes 

(HA), human microglia (HM), human oligodendrocytes (HO) and human neurons (HN), 
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with endothelial cells enclosing the brain parenchymal cells.  Cells derived from induced 

pluripotent stem cell (iPSC) sources (HM, HO, and HN) were utilized in several instances 

to establish potential patient-specific and disease applications.  We validated the expression 

of tight junctions, adherens junctions and transport proteins, and showed that this model 

can be used in toxicity assessment studies for molecules that have the potential to cross or 

open the BBB. Neurotoxicity screening was assessed with the effects of mercury chloride, 

MPTP and MPP+.  In addition, a model of the blood brain barrier during clinical ischemia 

was established showing physiologic responses under hypoxic conditions. 

 

RESULTS 
 

CONFIRMATION OF ASSEMBLY WITH BARRIER FORMATION 

 

Prior publications have shown the assembly of three cell types: primary human astrocytes, 

human pericytes, and human brain microvascular endothelial cells 7.  To demonstrate the 

assembly and cellular organization of organoids with four cell types, HBMVECs, HBVPs, 

HAs, and human neuronal cells (HCN-2) were pre-treated with long-term cell labeling dye.   

The four cell types were placed into a mixture containing a ratio of 1:1:5:6, respectively. 

The cell mixture was placed in a hanging drop culture environment.  After 96 hrs of culture, 

assembled organoids were lowered and confocal microscopy images confirmed HBMEC 

and HBVP localization to the periphery of the organoid, with HA localized near the 

surface, and neuronal cells forming the core (Fig.5 A). We evaluated the presence of a 

BBB in our organoid model by testing the expression of BBB tight junction protein ZO-1, 
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which was identified with immunofluorescent labelling and confocal microscopy (Fig. 5 

B).  

 

Figure 5: Assessment of cell localization, tight junction protein expression, and barrier 

properties in self-assembled spheroids.  

Cells were pre-stained with cell tracker dyes prior to spheroid formation. Endothelial cells were stained with 

a green dye, astrocytes and pericytes were stained with a red dye, and neurons were stained with a blue dye. 

Spheroids in (A) show self-organization of endothelial cells and pericytes to the outermost sphere whereas 

the astrocytes and neurons (violet) are encapsulated by the endothelial cells and pericytes. (B) Spheroids 

containing HBMVEC, astrocytes, and pericytes were formed through self-assembly.  Shown is ZO-1, a tight 

junction protein that prevents free paracellular transport of molecules across the vascular-type barrier. Dapi 

(blue) shows nuclear staining. Also shown in the figure are empty pockets where there is no ZO-1, this 

indicates that the HBMECs are likely not completely covering the spheroid. (C) Permeability assessment was 

done through incubating the spheroids containing HBMVEC, pericytes and astrocytes with FITC labeled 

IgG. The upper panel represents spheroids with an uncompromised vascular-type barrier (control), and the 

lower panel shows spheroids that were treated with histamine to transiently open the vascular-type barrier. 

Scale bar, 300μm. 
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We characterized the integrity and dynamic properties of the barrier formed in the 

organoids containing HBMEC, HBVP and HA by assessing FITC-labelled IgG 

permeability across the BBB. IgG permeability was first evaluated in untreated organoids.  

We then assessed IgG permeability in organoids pretreated with histamine. Histamine is a 

chemical agent known to transiently open the BBB.22-24 Qualitative analysis through 

confocal microscopy showed higher FITC fluorescence at the core of treated organoids 

(Error! Reference source not found. C) compared to untreated organoids (Fig. 5 C). This 

experiment shows that a type of vascular barrier was present. In order to specify BBB 

characteristics, we conducted further experiments using a small molecule as will be 

discussed below.  A small amount of IgG was able to be visualized within the three cell-

type organoid core in untreated organoids.  The effects observed here could be attributed 

to incomplete coverage of endothelial cells. 

 

SIX CELL TYPE HUMAN CORTICAL ORGANOID 

 

We constructed organoids containing HBMECs, HBVP, HA, HM, HO and HN 

using a single self-assembly method to assess the interaction of all 6 cell types. The 

organoids maintained very high cell viability for up to 21 days in vitro (Fig.6 A-E). Cell 

viability was uniform in all Z-stacked slices utilized in quantitative data presented. There 

were no apparent differences observed between the core and the outer surface as visualized 

through confocal microscopy.  Immunofluorescent staining for the HBMEC marker CD31 

to identify endothelial cell coverage in these assembled organoids showed that the 

endothelial cells localized to the outer surface of the organoid (Fig.6 F).  We identified the 

expression of tight junction proteins: ZO-1 and Claudin-5 (Fig.6   G-I).  The endothelial 
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cells, however, did not fully cover the outer surface of the organoids. This is shown with 

sections on organoids not staining for tight junction proteins ZO-1, and claudin-5, and 

CD31 (Fig.6 F-H).  In order to increase endothelial coverage on the surface of the 

organoids, we utilized a staging method of organoid assembly. HBMVECs and HBVP 

were added 48 hrs after forming organoids with the 4 cell types (HA, HM, HO, and HN), 

which allowed for a more cohesive coating of the organoid surface. This method is 

henceforth designated as the staged assembly method.  

 

 

Figure 6: Six cell-type spheroid Characterization.  

Live-Dead Staining was conducted on days 5 (A), 7 (B), 10 (C), and 21 (D) to assess cell viability. Green 

represents live cells and red indicates dead cells; In each case, 8 randomly selected spheroids were assed for 



52 
 

cell viability. (E) Green florescence for live cells was quantified and expressed as a percentage of the total 

fluorescence (red and green).  Immunohistochemistry was conducted on spheroids to determine phenotypic 

protein expression. CD31 expression (F) shows localization of HBMEC in self-assembled spheroids. Even 

though the cells migrate to the outer sphere, the endothelial cells do not cover the spheroid.  Expression of 

claudin-5 (G, red) was established through immunofluorescent staining. Expression of P-gp in G and Q (an 

efflux protein responsible for the efflux of xenobiotic substances out of the brain tissue) was established in 

self –assembly and staged self-assembly spheroids, respectively. Self-assembly spheroids were stained for 

ZO-1 (H) and DAPI (blue). Selected area was imaged at higher magnification in order to visualize the cell 

border connections formed by ZO-1 (I). Specific cell markers were used to identify normal protein expression 

in individual cell type incorporated into the spheroid made through a staged self-assembly: (J) showing CD31 

staining signifying that the HBMEC cover the spheroid in a staged self-assembly, PDGFR (K) an pericyte 

marker, GFAP (L) an astrocyte marker, Iba1 (M) a microglial marker, N O4 and MBP markers of 

oligodendrocyte progenitors and mature oligodendrocytes respectively. MAP2 (O) is a neuronal marker. 

Neuronal spheroids were stained for Tyrosine Hydroxylase (P) to identify the presence of dopaminergic 

neurons. Transmembrane glucose transporter and efflux transporter protein expression and localization were 

established by staining for P-gp (Q) and GLUT1 (R) respectively. All markers were found to have a thorough 

distribution. Images were obtained at 10x magnification. Scale bars are depicted in white. Scale bars, 200μm 

and 30μm (for L only). 

 

ORGANOID CHARACTERIZATION 

 

Organoids were constructed using the staged assembly method and stained positively for 

cell specific markers, CD 31 for HBMVEC (Fig.6  J), platelet-derived growth factor 

receptor-beta (PDGFR) for pericytes 25 (Fig.6  K),  glial fibrillary acidic protein (GFAP), 

marker for astrocytes (Fig.6  L) 26, ionized calcium-binding adapter molecule 1 (Iba1) for 

microglia 27 (Fig.6  M), myelin basic protein (MBP) and O4 for oligodendrocytes 28  (Fig.6  

N),  and MAP2  and tyrosine hydroxylase (TH) for mature and dopaminergic neurons 
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(Error! Reference source not found.O and P), respectively. TH staining performed on 

neuronal spheroids may overstate the proportion of TH+ neurons in assembled organoids 

with all cell types. The proportion of TH+ neurons in organoids containing all cell types 

could be inferred from the MAP2 positive cells in 6 cell type organoids showing the 

presence of mature neurons. Together, these cells act in concert to enhance the function of 

the BBB, thereby maintaining brain homeostasis in humans 29. Permeability –glycoprotein 

(P-gp; Fig.6 Q) and glucose transporter 1 (GLUT1; Fig.6 R) are transport proteins that play 

major roles in the BBB. While, GLUT1 allows for glucose transport across the BBB, 30,31 

P-gp prevents exogenous chemical substances from entering the brain parenchyma 32.  

Furthermore, junctional complexes, mainly the tight and adherens junction proteins 

between HBMECs prevent paracellular diffusion of foreign substances into the brain tissue 

33-35. Through immunofluorescent staining and confocal microscopy, we identified the 

expression of major tight junction proteins ZO-1 (Fig.7 A) and claudin-5 (Fig.7B).  

Adherens junction proteins such as VE-cadherin are anchored by associative protein β-

catenin 36.  

Β-catenin signaling stabilizes adherens junction proteins and hence promotes BBB 

maturation. Even though β- catenin retention at the plasma membrane by cadherins reduces 

the pool of free β-catenin available for nuclear shuttling to promote expression of genes 

such as claudin-3,37 GLUT-1,38 platelet derived growth factor B,39 and P-gp, 40,41 it is 

critical to note that β-catenin shuttling in the nucleus represses claudin-5 gene expression 

36. Thus, β-catenin localization at the plasma membrane is crucial for enhancing BBB 

maturation through VE-cadherin stabilization and allowing claudin-5 gene expression. We 



54 
 

established that β-catenin localized at the plasma membrane in the organoids (Fig.7 C) and 

VE-cadherin was expressed (Fig.7 D). 

 

HYPOXIA AFFECTS JUNCTIONAL PROTEIN DISTRIBUTION 

 

  One of the primary drivers behind neurologic injury in instances of ischemic stroke 

and traumatic brain injury is cell hypoxia 42,43. Mark and Davis showed that hypoxia 

induces permeability and changes in the organization of tight junctions using a 2D 

transwell system 44. Here, we report for the first-time physiologic changes of junctional 

protein distribution in a multicellular 3D brain microvascular equivalent tissue organoid 

during pathological insult.  In order to evaluate the effect of hypoxia on the expression and 

distribution of tight junction proteins and adherens associated protein, organoids 

containing all 6 cell types were incubated at 37ᵒC, 0.1% oxygen and 99.9%nitrogen for 

24hr in an Xvivo System G300C (BioSpherix, Redfield, NY, USA). Another group of 

organoids were cultured at normoxic conditions for comparison. Organoids were 

subsequently fixed and immunoassayed for claudin-5, ZO-1, β-catenin, and VE-cadherin.  

