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a translational view
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Abstract

The vasculature of the brain consists of specialized endothelial cells that form a blood-brain barrier (BBB). This
barrier, in conjunction with supporting cell types, forms the neurovascular unit (NVU). The NVU restricts the
passage of certain substances from the bloodstream while selectively permitting essential nutrients and molecules
to enter the brain. This protective role is crucial for optimal brain function, but presents a significant obstacle in
treating neurological conditions, necessitating chemical modifications or advanced drug delivery methods for most
drugs to cross the NVU. A deeper understanding of NVU in health and disease will aid in the identification of new
therapeutic targets and drug delivery strategies for improved treatment of neurological disorders.

To achieve this goal, we need models that reflect the human BBB and NVU in health and disease. Although
animal models of the brain’s vasculature have proven valuable, they are often of limited translational relevance
due to interspecies differences or inability to faithfully mimic human disease conditions. For this reason, human
in vitro models are essential to improve our understanding of the brain’s vasculature under healthy and diseased
conditions. This review delves into the advancements in in vitro modeling of the BBB and NVU, with a particular
focus on microfluidic models. After providing a historical overview of the field, we shift our focus to recent
developments, offering insights into the latest achievements and their associated constraints. We briefly examine
the importance of chip materials and methods to facilitate fluid flow, emphasizing their critical roles in achieving
the necessary throughput for the integration of microfluidic models into routine experimentation. Subsequently,
we highlight the recent strides made in enhancing the biological complexity of microfluidic NVU models and
propose recommendations for elevating the biological relevance of future iterations.

Importantly, the NVU is an intricate structure and it is improbable that any model will fully encompass all its
aspects. Fit-for-purpose models offer a valuable compromise between physiological relevance and ease-of-use and
hold the future of NVU modeling: as simple as possible, as complex as needed.
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Introduction
The brain and neurological diseases
The central nervous system (CNS) is essential for proper
body functioning and our cognitive performance. For
this reason, impaired CNS function can lead to a myriad
of diseases and symptoms. According to data from the
World Health Organization, neurological and psychiatric
disorders are in the top three of life-threatening diseases.
For instance, stroke is the second cause of death world-
wide and a major cause of adult disability [1, 2]. Stroke
is also considered a significant risk factor for developing
dementia, among several other factors [3, 4]. The num-
ber of deaths caused by Alzheimer’s disease and other
dementias more than doubled between 2000 and 2019,
making it the 7th leading cause of death globally (Fig. 1).
Despite decades of research into CNS disorders, we
still do not fully understand the underlying disease
mechanisms. This lack of understanding is in part due to
the tremendous complexity of the brain and its vascula-
ture. Current estimates state that the brain contains over
80 billion neurons [5], a myriad of glial cells, and over
600 km of vasculature [6]. Furthermore, the brain and its
vasculature are highly heterogeneous. Different areas of
the brain present with distinct microenvironments that
are adapted to the local needs and thus exert different
functions [7-10]. Improved understanding of the brain
and its vasculature will aid the discovery of new treat-
ments that improve patients’ quality of life or even cure
diseases.

The neurovascular unit

The brain needs a homeostatic environment to function
properly. This protective environment is ensured by spe-
cialized endothelial cells that make up the vasculature of
the brain, forming a tight blood-brain barrier (BBB). The
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BBB prevents large, polar substances and potentially neu-
rotoxic compounds from the circulation from passively
diffusing into the brain. Essential nutrients that cannot
pass the BBB via diffusion, such as glucose, enter the
brain via specialized influx transporters [11, 12]. Harmful
molecules, on the other hand, are cleared from the brain
via efflux transporters [13, 14].