Claudin-5, ZO-1, β-catenin and VE-cadherin localization is normal under normoxic 

conditions (Fig.7 E, G, I, & K); however, their localization is disrupted under hypoxic 

conditions (Fig.7 F-G). Caludin-5, ZO-1, β-catenin and VE-cadherin fluorescence pixels 

were quantified using ImageJ (National Institute of Health) and were normalized to DAPI 

fluorescence in each section. ZO-1 and claudin-5 was reduced under hypoxic conditions.  

The differences, however, were not significant compared with normoxic conditions (Fig.7 

M). We observed a significant reduction in the relative amount of β-catenin (P= 0.0012) 
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and VE-cadherin (P= 0.0079) under hypoxic conditions compared with normoxic 

conditions (Fig.7 M).   

 

 

Figure 7: Blood-brain barrier marker expression and effect of hypoxia on tight and 

adherens junction protein distribution.  

The presence of tight junction markers Zona occludens-1 (ZO-1) (A), claudin-5 (B), and adherens junction 

proteins β-catenin (C) and VE-Cadherin (D) were confirmed via immunofluorescent staining and confocal 

microscopy at 10x. The lower panels in A’-D’ are parts of spheroids in A-D taken at higher magnification. 

Immunofluorescent staining was conducted on spheroids consisting of all types for junction markers claudin-

5, ZO-1, β-catenin, and Ve- cadherin under normoxic (upper panel, E, G, I, & K). The lower panels in (F, H, 

J, & L) show spheroids that were cultured under hypoxic conditions at 37ᵒC, 0.1% O2 for 24hrs prior to 

immunofluorescent staining and imaging. Spheroids under hypoxic condition exhibited disrupted 

intercellular junction markers compared to their normoxic counterparts. Images were taken at higher 
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magnification. (M) Fluorescence for claudin-5, ZO-1, β-catenin and VE-cadherin was quantified and 

normalized to DAPI fluorescence per section. Student T-Test, two tailed hypothesis **P < 0.05 with 

normoxic condition, norganoids=3.  Data represented as mean ± 𝐬. 𝐞.𝐦. Scale bars 250 μm (A-D) and 50μm (E-

L). 

 

BBB CHARGE SELECTIVITY ASSESSMENT BY EVALUATING INORGANIC 

MERCURY TOXICITY. 

 

Evaluation of the organoid model’s application to neurotoxicity was then 

undertaken through the assessment of inorganic mercury toxicity. Selenium depletion by 

mercury causes irreversible inhibition of the selenoenzymes that play a critical role in 

restoring Vitamin C, E and other anti-oxidant molecules back to their reduced forms 45,46.  

Vitamin C and E are reducing agents and antioxidants that act as cofactors in reactions 

catalyzed by Cu+-dependent monooxygenases and Fe2+-dependent dioxygenases. Mostly, 

the production of reactive oxygen species is accentuated in brain cells because of the high 

rate of oxygen consumption in the brain.47 These high amounts of reactive oxygen species 

inevitably make brain cells vulnerable to oxidative damage. Thus, brain cells heavily 

depend on the antioxidant protection provided by selenoenzymes. Brain cell dysfunction 

and death during prolonged or high mercury exposure is attributed to cellular selenium 

sequestration by mercury 48.  Selenium is needed for the biosynthesis of critical enzymes 

such as thioredoxin reductase, an enzyme that prevents and reverses oxidative damage 

45,46,48.  Mercury I salts are less toxic than mercury II salts because they are less soluble. 

Mercury II salts do not cross the BBB despite their high solubility 48. This makes mercury 

II salts ideal candidates for validating the charge selectivity function of the BBB in models.  
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We constructed organoids containing neuronal cells only (BBB-), as well as 

organoids containing all 6 cell types (BBB+) using the staged assembly process.  Organoids 

containing only neural cells did not have a BBB, while those containing all 6 cell types 

promoted the formation of a functional BBB, due in part to the presence of HBMEC, HBVP 

and HA cells. After completion of staged assembly, organoids were subsequently treated 

with mercury II chloride for 6 days. Mercury toxicity was evaluated by measuring cell 

viability through the assessment of ATP production following the CellTiter Luminescent 

Cell Viability Assay protocol (Promega, Madison, WI. USA). The results showed that 

BBB- organoids have significantly higher cell death (P< 0.0001 ) compared to BBB+ 

organoids (Fig.8 B), demonstrating the low permeability of mercury ions through the BBB. 

It is worth noting that ATP production significantly increased in BBB+ spheroids treated 

with mercury II chloride. ATP is required by Na-K ATPase to establish the electrochemical 

gradient which generates the energy for chloride transport across the cell membrane.49 This 

secondary active transport may induce cells to produce more ATP. In order to demonstrate 

that higher ATP production in BBB+ treated organoids was due to the presence of the BBB, 

we disrupted the BBB in BBB+ organoids with Histamine. ATP production was 

significantly lower (P< 0.0001 ) compared to untreated organoids as shown in Fig.8 E.   

NEURO-TOXICITY MODEL 

 

A classic murine model of Parkinson’s disease is induced through exogenous 

administration of a small molecule (173 Daltons) pro-drug 1-methyl-4-phenyl-1, 2, 3, 6-

tetrahydropyridine (MPTP) into healthy mice 50. Upon crossing the BBB, MPTP, is 

metabolized into the toxic positively charged 1-methyl-4-phenylpyridinium (MPP+) by 

monoamino oxidase B present in glial cells MPP+ selective uptake through the dopamine 
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reuptake pump and subsequent inhibition of complex I by MPP+ causes ATP depletion in 

the dopaminergic neuron and results in cell death 51-53.  MPTP crosses the BBB due to its 

lipophilic properties; however, MPP+ is hydrophilic and does not cross the BBB 51,54-56. 

Thus, MPTP and MPP+ properties can be employed to assess charge selectivity at the BBB. 

In order to establish BBB selectivity, we constructed BBB- organoids as well as BBB+ 

organoids using the staged assembly method. Upon transferring organoids to a long-term 

culture plate on day 4, both the BBB- and BBB+ organoids were treated with MPTP and 

MPP+ for six days. Cell viability or metabolic activity was assessed by measuring the 

production of ATP as described above. MPTP did not cause statistically significant cell 

death in treated compared with untreated BBB- organoids (student t-test, P = 0.13), as 

MPTP is not toxic to neurons (Fig.8 B), but its metabolite MPP+ caused statistically 

significant (student t-test, P < 0.0001) cell death in BBB- organoids (C). In contrast, 

MPTP, caused significant (student t-test, P < 0.0001) reduction in ATP production in 

BBB+ organoids  compared with untreated counterparts (Fig.8 B), while MPP+ did not 

cause statistically significant (student t-test, P = 0.73)  cell death in treated compared to 

untreated  BBB+ organoids , as its hydrophilic properties prevent its passage through the 

BBB (Fig.8 C). Put together, MPTP caused a reduction of BBB+ organoids compared to 

BBB- organoids because it traverses the BBB, while MPP+ did not cause lower ATP 

production in BBB+ organoids. However, MPP+ significantly reduced cell viability in 

BBB- organoids compared to BBB+ organoids. Furthermore, MPP+ also caused significant 

(P< 0.0001) reduction in ATP production in BBB+ organoids that were treated with 

histamine. 

 



59 
 

Figure 8: BBB Integrity and selectivity using FITC labeled IgG, Mercury, MPTP and 

MPP+.  

(A) Shows IgG permeability in untreated (upper panel) and Histamine treated (lower panel) spheroids. 

(B-D) Results from 4 separate experiments were pooled and normalized to the ATP production in 

untreated spheroids.  Neuronal (BBB-) spheroids treated with mercury (II) chloride (B) exhibited 

low ATP production. Spheroids consisting of all six cell types (BBB+) that were treated with 

mercury (II) chloride exhibited higher viability and were statistically significant with respect to their 

untreated counterparts. In C, there was no significant in ATP production in untreated versus MPTP 

treated BBB- spheroids. MPTP treated BBB+ spheroids exhibited significantly low ATP production 

compared to the untreated group. MPP+ (D) BBB- spheroids exhibited significantly lower ATP 

production compared to the untreated neuronal spheroids. BBB+ spheroids that were treated with 

MPP+ exhibited no significantly different cell viability compared to the untreated group. In E, 

BBB+ spheroids were treated with Histamine to allow MPP+ and Mercury ion to penetrate into the 

organoids. Both MPP+ and mercury (II) chloride demonstrated significantly lower ATP production 
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compared to untreated control. Student T-Test, two tailed hypothesis, *P < 𝟎. 𝟎𝟓,  ****P < 0.0001, 

with untreated spheroids, norganoids = 64 B-D, norganoids = 32 (E, experiment only performed once). 

Data represented as mean ± 𝐬. 𝐞.𝐦. 

 

DISCUSSION AND CONCLUSIONS 
 

In vitro BBB models may be critical to the screening and development of novel and 

robust therapeutics against many neurological insults, and valid one to three cell type 

models have been described 5,57-59. Additional properties of the BBB can be elucidated by 

creating organoids with all the cell types present in the brain cortex, in proportions similar 

to normal tissue. The organoids can serve as a model for the evaluation of interactions 

between the BBB and adjacent brain tissue and can provide a platform for understanding 

the combined capabilities of a novel drug to cross the BBB and its effect on microglia, 

oligodendrocytes and neurons. Such understanding may be important in designing 

potential in vitro models of neurodegenerative conditions such as amyotrophic lateral 

sclerosis, multiple sclerosis, or Alzheimer’s disease, and characterizing potential injury 

models, such as stroke.   

The organoid model containing 4 cell types that self-assemble in a manner in which 

the endothelial cells coat the sphere, and organoids containing 3 cell types that are prepared 

in a similar method appear to promote the formation of tight junction proteins. The results 

in organoids containing HBMEC, HA and HBVP show the presence of a functional barrier 

as demonstrated by low FITC-labeled IgG permeability to the core of the organoids. These 

organoids also showed a normal response when exposed to histamine, opening the barrier 

and allowing IgG to cross the barrier. Organoids containing 6 cell types maintained high 
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cell viability for up to 21 days in vitro. This may be important in assessing the long-term 

effect in drug toxicity studies. We also identified expression of P-gp and GLUT1. These 

proteins play an important role to pump out unwanted chemical substances from the brain 

tissue and to transport glucose into the brain tissue, respectively. There are many diseases 

that are implicated in dysfunction and/or other abnormalities in these proteins 50,60,61 and 

our 3D model, which mimics the physiological microenvironment, has the potential to be 

used to evaluate the expression, localization and function of these proteins upon genetic 

manipulations.  We also demonstrated the expression of tight junctions, adherens junctions, 

and adherens junction-associated proteins; these have been identified to prevent the free 

paracellular diffusion of substances into the brain parenchyma.  

One of the areas that may be important in BBB in vitro models is the ability to apply 

these designs to model adult human disease. Specifically, over 80 % of people hospitalized 

for stroke are adults 62. Many current in vitro models do not accurately mimic adult human 

physiology. The use of human primary and iPSC derived cells could help narrow the gap 

towards attaining an ideal model for clinical applications in studies geared towards 

understanding adult human neurologic diseases. Our data show that hypoxia disrupts the 

localization of tight and adherens junction proteins, which indicates that our organoid 

model may be useful in studying ischemia in a physiologically relevant environment. 

To evaluate the selectivity of the BBB, we assessed the subsequent effect of 

mercury ions in the brain parenchyma by evaluating cell viability. Hg2+ does not cross the 

BBB because of its positive charge, which contributes to its hydrophilicity. Our data show 

that Hg2+ that forms when HgCl2 dissolves in media only causes significant cell death in 

neuronal organoids that did not have a BBB compared to organoids that possess a BBB. 
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This indicates that the organoid model containing 6 cell type forms a functional BBB that 

is charge-selective. Similar results were observed when we used a small molecule pro-drug 

MPTP (a lipophilic small molecule), which is toxic when enzymatically converted into its 

metabolite MPP+ in glial cells. MPTP caused cell death or low ATP production in BBB+ 

organoids. However, when we exposed organoids containing 6 cell types directly to the 

non-BBB permeable MPP+, there was no significant cell death. 

The improvement reported herein warrants this model as a possible alternative to 

existing in vitro models. Further structural characterization to determine the production and 

proper deposition of extracellular matrix proteins of the BBB is needed. Analysis of effects 

on individual cell types in the model is also needed to understand cell specific functions 

which will make the model more applicable to specific applications or the study of various 

neurologic disorders.   

Taken together, the multicellular organoid model forms a functional BBB that is 

charge selective and shows relevant responses to physiologic conditional changes. This 

model may be useful not only in drug discovery for novel therapeutics, but also to evaluate 

the ability of such drug candidates to cross the BBB, and their ensuing sequelae such as 

general cytotoxicity, glial toxicity and neurotoxicity.  
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METHODS 
 

CELLS AND CULTURE CONDITIONS 

 

Primary human brain microvascular endothelial cells (Cell Systems, Kirkland, WA) were 

expanded in plates coated with Attachment factor and were cultured under normal growth 

condition in complete classic medium supplemented with CultureBoostTM and attachment 

factor (Cell Systems).  Primary human brain microvascular pericytes (HBVP; ScienCell 

Research Laboratories, Carlsbad, CA) were expanded in plates coated with 15μg/ml Poly-

L-Lysine (ScienCell Research Laboratories) and were cultured under normal growth 

conditions in pericyte medium (ScienCell Research Laboratories) supplemented with 2% 

FBS, pericyte growth supplement and penicillin-streptomycin.  Human astrocyte (HA) 

(ScienCell Research Laboratories) were expanded in plates coated with 15μg/mL Poly-L-

Lysine and were cultured under normal growth condition in astrocyte medium (ScienCell 

Research Laboratories) containing 2%FBS, astrocyte growth supplement, and penicillin-

streptomycin. Human iPSC-derived oligodendrocytes progenitor cells (HO; Tempo 

Bioscience Inc., San Francisco, CA) were  propagated in plates coated with 0.2mg/mL 

Matrigel (Corning) and were cultured under normal growth conditions in (a) propagation 

media consisting of DMEM/F12 with HEPES, L- glutamine (2mM, Life Technologies), 

non-Essential amino acids (1X Life Technologies), StemPro neural supplement 

(Invitrogen), PDGF-AA  (10ng/mL, Peprotech), PDGF-AB (10ng/mL, Peprotech ), NT3 

(10ng/mL, Peprotech), Biotin (100ng/mL, Sigma Aldrich), and  cAMP (5μM/mL Sigma 

Aldrich) and were then cultured in (b) differentiation media (for 72hrs prior to organoid 

formation) consisting of 50:50 DMEM/F12:neuralbasal (Life Technologies), non-essential 

amino acids (1X Life Technologies),  1x B27 (Life Technologies), L- glutamine (2mM, 
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Life Technologies), Biotin (100ng/ml, Sigma Aldrich), PDGF-AA  (5ng/mL, Peprotech),  

BDNF (10ng/ml, Peprotech), ascorbic acid  (20μg/mL, Sigma Aldrich), cAMP (1μM/ml 

Sigma Aldrich), T3 (200ng/ml, (Sigma Aldrich). Human iPSC- derived microglia (HM; 

Tempo Bioscience Inc., San Francisco, CA)  were propagated in plates coated with 

0.2mg/ml Matrigel (Corning) and were cultured under normal growth conditions in 

DMEM/F-12 (Life Technologies), N2 supplement (1x, Life Technologies), essential amino 

acids (0.5x, Life Technologies) L-glutamine 2mM, LifeTech), GM-CSF (100ng/mL, 

Peprotech), IL-34 (50ng/mL, Peprotech). Human iPSC- derived neural stem cells (Axol 

Biosciences Ltd., Cambridge, UK) were plated on plates coated with SureBond (Axol 

Biosciences) and cultured under normal growth conditions in neural plating-XF medium 

(Axol Biosciences) 24hours. The Plating medium was then replaced with neural expansion-

XF medium (Axol Biosciences) supplemented with recombinant human FGF2 (20ng/mL, 

Axol Biosciences) and recombinant human EGF (20ng/mL, Axol Biosciences). Once the 

appropriate number of cells was achieved, the expansion medium was replaced with neural 

differentiation-XF medium (Axol Biosciences) and cultured for an additional 72hours to 

allow for neuronal phenotype differentiation prior to organoid formation.  Of note, our 

initial self-assembly experiment (Fig.1 A) included the use of HCN-2 human cortical 

neurons (ATCC, American Type Culture Collection, Manassas, VA).   These were grown 

under standard growth conditions in media containing 90% Dulbecco’s modified Eagle’s 

medium, 4mM L-glutamine adjusted to contain 1.5g/L sodium bicarbonate, 4.5g/L 

glucose, and 10% fetal bovine serum.   
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ORGANOID CULTURE 

 

HA, HCN-2, HBMEC, and HBVP were harvested using TrypLE select enzyme (1X Life 

Technologies), HM and HO were harvested from culture plates with accutase (Life 

Technologies) and HN were harvested with unlock-XF (Axol Bioscience). To demonstrate 

self-assembly of organoids containing neuronal cells (HCN-2, Fig.1A), the cell types were 

initially labeled using Vybrant® Multi-color Cell Labeling (Life Technologies).  They 

were then mixed in a ratio of 1:1:5:6 – HBMEC, HBVP, HA, HCN-2, respectively. The 

cells were then cultured using the hanging drop culture method in hanging drop culture 

plates (InSphero AG, Schlieren, Switzerland).  The organoids were allowed to form in 

media containing EGM-2 media (Lonza). The 3 cell type organoids utilized for initial BBB 

assessment were cultured in EGM-2 in hanging drop culture plates (InSphero). For 

organoids containing six cell types, 30% HBMEC, 15% HBVP, 15% HA, 5% HM, 15% 

HO, and 20% HN were used to make a total of approximately 2000 cells per organoid. 

Organoids containing HA, HM, HO and HN were allowed to form in 50% astrocyte 

medium without astrocyte growth supplements and 50% neural maintenance-XF medium 

under normal growth conditions for 48hrs in hanging drop culture plates (InSphero). The 

medium was mixed with heat inactivated FBS (Thermo Fisher) and 10ng/μL rat tail 

collagen I (Corning). HBMEC and HBVP were subsequently added to coat the neural-glial 

organoid. The organoids were cultured under normal growth conditions in 60% neural 

maintenance-XF medium, 20% astrocyte medium and 20% complete classic medium. The 

organoids were then allowed to mature further for 48hr and were dropped into a 96 well 

plate for long term use. The organoids used in all experiments were between 6 -10 days in 

vitro unless specified. Where the single self-assembly method is specified, all cell-types 
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were included in the initial hanging drop and allowed to mature for 96hrs prior to being 

dropped into a 96 well plate for long-term culture.  

  

CELL VIABILITY 

 

Cell viability was evaluated using a Molecular Probe Live-Dead cell imaging system 

(Invitrogen). Human brain organoids were harvested for cell viability analysis at days 4, 5, 

7, 10 and 21. Organoids were incubated at room temperature for 10 minutes in DPBS 

containing 2μM calcein AM (Invitrogen, green- live cells) and 4μM ethidium homodimer-

1 (Invitrogen, red - dead cells). After washing once with DPBS, the organoids were then 

imaged using the Olympus Fluoview Fv10i (Olympus, Tokyo, Japan) laser scanning 

confocal microscope. The images obtained were then quantified using ImageJ to determine 

cell viability percentages.  

 

IMMUNOHISTOCHEMISTRY 

 

Organoids were collected into 1.7ml Eppendorf tubes (Corning Inc). After aspirating the 

media, the organoids were fixed in 4% formaldehyde (Polysciences Inc, Warrington, PA) 

for 15 minutes at 4ᵒC and were washed 3 times with cold PBS. The organoids were 

permeabilized with 0.1% Tween-20 in PBS for 10minutes at 4ᵒC and washed 3 times. 

Organoids were exposed to Protein Block (Dako Group, Troy, MI) for 1hr at RT, and 

organoids incubated at 4ᵒC overnight in Antibody Diluent (Dako) solution containing 

primary antibodies –anti-O4 (a marker for OPC, 1:200, RD Systems ), anti-Myelin Binding 

Protein (a marker for mature oligodendrocytes, 1:250, Millipore, Billerica, MA), anti-



67 
 

PDGF-receptor-b [CD140b] (a marker for pericytes, 1:500, Millipore), anti-GFAP (a 

marker for astrocytes, 1:500, Millipore), anti-CD31 (a marker for endothelial cells, 1:1000, 

Abcam), anti-Iba1 (a marker for microglia 1:500, Abcam), anti-beta Tubulin (a marker for 

neurons 1:1000, Abcam),  anti-beta Catenin (1:500, Abcam), anti-GLUT1 (1:500, Abcam), 

anti-VGLUT2 (1:500, Abcam), anti-MDR-1 (1:500, Millipore), anti-ZO-1 (1:1000, 

Millipore), anti-Claudin-5 (1:500, Millipore), and anti-Tyrosine Hydroxylase (1:300, 

Millipore). Organoids were subsequently washed 3 times and incubated with AF488 Goat 

anti-Mouse IgG (1:1000, Life Technologies), AF594 Goat anti-Rabbit IgG (1:1000, Life 

Technologies), AF488A Goat anti-Chicken IgG (1:500, Biotium) in Antibody diluent 

(Dako) overnight at 4ᵒC. Nuclear staining was performed by incubating the organoids with 

DAPI (1:1000) in PBS for 10minutes. The organoids were washed and imaged using the 

Olympus Fluoview Fv10i (Olympus) laser scanning confocal microscope. At least three 

randomly selected organoids were imaged for each stain.  