The endothelial cells of the BBB are sealed by proteins
spanning the clefts between adjacent cells, forming tight
junctions (TJs) and adherens junctions (AJs) [15, 16].
The functioning of TJs and AJs is supported by other cell
types, which are in direct contact with the brain endothe-
lial cells, such as pericytes and astrocytes [17, 18]. These
supporting cell types are essential for maintaining barrier
function and transport across the BBB. The entire system
contributing to BBB function is referred to as the neuro-
vascular unit (NVU), and includes brain endothelial cells,
pericytes, and astrocytes, but also neurons, oligodendro-
cytes, microglia, and the basement membrane [12, 19]
(Fig. 2).

Improving our knowledge of BBB and NVU function-
ing is of utmost importance for two reasons. First, BBB
dysfunction is a common feature across almost all CNS
disorders [20-22]. Impaired barrier function is often
accompanied by endothelial inflammation, thereby facili-
tating infiltration of circulating immune cells into the
CNS [23-25]. The immune cells release inflammatory
mediators, such as cytokines, free radicals, and matrix
metalloproteinases, which further worsen the barrier
function and disease state [26—29]. A better understand-
ing of the processes involved in healthy BBB functioning
and how these are disturbed in brain diseases will help
us find new targets for treatment. Second, while the BBB
protects the brain from harmful substances in the circu-
lation, it also poses a major challenge when it comes to
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Fig. 1 Global causes of death according to the World Health Organization’s Global Health Estimates. Data includes all sexes and age groups. Importantly,
numbers strongly differ between different continents (not shown here). While stroke is among the most common causes of death in all continents,
Alzheimer’s disease and other dementias are less prevalent in developing regions in which the average life expectancy is lower
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Fig. 2 Schematic representation of the neurovascular unit. The vasculature of the brain consists of specialized brain endothelial cells that form a blood-
brain barrier. The endothelial cells are embedded in the basement membrane, a non-cellular component consisting of extracellular matrix proteins,
together with pericytes, which make direct contact with the endothelial cells. Astrocytes connect to the structure made up of basement membrane,
pericytes, and endothelial cells via their foot processes. In addition, astrocytes have extensive contact with neurons. Oligodendrocytes provide myelina-
tion to neuronal axons, which is essential for proper transduction of neuronal signals. Microglia are the resident immune cells of the CNS

treating brain diseases [30, 31]. As the BBB only allows
small, lipid soluble molecules to pass freely, most drugs
require advanced drug delivery strategies to enter the
brain [31-33]. A better understanding of BBB and NVU
functioning will shed light on new techniques and drug
delivery strategies to effectively target drugs into the
brain to treat CNS disorders. To achieve this goal of
improved understanding of NVU functioning in health
and disease and advance our knowledge of drug targeting
to the brain, we need models that reflect the human NVU
in health and disease.

Modeling the neurovascular unit

The first in vitro NVU models

While animal models have proven useful in studying the
brain’s vasculature, the use of animals is costly, time-
consuming, and ethically undesirable. Furthermore,
data obtained from animal studies often results in poor
translatability to the human physiology due to interspe-
cies differences [34—36]. While the cellular composition
of the NVU is similar between humans and rodents,
other important features are not. The expression level of
many relevant junctional proteins and transporters dif-
fers between species, which results in differences in drug
uptake and efflux. Additionally, drug distribution across

the brain may differ due to differences in lipid composi-
tion of the brain between species. Importantly, animal
models of disease often fail to account for alterations in
NVU function related to aging or neurological disease
and have reported conflicting results [35-37]. While in
vitro models of the NVU do not display the level of com-
plexity as animal models do, they do allow for the use of
human cells, in highly controlled settings, at lower cost,
and within shorter time frames.

The first attempt at in vitro NVU modeling started
with the isolation of brain capillaries from rats [38].
Since then, many studies of primary rodent, porcine,
bovine, and later human brain endothelial cells have been
reported, using both monocultures and co-cultures with
supporting cell types [39—44]. Later, immortalized cell
lines of human brain endothelial cells were established
[45, 46], followed by protocols for stem-cell derived mod-
els [47, 48] and self-assembling spheroids [49-51].