 

HYPOXIA 

 

On day 6, a 96 well plate containing organoids was cultured in media (60% neuronal 

maintenance media, 20% endothelial growth media, and 20% astrocyte growth media) at 

37ᵒC, 0.1%O2, 99.9%N for 24hr in an Xvivo System G300C (BioSpherix, Redfield, NY, 

USA). 16 randomly selected organoids grown under normoxic conditions and 16 randomly 

selected organoids grown in hypoxic condition were immediately fixed in 4% PFA and 

subsequently prepared for immunofluorescent staining for ZO-1 and beta catenin.  This 

experiment was repeated twice. 
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ASSESSMENT OF FITC LABELED IGG PERMEABILITY 

 

One group of organoids was incubated in media at normal growth conditions with FITC 

Conjugate IgG (1:200, Millipore) for 30 minutes. A control group was treated with 4.5mM 

Histamine 15 minutes prior to incubating with FITC labeled IgG. The organoids were 

washed three times before imaging with the Olympus Fluoview Fv10i (Olympus) laser 

scanning confocal microscope. ImageJ was used to quantify fluorescent intensity.  

 

NEUROTOXICITY SCREENING 

 

Organoids were treated with growth media (60% neuronal maintenance media, 20% 

endothelial growth media, and 20% astrocyte growth media) containing MPTP, MPP+, 

HgCl2 (10 μM, Sigma). The control group was cultured in media without drug or 

compound. Media was replaced with fresh media change containing MPTP, MPP+, HgCl2 

every 48hrs for six days. Media was replaced with fresh media containing histamine and 

MPP+ or HgCl2 every 48hrs for experiments in Figure 4E. Neurotoxicity and glial toxicity 

was assessed by measuring ATP production on day 6. 

 

ATP PRODUCTION 

 

The organoids were transferred to an opaque-walled 96 well plate. Media (100μL) was 

added to wells. CellTiter-Glo Substrate and CellTiter-Glo Buffer (Promega Life Sciences, 

Madison, Wisconsin) were mixed as per manufacturer’s instructions to make the CellTiter-
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Glo Reagent. The reagent (100μL) was then added to 100μL of medium containing 

organoids. The contents were then mixed well on an orbital shaker to induce cell lysis. The 

luminescent signal was stabilized by incubating the plate at room temperature for 10 

minutes. Luminescence was measured using a microplate luminometer (Veritas, Mountain 

View, CA). Background luminescence was then subtracted from the samples.  
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CHAPTER 3 

Note: The following chapter is currently being edited for submission as a standalone 

publication 

MULTICELLULAR 3D NEUROVASCULAR UNIT MODEL FOR ASSESSING HYPOXIA AND 

NEUROINFLAMMATION INDUCED BLOOD-BRAIN BARRIER DYSFUNCTION 

 

ABSTRACT 
 

Background and Purpose: The blood-brain barrier (BBB) is a dynamic component of the 

brain-vascular interface that maintains brain homeostasis and regulates solute permeability 

into brain tissue. The expression of tight junction proteins between adjacent endothelial 

cells and the presence of efflux proteins prevents entry of foreign substances into the brain 

parenchyma. BBB dysfunction, however, is evident in many neurological disorders 

including ischemic stroke, trauma, and chronic neurodegenerative diseases. Currently, 

major contributors to BBB dysfunction are not well understood.  

Methods: Here, we employed a multicellular 3D neurovascular unit organoid containing 

human brain microvascular endothelial cells, pericytes, astrocytes, microglia, 

oligodendrocytes and neurons to assess the effects of hypoxia and neuroinflammation on 

BBB function. Organoids were cultured in hypoxic chamber with 0.1% O2 for 24 hours.  

Results: Organoids cultured under this hypoxic condition showed increased permeability, 

pro-inflammatory cytokine production, and increased oxidative stress. The anti-

inflammatory agents, secoisolariciresinol diglucoside and 2-arachidonoyl glycerol, 

demonstrated protection by reducing inflammatory cytokine levels in the organoids under 

hypoxic conditions.  
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 Conclusion: Through the assessment of a free radical scavenger and an anti-inflammatory 

endocannabinoid, we hereby report the utility of the model in drug development for drug 

candidates that may reduce the effects of ROS and inflammation under disease conditions. 

This 3D organoid model recapitulates characteristics of BBB dysfunction under hypoxic 

physiological conditions and when exposed to exogenous neuroinflammatory mediators 

and hence may have potential in disease modeling and therapeutic development.  

 

INTRODUCTION 
 

The blood-brain barrier (BBB) comprises the physical and enzymatic barrier between the 

brain and the bloodstream. Comprised primarily of specialized non-fenestrated endothelial 

cells along the vascular wall, pericytes, and astrocyte foot processes, this BBB architecture 

controls the selective transport of the brain’s supply of nutrients and hormones, as well as 

the removal of metabolic wastes, foreign substances, and excess neurotransmitters. The 

critical role played by the BBB in maintaining homeostasis within the central nervous 

system (CNS) makes it clear why BBB breakdown is evident in many neurological 

disorders. During ischemic stroke, in particular BBB breakdown leads to edema and 

hemorrhage 1,2. These pathologic consequences worsen secondary brain injury and 

significantly contribute to cognitive impairment. Hence pathological effects of hypoxia on 

BBB function may be critical in understanding strategic therapeutic targets for BBB 

maintenance and recovery during and after neurologic injury. 

Major hurdles to the development of novel molecular therapies for ischemic stroke 

include but are not limited to; the lack of an agreed upon in vitro model of ischemic stroke 
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for pre-clinical drug screening, and the fundamental differences in BBB organization and 

architecture between humans and the most common animal models.  Current in vitro 

models of ischemic stroke differ in cell types utilized, human vs. rodent, in structural 

design, monoculture vs. co-culture, and co-culture in monolayer form vs. layered form 3. 

Clinical treatments for acute stroke include tissue plasminogen activator (tPA) 

administration 4-6 and thrombectomy 7,8. In patients with acute ischemic stroke, 

thrombectomy and tPA therapy allow for salvage of penumbral or “at risk” central nervous 

system (CNS) tissue. However, despite good revascularization and being within the 

therapeutic time window not all patients benefit from thrombectomy or tPA therapy.  In 

penumbral or “at risk” CNS tissue, physiological changes, such as hypoxia and 

inflammation, within the neurovascular unit alter the normal function and lead to death of 

penumbral tissue even after subsequent revascularization. Given that there are many 

patients that do not benefit from thrombectomy or TPA therapy, development of a novel 

therapy that would protect penumbral or "at risk" tissue is therefore needed. 

Inflammatory tissue injury is very common in many neurological disorders 

including stroke and is believed to be mediated by reactive metabolites that include reactive 

oxygen species (ROS), reactive nitrogen species, and reactive sulfur species 9-11. These 

reactive species cause deleterious complications such as lipid peroxidation that can cause 

damage to cellular membrane and trigger second messengers that lead to apoptosis. An in 

vitro model that can recapitulate both the changes to the BBB architecture and the 

inflammatory stress response that occurs in response to hypoxia is critical to defining new 

therapeutic targets for mitigating the resulting ongoing neurologic injury. 
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We have recently developed a six cell-type neurovascular unit human organoid 

model containing brain microvascular endothelial cells, pericytes, astrocytes, 

oligodendrocytes, microglia, and neurons for use in neurotoxicity screening and disease 

modeling 12. Here, we utilized this human cell-based 3D in vitro model to measure the 

effects of hypoxia on BBB structure and function.   

We evaluated the expression levels of proteins critical in BBB maintenance; 

basement membrane proteins, tight junction proteins, and BBB transport proteins.  We also 

assessed the secretion and effect of inflammatory mediators under hypoxic condition. Our 

results showed significant change in hypoxia heat shock proteins, transport proteins, tight 

junctions and basement membrane protein expression under hypoxia. These changes may 

contribute to BBB dysfunction under hypoxic conditions. Through the assessment of a free 

radical scavenger and an anti-inflammatory endocannabinoid, we hereby report the utility 

of the model in drug development for drug candidates that may reduce the effects of ROS 

and inflammation under disease conditions. This human cortex organoid placed within a 

hypoxic environment mimics normal physiologic response and forms the basis for a 

promising disease model that could potentially be implemented as an initial in vitro drug 

screening tool in the evaluation of novel therapeutics. 

 

RESULTS 
 

HYPOXIA INDUCED IGG AND ALBUMIN PERMEABILITY 
 

We previously demonstrated that 24 hours of hypoxic stress disrupts the distribution of 

tight junctions at the BBB 12. Since tight junctions play a major role in preventing free 
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paracellular transport of blood born components 13-16, we anticipated increased 

permeability of large molecules upon culturing our organoids under hypoxic conditions. 

Thus, we evaluated the ability of FITC-labeled IgG and FITC-labeled albumin to cross the 

BBB in organoids cultured under hypoxic vs. normoxic conditions. Qualitatively, greater 

amounts of IgG and albumin crossed the BBB in organoids that underwent hypoxic 

treatment than in those under normoxia (Fig. 9A). In the examination of cell viability, we 

found a significantly decreased cell viability in organoids cultured under hypoxic condition 

than in normoxia-cultured counterparts (Fig. 9B).  

 

 

Figure 9: Hypoxia induced permeability and cell death.  

A show increased permeability of labeled albumin (red) and FITC labeled IgG (green) into spheroids post 

hypoxic culture conditions compared to no penetration of these proteins under normoxic conditions. The 

number of cells per spheroid under both normoxic and hypoxic condition was determined by pooling 50 

spheroids into an eppendorf tube. Cell suspensions were obtained by dissociating the spheroids with dispase. 
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The cells were subsequently counted, and the data is shown in (B). Cell viability was assessed using trypan 

blue. Student T-Test, two tailed hypotheses *P < 0.05. Data represented as mean ± SEM. Scale bars 200 μm 

 

PROTEIN EXPRESSION WAS ALTERED BY HYPOXIA 
 

Hypoxia-induced vascular endothelial growth factor (VEGF) production may have 

angiogenic effects in the sprouting of new vessels that provide additional nutrients to 

starved regions 17. However, VEGF also is known to disrupt tissue endothelial barrier 

functions 18. Consequently, we evaluated the expression of VEGF under hypoxic 

conditions. Levels of VEGF were significantly increased in organoids cultured under 

hypoxia (39.2pg/ml, P= 0.0022) compared to their counterparts that were grown under 

normoxic condition (undetectable, Fig. 10A). We identified higher levels of hypoxia-

induced factor 1-alpha (HIF-1α) under hypoxic condition, which also plays a role in 

vascular permeability under disease conditions 19,20 (Fig. 10A). Heat shock proteins are 

upregulated under conditions of stress to stabilize new proteins by promoting their proper 

folding, or to assist in refolding proteins that may have been damaged by hypoxia-induced 

stress 21. To that end, we found an upwards trend of heat shock proteins 27 (HSP27) levels 

(Fig. 10A) and significantly more expression of HSP90 (Fig. 10A’) in brain organoids that 

underwent hypoxic conditions  
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Figure 10: Hypoxic stress induces alterations in BBB transport, junctional and basement 

membrane protein levels in organoids. 

 Two groups of 80 spheroids each were pooled and cultured under hypoxic conditions and normoxic culture 

conditions for comparison. The expression of hypoxia induced proteins was only significantly higher under 

hypoxic condition compared to normoxic condition for VEGF. There was no significant difference in the 

expression of HIF-α and HSP27 between the two conditions (A) and HSP90α expression was increased under 

hypoxic condition (A’). Total protein expression of MDR-1 and AQP4 was significantly increase under 

hypoxic condition compared to normoxic condition (B). Total expression of GLUT-1 expression was not 

significantly different between culture conditions. Claudin-5 and VE-Cadherin expression was not 

significantly higher under hypoxic condition (C). Expression of other tight junction proteins Occludin and 

ZO-1 were significantly higher under hypoxic condition compared to normoxic condition (C). The expression 

of basement membrane protein was also evaluated, and Fibronectin had a significantly higher expression 
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under hypoxic condition, while Laminin and Collagen IV expression was lower in spheroids cultured under 

hypoxic conditions. In (E), protein expression of MMP-9 (upper panel) in hypoxic condition was not different 

when compared to normoxic condition. Similarly, MMP-2 (lower panel) expression was not significantly 

higher under hypoxic conditions compared to normoxic condition Student T-Test, two tailed hypothesis, *P 

< 0.05,  **P < 0.01, ***P < 0.001.  Data represented as mean ± SEM. 

Transport proteins at the BBB level crucially regulate the transport of some blood-

borne substances to the parenchymal tissue. We identified the effect of hypoxia on the 

expression of three major transport proteins at the BBB. Total protein levels of both 

multidrug resistance protein 1 (MDR-1) and aquaporin 4 (AQP4) were significantly higher 

in organoids cultured under hypoxic conditions (295.6pg/ml and 1054.1pg/ml) than in 

those cultured under normoxic condition (151.2pg/ml, P= 0.0043, and 675.7pg/ml, 

P=0.0043), respectively (Fig. 10B). However, the expression of the glucose transporter was 

not significantly different, (2.4ng/ml, P= 0.093) compared to normoxia (2.7ng/ml) (Fig. 

10B).  

Also critical to the function of the BBB, are the junctional proteins that prevent free 

diffusion of molecules through the BBB. To understand the effect of hypoxia on the 

expression of junctional proteins, we measured their total protein expression in our 

organoids. Zona occludin 1 (ZO-1) and occludin expression were increased under hypoxic 

(480pg/ml and 1.7ng/ml) compared to normoxic conditions (399.5pg/ml, P= 0.0023, and 

0.8ng/ml, P= 0.026); however, Claudin 5 and VE-cadherin was not significantly changed 

by hypoxia (Fig. 10C). 

The basement membrane regulates the structural integrity of the BBB; however, 

the proteins that comprise the basement membrane vary under disease conditions 22. In this 
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study, we quantified the amounts of fibronectin, laminin 1, and collagen type 4. Fibronectin 

expression was significantly increased in organoids cultured under hypoxic conditions 

(138pg/ml normoxic vs. 2567pg/ml hypoxia, P = 0.0007), while laminin (633.7 pg/ml 

normoxia vs. 458.8 pg/ml hypoxic, P = 0.0593) and collagen (1.3ng/ml normoxia vs. 

0.3ng/ml hypoxia, P = 0.0379) trended lower under hypoxic conditions (Fig. 10D). The 

expression levels of matrix metalloproteinases, MMP-9 and MMP-2 were not significantly 

higher (126 pg/ml normoxia vs. 149 pg/ml hypoxia) and (5.9ng/ml normoxia vs. 6.2ng/ml 

hypoxia), respectively (Fig. 10E).  

 

HYPOXIA INCREASED OXIDATIVE STRESS 
 

Decreased partial pressure of oxygen has been associated with antioxidant imbalance and 

changes in mitochondrial oxidative phosphorylation that lead to increased amounts of 

reactive oxygen and nitrogen species (RONS) and subsequent oxidative damage to lipids, 

proteins, and DNA 23. To characterize the effect of hypoxia in our organoids, organoids 

cultured under normoxic and hypoxic conditions were incubated with dyes containing 

functional moieties that react with oxidative stress mediators. Specifically, the hypoxic 

reagent dye contains non-fluorescent aromatic compound with a nitro group. The high 

nitroreductase activity in hypoxic cells converts the nitro moiety in a series of reactions to 

an amino group to produce a fluorescent molecule 24. Similarly, the oxidative stress reagent 

is a cell permeable non-fluorescent dye that reacts with wide range of reactive species, such 

as hydrogen peroxide, peroxynitrite, and hydroxyl radicals, yielding a fluorescent product 

indicating the presence of RONS. Qualitative analysis shows higher amounts of oxidative 

stress in organoids cultured under the hypoxic condition (Fig. 11A). Since oxidative stress 
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has damaging consequences on mitochondrial function 25, we measured ATP production 

in our organoids to evaluate metabolic activity. ATP production was significantly 

decreased in organoids cultured under hypoxic condition (Fig. 11B).   

 

 

  

Figure 11: Hypoxia induces oxidative stress. 

In A, three groups of organoids were pooled and cultured under hypoxic conditions and normoxic culture 

conditions. The positive control was prepared by treating the normoxic organoids with oxidative stress 

inducer, Pyocyanin and hypoxic inducer, Deferoxamine. All groups were then incubated in hypoxic and 

oxidative stress detection reagent that reacts with oxidative stress mediators to produce a fluorescent product. 

Images were obtained using a confocal microscope. Qualitative results show more hypoxic (Red) and 

oxidative stress (Green) in organoids cultured under hypoxia. In B, metabolic activity was assessed by 

measuring ATP production. There was a significant decrease in ATP production in hypoxic organoids. 
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Student T-Test, two tailed hypothesis, ****P < 0.0001. Data represented as mean ± SEM. Scale bars 250 

μm. 

 

HYPOXIA INDUCED THE PRODUCTION OF PROINFLAMMATORY CYTOKINE 
 

Neuroinflammation is implicated in many neurological diseases and disorders 26-29. 

Cellular and molecular magnetic resonance imaging revealed neuroinflammation in post-

stroke studies 30. The molecular mechanistic causes of neuroinflammation are not well 

understood. However, it is thought that oxidative stress under hypoxic conditions activates 

glial cells, specifically the microglia 31. Glial activation may result in the production of 

proinflammatory cytokines and chemokines that recruit peripheral leucocytes and 

subsequently disrupt the BBB 32,33. We determined the expression of both pro-

inflammatory and anti-inflammatory cytokines, which augment neuroinflammation 

together with complement and free radicals 33. Most of pro-inflammatory cytokines and 

chemokines we measured (IL-2, MCP-1, IL-4, IL1 , TNF- , and IL-6) were significantly 

upregulated under hypoxic condition (Fig.12A-B). Interleukin (IL)-4, which can have anti-

inflammatory effects through its Th-2 and alternative macrophage activities, was also 

significantly higher under hypoxic conditions than under normoxic conditions, although 

anti-inflammatory IL-10 secretion was not changed (Fig. 12A).  
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Figure 12: Cytokine production and the effect of exogenous cytokines. 

In A and B, two groups of 80 spheroids each were pooled and cultured under hypoxic conditions and 

normoxic culture conditions for comparison. There was significantly higher secretion of IL-2, IL-4, and IL-

8 under hypoxic condition compared to normoxic condition, however, IL-10 secretion was not different 

between the two culture conditions (A). The expression and secretion of inflammatory cytokines IL-1β, TNF-

α, and IL-6 secretion was significantly elevated under hypoxic condition compared to normoxic conditions 

(B). MCP-1 secretion was significantly higher under hypoxic condition compared to normoxic conditions. In 

C, we highlight the effect of exogenous cytokines on the distribution of tight junction at the Blood-Brain 

Barrier. Normal distribution of the tight junctions is evident under normoxic condition while the tight 

junctions are disrupted when treated with both IL-6 and TNF-α at low or high concentrations. Similar 

disruption of the tight junction was also observed in organoids cultured under hypoxic condition. Student T-

Test, two tailed hypothesis, *P < 0.05,  **P < 0.01, ***P < 0.001. Data represented as mean ± SEM. Scale 

bars (control 40 μm, treated and hypoxia 40 μm).  
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EXOGENOUS CYTOKINES DIRECTLY IMPACTED BBB INTEGRITY 
 

Increased cytokine levels have a profound effect on the BBB through the induction of 

endothelial cells to produce prostaglandins, nitric oxide, free radicals, and additional 

chemokines 34,35. To evaluate the effect of circulating cytokines on the BBB we incubated 

our organoids with the exogenous cytokines IL-6 and TNF-α for 24 hours. Our results show 

that these exogenous cytokines disrupted the distribution of tight junctions compared to 

untreated organoids (Fig. 4C). These results are consistent with our previous observations 

of organoids cultured under hypoxic condition 12. Further studies assessing BBB 

permeability showed high permeability of FITC dextran in organoids treated with IL-6 or 

TNF-α and also in organoids that were treated with a mix of cytokines (IL-2, IL-6, TNF- 

α, and VEGF, Fig. 5). FITC labeled IgG permeability was visually higher in organoids 

treated with TNF-α or the cytokine mix compared to organoids treated with IL-6 only (Fig. 

13). 
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Figure 13: Exogenous cytokines increased BBB permeability.  

Organoids were incubated with IL-6 only, TNF-α only, or a combination of cytokines (IL-2, IL-6, VEGF, 

and TNF-α) for 12 hours. BBB permeability was assessed using a 5kDa FITC dextran and FITC labeled IgG.  

The dextran molecule traversed across the BBB in organoids treated with cytokines. However, IL-6 alone 

did not induce BBB permeability. Scale bars 300 μm.  

 

 

FREE RADICAL SCAVENGING DECREASED METABOLIC OXIDATIVE STRESS AND REDUCED 

SECRETION OF PRO-INFLAMMATORY CYTOKINES 
 

An antioxidant free radical-scavenging drug 4-hydroxy-2,2,6,6-tetramethylpiperidine-N-

oxyl (TEMPOL) with neuroprotective properties 36 showed that oxidative stress may be a 

therapeutic target.  At the BBB level, TEMPOL preserved occludin localization and 

prevented the collapse of occludin oligomeric assemblies in animals subjected to hypoxia 

and reoxygenation 36. Here, we investigated the effects of another molecule; 
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secoisolariciresinol diglucoside (SDG), a major lignan found in flaxseeds that has been 

hypothesized to have beneficial effects against diabetes, tumor progression, 

atherosclerosis, heart disease, oxidative stress, and inflammation 37. SDG has also been 

shown to have BBB protective effects and anti-inflammatory properties due to its direct 

free radical scavenging activity 38-40. Two experimental conditions were implemented:  1) 

48 hours of pretreatment with SDG followed by placement in a hypoxic environment; 2) 

simultaneous treatment with SDG while the organoids were within a hypoxic environment 

for 24hrs. To measure oxidative stress, the organoids were incubated with non-fluorescent 

dye that reacts with oxidative mediators to produce a fluorescent product. Qualitative 

results show that pretreatment with SDG reduces oxidative stress mediators compared to 

untreated organoids under hypoxia (Fig. 14).  Furthermore, we evaluated anti-

inflammatory activity in our organoids by evaluating the effect of SDG on the secretion of 

pro-inflammatory cytokines. Our results show that pretreatment significantly reduced 

VEGF (Fig 15A), IL-6 (Fig. 15B), and IL-8 (Fig. 15D) release into the supernatant. 

However, IL-2 (Fig. 15C) levels were not significantly reduced, neither by treating 48 

hours prior to hypoxic incubation nor treating during hypoxia only.  
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Figure 14: Treatment with Secoisolariciresinol diglucoside (SDG) decreased metabolic 
oxidative stress.  

Organoids were either treated with 50µM SDG or 2- arachidonoyl glycerol 2-AG for 48 hrs prior to culturing 

in hypoxic chamber. Oxidative stress was then measured using a oxidative stress reagent that produce a 

fluorescent product when it reacts with oxidative stress mediators. The organoids were then imaged using a 

scanning confocal microscope. SDG treatment reduced metabolic oxidative stress compared to organoids 

that were not treated prior to hypoxic incubation. Scale bars 300 μm.   

 

2-ARACHIDONYLGLYCEROL (2-AG) HAD ANTI-INFLAMMATORY PROPERTIES IN HYPOXIA-

INDUCED NEUROINFLAMMATION 

 

The cannabinoid system has been shown to modulate cellular and molecular pathologies 

such as cell death, excitotoxicity, neuroinflammation, and cerebrovascular breakdown 41. 

Specifically, 2-AG is a retrograde monoacylglycerol messenger in the endocannabinoid 

system that regulates plasticity and synaptic transmission 42-45. In vitro studies with 

microglia and splenocytes have shown that 2-AG has anti-inflammatory effects in the form 

of reducing TNF-α and IL-2 release 46,47.  We first assessed and observed no effect on 

metabolic stress (RONS) when organoids were treated with 2-AG for 48 hours prior to 

culturing under hypoxia (Fig. 14). We also assessed the anti-inflammatory activity of 2-

AG in hypoxia-induced inflammation, which has not previously been evaluated in a 3-

dimensional organoid system. Protein quantities were determined using ELISA and we 

identified significantly lower VEGF (Fig 15A), IL-6 (Fig. 15B), and IL-8 (Fig. 15D) 

secretion in organoids that were treated with 2-AG than in untreated controls that were 

cultured under hypoxia. There was no significant reduction in IL-2 (Fig. 15C) release.  
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Figure 15: Treatment with Secoisolariciresinol diglycoside (SDG) and 2-Arachidonyl 

glycerol (2-AG) has an effect on cytokine production.  

Groups of 80 spheroids each were pooled and treated for 48 hours prior to culturing under hypoxic condition 

(*), treated during hypoxic condition only (#), or were non-treated, cultured under hypoxic conditions and 

then re-oxygenated under normoxic conditions for 24 hours (HR). Expression of VEGF was significantly 

increased under hypoxic condition compared to normoxic condition (A). Preliminary experiments to assess 

effects of SDG and 2-AG on the expression of VEGF shows a significant decrease when treated with 2-AG 

while SDG elicited not significant decrease in VEGF expression when compared to hypoxic condition (A). 

There was a slight increase in the secretion on IL-6 under hypoxic condition compared to normoxic condition. 

Treatment with SDG lowered the secretion of the cytokine and 2-AG treatment resulted in a significant 

decrease compared to hypoxic condition (B). Re-oxygenated spheroids secreted higher amounts of IL-6 

compared to hypoxic condition (B). There was no significant difference in IL-2 secretion in spheroids under 
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hypoxia compared to those under normoxia. Furthermore, the treatments did not have a significantly different 

profile compared to spheroids under hypoxic conditions (C). IL-8 secretion under hypoxia was significantly 

increased compared to normoxia. Pretreatment with both SDG and 2-AG resulted in reduction in IL-8 

secretion while reoxygenation did not have an effect (D). One-way ANOVA multiple comparison to hypoxia 

was used to analyze the data. ***P < 0.001,  ****P < 0.0001.  Data represented as mean ± SEM. 

 

SDG AND 2-AG TREATMENT IMPROVED TIGHT JUNCTION DISTRIBUTION 
 

At the BBB level, TEMPOL preserves occludin localization and prevents the collapse of 

occludin oligomeric assemblies in animals subjected to hypoxia and reoxygenation 36. As 

highlighted above, SDG has free radical scavenging properties similar to TEMPOL. Here 

we assessed the effects of SDG on tight junction distribution. Results show improved 

organization of claudin-5 in organoids that were treated with SDG or 2-AG for 48 hours 

before culturing under hypoxic condition (Fig. 16). There was no difference in the 

organizational distribution of ZO-1 in organoids that were treated compared to untreated 

organoids (Fig. 16). Additionally, β-catenin distribution was only maintained in organoids 

pre-treated with SDG.  

 



92 
 

 

Figure 16: SDG and 2-AG improved tight junction distribution.  

Two groups of 20 organoids each were either treated with 50µM SDG or 10 µM 2- arachidonoyl glycerol (2-

AG) for 48 hours prior to culturing in hypoxic chamber. Then, another group of 20 untreated organoids and 

the treated groups were cultured under hypoxic condition for 24 hours. The organoids were then fixed and 

processed for immunohistochemistry staining and were subsequently imaged. Caludin-5 distribution and 

organization increased in organoids pre-treated with SDG and 2-AG. Beta catenin organization increased in 

organoids that were treated with SDG. Scale bars 300 μm    

 

CONCLUSIONS AND DISCUSSION 
 

Understanding how the BBB functions in healthy tissue and how its loss of function is 

linked to the progression of many neurological disorders is critical to identifying potential 

therapeutic strategies. Neuroimaging studies have revealed hippocampal BBB breakdown 
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in individuals with mild cognitive impairment and early-stage Alzheimer’s disease 48. Van 

de Haar et al. has also observed BBB dysfunction in the gray and white matter regions 

before brain atrophy or dementia 49,50. Other neuroimaging studies have demonstrated BBB 

breakdown in Huntington’s disease, Alzheimer disease, Parkinson’s disease, amyotrophic 

lateral sclerosis, multiple sclerosis, HIV-1 associated dementia, chronic traumatic 

encephalopathy, stroke, and brain neoplasms 51-53. The underlying mechanisms that result 

in BBB breakdown in many of these conditions are not well understood. However, it is 

believed that the loss of tight junction integrity occurs in a phasic manner as a consequence 

of many independent mechanisms including but not limited to transport protein channel 

dysregulation, inflammation, oxidative and nitrosative stress, and direct enzymatic injury 

54.  

Hypoxic-ischemia results in acidosis, glutamate excitotoxicity, generation of 

reactive oxygen species, and oxidative stress. This is followed by cell death and prolonged 

periods of delayed inflammation 55,56, which subsequently exacerbate the BBB breakdown 

in disease conditions. In this study, we identified increased BBB permeability in organoids 

that were treated under hypoxic conditions compared to those grown in normoxic 

conditions. Higher BBB permeability under hypoxic conditions may be a result of 

molecular and cellular dysfunctions secondary to cell death observed in organoids under 

hypoxic culture conditions. However, further studies are required to evaluate the extent of 

cell death in organoids and its effect on BBB function. Our studies also revealed altered 

transport protein expression under hypoxic conditions, specifically a higher expression of 

an efflux protein, MDR-1; this was expected given our observation of increased BBB 

permeability under hypoxic conditions. Higher permeability of xenobiotics across the BBB 
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may lead to upregulation of MDR-1 expression in order to re-establish homeostasis. With 

the concentration of solutes increasing in the brain parenchyma, cells at the BBB level may 

upregulate the expression of AQP4 to increase the diluting water content in the interstitial 

tissue to reestablish equilibrium.   

Tight junction expression serves as a BBB marker. Interestingly, we observed 

increased expression of tight junction proteins under hypoxic conditions than under 

normoxic conditions when assayed by ELISAs. The increased expression of tight junctions 

did not correlate with the high permeability we observed and was contrary to our previous 

observation of decreased tight junction protein localization under hypoxic condition. 

However, histochemical analysis revealed an apparent disorganization and potential 

decrease in proper localization of functional protein between the cell junctions.  

Consequently, increased tight junction protein levels could indicate that the cells at the 

BBB are sensing BBB breakdown or loss of barrier function and hence may upregulate 

tight junction protein expression to re-establish BBB integrity. Further studies to determine 

the turnover and localization of these proteins will be required, as they may be part of a 

maladaptive stress response to hypoxic conditions. This may also prove to be a target for 

future therapies, as the body attempts to restore normal physiologic function of the BBB 

after injury.  

The expression of basement membrane proteins was also altered. We observed 

higher fibronectin expression under hypoxic conditions than under normoxic conditions. 

Fibronectin promotes angiogenesis 57, and lack of oxygen within the organoid under 

hypoxic condition may induce angiogenic pathways that allow for oxygen and nutrient 

delivery to cells. In contrast, laminin (which has been shown to promote neuronal adhesion) 
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and collagen expression were not significantly different between the two conditions. Also, 

expression of both MMP-2 and MMP-9 was not significantly increased under hypoxic 

conditions, indicating that autologous CNS upregulation of MMP-2 and MMP-9 may not 

be responsible for the breakdown of the BBB.  Further enzymatic activity studies are 

needed to elucidate the effect of these enzymes on the BBB.   

Understanding how inflammation causes BBB breakdown could provide 

therapeutic options for slowing neurologic disease progression by improving the integrity 

of the BBB 27,28,35,58. We evaluated neuroinflammation in our organoids under hypoxic 

condition by assessing the expression of inflammatory cytokines and chemokines and 

observed higher expression levels of pro-inflammatory mediators. This may indicate glial 

activation, specifically the astrocytes and microglia that are known to secrete pro-

inflammatory cytokines under stress conditions 32,33. This may be concomitant with 

increasing ROS in the organoid’s milieu 10, and that in turn may exacerbate glial activation. 

We also observed higher expression levels of chemokines including IL-8 and MCP-1; these 

chemokines establish a gradient that recruits peripheral leukocytes to the site of the lesion 

59,60. Even though levels of some chemokines were not reliably significant between 

experiments, we observed consistent trends between experiments. The mechanism through 

which these chemokines cause BBB dysfunction in neurodegenerative disorders is not well 

characterized, but chemokine activity is observed in multiple sclerosis where peripheral 

neutrophils and macrophages invade the brain tissue and degrade the myelin sheaths that 

protect and enhance signal transduction between neurons in the CNS 61. While the anti-

inflammatory cytokine IL-4 was also elevated, it may not be particularly effective under 
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hypoxic conditions.  The expression and secretion of these chemokines indicate that our 

organoid model may resemble conditions found in vivo in human brain diseases 62.  

Circulating cytokines, specifically IL-1α, IL-1β, IL-6, and tumor necrosis factor-α 

(TNF-α) can cross the BBB 34,58. Under normal physiological conditions, low levels of 

cytokines interact with the luminal surface receptors of the brain microvascular endothelial 

cells and regulate pathways linked to cellular metabolic functions 34. However, 

inflammation in a diseased organ can increase cytokine levels in the systemic circulation 

that in turn affect events within the brain by altering the function of the BBB. To understand 

the effect of circulating pro-inflammatory cytokines on the BBB, we evaluated the direct 

effects of IL-6 and TNF-α on the distribution of the tight junctions and adherens junction-

associated proteins in our organoids. The results show that exogenous cytokines increased 

the disorganization of the tight junctions and increased permeability across the BBB level. 

This disruption was very similar to that observed in organoids cultured under hypoxic 

conditions. Many mechanisms may contribute to the disruption of the tight junctions. Our 

data show that pro-inflammatory cytokines may play an important role in disruption of the 

tight junctions and the dysfunction of the BBB.  

Given that we have shown hypoxia-induced inflammation causes BBB dysfunction, 

we sought to mitigate those effects. Specifically, we demonstrated that the free radical 

scavenger, SDG, and the endocannabinoid, 2-AG, may have protective effects against 

hypoxia-induced inflammation by reducing the expression of cytokines and decreasing 

oxidative stress that were associated with hypoxic stress conditions. Treatment with SDG 

and 2-AG lowered the secretion of VEGF, IL-6, and IL-8 under hypoxic condition. Results 

also showed maintenance of claudin-5 and beta catenin under hypoxic condition when 
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organoids were treated with SDG and 2-AG. This could indicate that these molecules may 

protect BBB integrity by reducing oxidative stress and proinflammatory cytokines. 

However, re-oxygenated organoids had increased cytokine levels. This indicates that once 

inflammation is initiated, re-oxygenation may have limited effect in reducing the levels of 

inflammatory mediators.  

In summary, the neurovascular spheroid is a suitable model for mimicking cerebral 

pathology, such as hypoxia, that will allow for in vitro testing and development of novel 

therapies for diseases of the central nervous system. In this study we found that hypoxic 

conditions lead to a change in cytokine expression and that this change in cytokine 

expression, such as IL-6 and TNF-α, may contribute to leakage of the BBB under hypoxic 

conditions. Interestingly, upregulation of CNS MMP-2 and MMP-2 may not play a role in 

breakdown of the BBB under hypoxic conditions. Therapeutically, the free radical 

scavenger SDG, and the endocannabinoid, 2-AG demonstrated neuroprotective benefits 

with decreased expression of IL-6, IL8 and VEGF as well as increased expression of tight 

junction molecules Caludin-5, ZO-1 and Beta catenin. Use of 3D brain organoid models 

for the development of novel therapies will allow for understanding of pathologic and 

therapeutic mechanisms and has potential applications in CNS disease modeling.   

METHODS AND MATERIALS 
 

CELLS AND CULTURE CONDITIONS 
 

Cell expansion and differentiation protocols for all six cell types described here are similar 

to the methods in our previous work 12. Primary human brain microvascular endothelial 

cells (Cell Systems, Kirkland, WA) were expanded in plates coated with attachment factor 
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and were cultured under normal growth condition in complete classic medium 

supplemented with CultureBoostTM and attachment factor (Cell Systems). Primary human 

brain microvascular pericytes (HBVP; ScienCell Research Laboratories, Carlsbad, CA) 

were expanded in plates coated with 15 μg/ml Poly-L Lysine (ScienCell Research 

Laboratories) and were cultured under normal growth conditions in pericyte medium 

(ScienCell Research Laboratories) supplemented with 2% FBS, pericyte growth 

supplement and penicillin-streptomycin. Human astrocytes (HA) (ScienCell Research 

Laboratories) were propagated in plates coated with 0.2 mg/mL Matrigel (Corning) and 

were cultured under normal growth condition in astrocyte medium (ScienCell Research 

Laboratories) containing 2% FBS, astrocyte growth supplement, and penicillin-

streptomycin. Human iPSC-derived oligodendrocyte progenitor cells (HO; Tempo 

Bioscience Inc., San Francisco, CA) were propagated in plates coated with 0.2 mg/mL 

Matrigel (Corning) and were cultured under normal growth conditions in (a) propagation 

media consisting of DMEM/F12 with HEPES, L- glutamine (2 mM, Life Technologies), 

non-Essential amino acids (1X Life Technologies), StemPro neural supplement 

(Invitrogen), PDGF-AA (10 ng/mL, Peprotech), PDGF-AB (10 ng/mL, Peprotech), NT3 

(10 ng/mL, Peprotech), Biotin (100 ng/mL, Sigma Aldrich), and cAMP (5 μM/mL Sigma 

Aldrich) and were then cultured in (b) differentiation media (for 72 hrs prior to organoid 

formation) consisting of 50:50 DMEM/F12:neuralbasal (Life Technologies), non-essential 

amino acids (1X Life Technologies), 1x B27 (Life Technologies), L- glutamine (2 mM, 

Life Technologies), Biotin (100 ng/ml, Sigma Aldrich), PDGF-AA (5 ng/mL, Peprotech), 

BDNF (10 ng/ml, Peprotech), ascorbic acid (20 μg/mL, Sigma Aldrich), cAMP (1 μM/ml 

Sigma Aldrich), T3 (200 ng/ml, (Sigma Aldrich). Human iPSC- derived microglia (HM; 
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Tempo Bioscience Inc., San Francisco, CA) were propagated in plates coated with 0.2 

mg/ml Matrigel (Corning) and were cultured under normal growth conditions in DMEM/F-

12 (Life Technologies), N2 supplement (1x, Life Technologies), essential amino acids 

(0.5x, Life Technologies) L-glutamine 2 mM, LifeTech), GM-CSF (100 ng/mL, 

Peprotech), IL-34 (50 ng/mL, Peprotech). Human iPSC- derived neural stem cells (HN) 

(Axol Biosciences Ltd., Cambridge, UK) were plated on plates coated with SureBond 

(Axol Biosciences) and cultured under normal growth conditions in 50% neural plating-

XF medium (Axol Biosciences) and 50% neural expansion-XF medium (Axol 

Biosciences) supplemented with recombinant human FGF2 (20 ng/mL, Axol Biosciences) 

and recombinant human EGF (20 ng/mL, Axol Biosciences). After 48 hours, the media 

was then replaced with 100% neural expansion-XF medium (Axol Biosciences) 

supplemented with recombinant human FGF2 (20 ng/mL, Axol Biosciences) and 

recombinant human EGF (20 ng/mL, Axol Biosciences). 

 

ORGANOID CULTURE 
 

HBMEC and HBVP were harvested using TrypLE select enzyme (1X Life Technologies), 

HA, HM and HO were harvested from culture plates with accutase (Life Technologies) 

and HN were harvested with unlock-XF (Axol Bioscience). The organoids contained 30% 

HBMEC, 15% HBVP, 15% HA, 5% HM, 15% HO, and 20% HN with approximately 2000 

cells per organoid. Organoids containing HA, HM, HO and HN were allowed to form in 

50% astrocyte medium without astrocyte growth supplements and 50% neural 

maintenance-XF medium under normal growth conditions for 48 hrs using the hanging 

drop culture method in hanging drop culture plates (InSphero AG, Schlieren, Switzerland). 
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The medium was mixed with heat inactivated FBS (Thermo Fisher) and 10 ng/μL rat tail 

collagen I (Corning). HBMEC and HBVP were subsequently added to coat the neural-glial 

organoid. The organoids were cultured under normal growth conditions in 60% neural 

maintenance-XF medium, 20% astrocyte medium and 20% complete classic medium 

(Organoid Media). The organoids were then allowed to mature further for 48 hrs and were 

dropped into a 96 well plate for long term use. The organoids used in all experiments were 

between 6–12 days in vitro. 

 

 

CELL VIABILITY 
 

Cell viability was evaluated using Trypan Blue. Human brain organoids were obtained on 

day 7 and were dissociated in 20µL Dispase I (Sigma Aldrich, St Louis, Missouri) and 

10μL of the cell suspension was mixed with 10μL of Trypan Blue. Cell were counted and 

calculations for total number of cells in human brain organoids and viable cells was 

determined.  

 

HYPOXIA 
 

On day 6, half of the 96 well plates containing the organoids were cultured in Organoid 

Media at 37 °C, 0.1%O2, 99.9%N for 24 hrs in an Xvivo System G300C (BioSpherix, 

Redfield, NY, USA).  
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ASSESSMENT OF FITC LABELED IGG PERMEABILITY AND FITC ALBUMIN PERMEABILITY. 

 

One group of organoids was incubated in media at normal growth conditions with FITC 

Conjugate IgG (1:200, Millipore) for 30 minutes while another group was incubated in 

media at normal growth conditions with FITC Albumin (50μg/mL). The organoids were 

washed three times before imaging with the Olympus Fluoview Fv10i (Olympus) laser 

scanning confocal microscope. 

 

HYPOXIA AND OXIDATIVE STRESS DETECTION 
 

On day 7, 16 organoids were pooled into an eppendorf tube for each group and the 

Organoid Media was aspirated. Hypoxia/Oxidative stress detection mix was prepared by 

adding 5µl of Oxidative Stress Reagent and Hypoxia Detection Reagent (Enzo Life 

Sciences, Farmingdale. New York) into 10 ml Organoid Medium. The organoids were then 

incubated with the detection mix for 30 min (37ºC at 5% CO2). The organoids were 

subsequently washed twice with PBS before fluorescent confocal imaging. The controls 

were prepared as per manufacturer’s instructions. 

 

ATP PRODUCTION 
 

The organoids were transferred to an opaque-walled 96 well plate. Media (100μL) was 

added to wells. The reagent (100μL) CellTiter-Glo 3D Reagent (Promega Life Sciences, 

Madison, Wisconsin) was then added to 100μL of Organoid Medium containing organoids. 

The contents were then mixed well on an orbital shaker to induce cell lysis. The 
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luminescent signal was stabilized by incubating the plate at room temperature for 10 

minutes. Luminescence was measured using a microplate luminometer (Veritas, Mountain 

View, CA). Background luminescence was then subtracted from the samples.  

 

PROTEIN AND CYTOKINE QUANTIFICATION 
 

About 80 organoids were pooled into Eppendorf tubes and dissociated in 25µL Dispase I 

(Sigma Aldrich, St Louis, Missouri) and 475 µL PBS. The organoids were gently shaken 

at 37ºC for 1 hour and the tubes were spun for 5minutes to recover the cell pellet from the 

organoids. The pellet was reconstituted and gently shaken in 500ul RIPA buffer (Sigma 

Aldrich) on ice for 1 hour. The total protein extracted was quantified using ELISA. 

Supernatant from approximately 80 organoids was used to quantify cytokines levels. 

ELISAs were performed as per manufacturer’s instruction. Optical density for that were 

below the lowest standard had negative protein values. In this manuscript, the data for 

samples with optical density values below the lowest standard are represented as zero 

amount of protein. ELISA kits used: Human AQP4/Aquaporin 4, Human ABCB1/MDR1/ 

P-gp, Human OCLN/ Occludin, Human TJP1/ZO-1, Human CD144 /VE-Cadherin, and 

Human CLDN5/ Claudin 5 (Life Span Biosciences. Seattle, WA), Human 

SLC2A1/Glucose transporter 1 and Human COL4/ Collagen Type 4 (Abbexa. Houston, 

Texas), Human HSP27, HIF-1α, and HSP90α (Invitrogen. Carlsbad, CA), Human 

Laminin/LAMA1, Human IL2, Human MMP-2, Human VEGF, Human IL4, Human 

MMP-9, Human IL10, Human TNF-α, Human IL-8, Human IL6, Human MCP-1, Human 

IL-1β, and Human FN1/Fibronectin (BosterBio. Pleasanton, CA). 
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SECOISOLARICIRESINOL DIGLYCOSIDE (SDG) AND 2-ARACHIDONYL GLYCEROL (2-AG) 

TREATMENTS. 
 

Organoids in Organoid Media were treated under normal culture conditions (Normoxia). 

Two separate groups of 80 organoids were cultured in Organoid Media containing 

secoisolariciresinol diglycoside, (50µM, Sigma) or 2-arachidonyl glycerol (10µM, Sigma) 

for 48 hours prior to culturing under hypoxic condition (*). Organoid Media was then 

replaced with a fresh full media change containing secoisolariciresinol diglycoside or 2-

arachidonyl glycerol before incubating in hypoxic chamber for 24 hours. Another group of 

80 organoids were treated during hypoxic exposure only (#), Two groups of 80 organoids 

each were cultured under hypoxic conditions without Secoisolariciresinol diglycoside or 

2-Arachidonyl glycerol (Hypoxia) and one of which was re-oxygenated under normoxic 

conditions for 24 hours (HR). All groups were subsequently stored at -80°C. The 

supernatants were then collected, and the cytokines were assessed using ELISA.   

 

IMMUNOHISTOCHEMISTRY 

 

Organoids were collected into 1.7ml Eppendorf tubes (Corning Inc). After aspirating the 

media, the organoids were fixed in 4% formaldehyde (Polysciences Inc, Warrington, PA) 

for 15 minutes at 4ᵒC and were washed 3 times with cold PBS. The organoids were 

permeabilized with 0.1% Tween-20 in PBS for 10minutes at 4ᵒC and washed 3 times. 

Organoids were exposed to Protein Block (Dako Group, Troy, MI) for 1hr at RT, and 

organoids incubated at 4ᵒC overnight in Antibody Diluent (Dako) solution containing 

primary antibodies, anti-beta Catenin (1:500, Abcam), anti-ZO-1 (1:1000, Millipore), and 

anti-Claudin-5 (1:500, Millipore). Organoids were subsequently washed 3 times and 
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incubated with AF488 Goat anti-Mouse IgG (1:1000, Life Technologies), AF594 Goat 

Anti-Rabbit IgG (1:1000, Life Technologies) in Antibody diluent (Dako) overnight at 4oC. 

Nuclear staining was performed by incubating the organoids with DAPI (1:1000) in PBS 

for 10minutes. The organoids were washed and imaged using the Olympus Fluoview Fv10i 

(Olympus) laser scanning confocal microscope. At least three randomly selected organoids 

were imaged for each stain.  
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Chapter 4 

IMPLICATIONS OF THE MODEL IN DRUG SCREENING AND DISEASE MODELING 

 

CONCLUSIONS 

 

In this dissertation, I have described our work on the development and application 

of the dynamic human derived six cell type 3D neurovascular unit model. I have also 

indicated that such a model is needed for drug development and disease modeling. Also 

highlighted in this compilation is the fact that current models incorporate three major cell 

types that form the BBB or use rodent cells to evaluate BBB functionality and propose the 

use of these models in preclinical studies. These models as we now know, they do not well 

represent human physiology. Species differences in receptor and enzyme systems is well 

known. It can be inferred from this understanding that the enzymes that regulate the influx 

and efflux of substances at the BBB level are different between species and hence 

extrapolation of BBB functionality from rodents needs to be done with caution and a fair 

understanding of these differences. For example, studies using radioligands for P-gp have 

shown that some radioligands that are substrates for P-gp in rodents and hence efficiently 

exported in rodents 1 are taken up by the brain in human and monkeys 2-4. Furthermore, I 

have also discussed that the utilization of artificial membranes in the establishing the 

basement membrane is limiting for they impede the highly required intercellular 

interactions that are critical for the normal function of the neurovascular unit to maintain 

BBB integrity as pointed out in the introductory chapter. Finally, even though 2D models 

have helped to establish the basic functions of the BBB, I have indicated in this dissertation 

that these models are limiting in disease modeling applications because they do not allow 
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for the incorporation of more than 3 cell types without losing the proper 3D 

microenvironment required to recapitulate normal physiological function of each of the 

cell types. Thus, I described the rational for the inclusion of each cell type by describing 

their contribution to the normal function of the neurovascular unit and most importantly 

their role in maintaining the integrity of the BBB. 

 

SIGNIFICANCE OF FINDINGS 

 

We established an in vitro dynamic 3D NVU containing six human brain derived 

cells. This is important because up to date, there has not been such a complex in vitro model 

that could be used for drug screening and for disease modeling. The addition and 

establishment of functional neurons, oligodendrocytes and microglia in the organoid 

allows for this model not only to be utilized for assessing molecules that cross the BBB but 

also to be implemented in multipurpose studies such as studies geared towards 

understanding the effects of molecules after they cross the BBB. This is important for drug 

candidates targeting other organ systems but may have deleterious toxicity to brain cells if 

they can cross the barrier. Hence the model can be used for screening neuro-glia toxicity 

for drugs that are administered systemically.  

Our organoid has an intact BBB that prevents both low and high molecular weight 

substances. We also established charge selectivity in our organoids. These finding illustrate 

that the model can be used to understand permeability of drug candidates with varying 

chemical and structural properties. Currently monoclonal antibody therapies are frequently 

used in treating a myriad of disease. Rethinking the pharmacodynamics and 
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pharmacokinetics of these protein-based treatments is very critical. With respect to the 

pharmacodynamics of the monoclonal antibodies against brain diseases, it is worth 

pointing out that this model would provide a dynamic in vitro platform to study their 

distribution in brain tissue, their therapeutic effects and their mechanisms of action in a 

complex system. The charge selectivity at the BBB provides yet another clue as to the 

chemical properties that are necessary for uptake at the BBB which can be implemented in 

early stages of development. 

I have also described that the model can be applied in disease modeling. Even 

though our results only show the application of the model in understanding the effects of 

hypoxia on BBB function, the model may also be utilized in delineating the molecular 

underpinnings of other neurologic disorders. The incorporation of glial and neuronal cells 

allows for the model to be utilized to understand disease pathologies for neurodegenerative 

diseases that mostly affect glia and neurons. However, it should be noted that very rigorous 

characterization is required in order to ascertain that the model can proper mimic each 

disease conditions prior to drawing parallels and extrapolating the results for clinical 

applications. For example, in the concluding chapter, I have described the effects of 

hypoxia on BBB dysfunction and neuroinflammation. This data can only be interpreted in 

the context of hypoxia however links to ischemic stroke may be drawn with caution. The 

model serves as a tool to understand some of the underlying consequences of ischemic 

stroke such as oxidative stress that may be playing a role in glial activation and possibly 

neuronal injury however, these mechanisms would have to be evaluated in more 

comprehensive studies. Furthermore, this model can be used in parallel with animal models 

for proper validation of results. 
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The identification of molecules with anti-inflammatory activity paves the path 

towards the design of molecules that can be used to ameliorate disease burden by targeting 

secondary effects or effects that are directly linked to disease progression. More 

importantly, the understanding of the effects of both inflammation and oxidative stress 

provides clues that calls for the design of more effective multiligand targeting molecules 

that can be used in complex diseases such as neurodegenerative diseases. 

  

 

FUTURE DIRECTIONS 

 

There is a great need for complex in vitro models that can be utilized in pre-clinical 

studies such as drug discovery, toxicity screening, and biomarker identification studies. 

This model has potential to be applied in these endeavors. Since the model has only been 

evaluated for BBB permeability and the effect of hypoxia on BBB function, it should be 

noted that further work is required to ascertain the utility of the model in pre-clinical 

studies. To do this, one will have to establish the transport pathways present at the BBB in 

our organoid system. Such understanding would pave the way for developing strategies by 

which drug candidates could be structurally and chemically optimized to enhance 

permeation across the BBB without compromising BBB integrity. 

  Treatment schemes that are best suited for an individual based on pharmacogenetic 

and pharmacogenomic information have been reported for cancer 5-8. This theme of 

personalized medicine could prove to be very effective in genetically influenced 

neurological diseases 9-11. To pave the way for extensive studies, in vitro models containing 

patient derived cells could be utilized not only to identify therapeutic targets that are 
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specific to the individual but would also aid the understanding of molecular and 

biochemical basis of drug efficacy. Future studies incorporating patient derived cells into 

our organoid system could elucidate mechanistic connections between BBB dysfunction 

and disease progression. However, patient cells are not readily available, thus such studies 

may be impeded by the unavailability of patient cells. 

To overcome this, preliminary studies using gene editing tools could be performed to create 

mutations in specific cell types prior to incorporating them in the organoid. The organoid 

can then be evaluated for disease phenotype. Current methods for characterizing 

neurodegenerative disorders heavily rely on behavioral studies. Even though organoids 

could be very useful in understanding disease pathologies, they are still limited that no 

behavioral output can be assessed in organoids. Overall, organoid platforms should be 

considered as tools to supplement animal studies.   
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