As cellular models of the NVU progressed [52], so did
cell culture platforms [37, 53]. Initially, studies were per-
formed using traditional two-dimensional (2D) culture
systems [54]. Aiming to improve physiological relevance
and complexity, the first models using a Transwell system
were developed [42, 55]. In this system, brain endothe-
lial cells are cultured on one side of a semi-permeable
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membrane and supporting cells such as astrocytes or
pericytes on the other. Although the Transwell systems
presented a step forward in physiological NVU model-
ing, the lack of flow and direct cell-cell contact, and the
presence of a membrane posed limitations. In response
to those unmet needs, microfluidic platforms made their
appearance in the field of NVU modeling [37].

Debut of microfluidic models

Microfluidic platforms make use of tissue culture chips
comprising small channels that allow the development of
layered three-dimensional (3D) cell cultures under flow
[56]. The first microfluidic NVU models consisted of hol-
low fiber apparatuses to culture bovine aortic endothe-
lial cells and rat glioma cells under shear stress [57-59].
These models confirmed previous reports of beneficial
effects of co-culture and for the first time reported that
culture under flow improves barrier properties of NVU
models.

Following the hollow fiber apparatuses, microfluidic
polydimethylsiloxane (PDMS) based chips using planar
structures were employed. Booth and colleagues devel-
oped the first NVU model in such a chip, using murine
endothelial cells and astrocytes, establishing a much
thinner membrane than previously used in the hollow
fiber apparatuses (10 pm versus 150 um, respectively)
[60]. The thinner membranes allowed for closer cell-cell
contact in co-culture setups, and similar approaches were
taken in many subsequent studies using primary cells and
cell lines from various species [61-68].

The most recent microfluidic NVU models still show
resemblance to the chip reported by Booth et al., but
nowadays special focus is on all-human models, using
primary material [69], or iPSC-derived cells [70, 71],
allowing for potential use in personalized therapies.

Increased throughput for routine experimentation
While many microfluidic platforms have been developed
for complex NVU modeling, most of these are very low
in throughput and cumbersome to use. There is a need
for higher throughput, more user-friendly platforms
that could unite microfluidic NVU models with routine
experimentation, evaluation of compound toxicity, and
study of drug candidates’ ability to enter the brain [72—
74]. Among other factors, chip materials and approaches
to accommodate fluid flow through microfluidic chips
are important considerations in achieving the necessary
throughput.

Chip materials

Polydimethylsiloxane (PDMS) played a pivotal role in
the foundational research within the organ-on-a-chip
field and continues to be a predominant material, with
the majority of organ-on-a-chip devices still relying on
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PDMS as their primary structural and cell-interacting
component [75-77]. The material’s transparency allows
for visualization of cells’ growth and behavior within
microfluidic channels. Additionally, PDMS is biocom-
patible, economical, and exhibits high elasticity, which
enables the fabrication of microfluidic devices with com-
plex geometries and tight sealing between different chan-
nels. However, despite its numerous advantages, PDMS
also poses several challenges when used in cell culture
applications [76, 78, 79]. PDMS is auto-fluorescent,
which may complicate fluorescence-based assays. More-
over, PDMS is incompatible with organic solvents and
is intrinsically hydrophobic. The hydrophobic proper-
ties hinder cell adhesion, introducing challenges in tissue
engineering. Additionally, these properties result in the
uptake of hydrophobic molecules, including cell culture
media components, signaling compounds, and therapeu-
tics, which can impact the reproducibility and accuracy
of experimental results [80—84]. Lastly, the production
process of PDMS chips itself as well as methods to miti-
gate its hydrophobicity are generally difficult to incorpo-
rate in large-scale production [76, 78, 79]. For this reason,
PDMS-based chips are usually low in throughput [85].

Many microfluidic platforms combine different materi-
als to improve the chips’ properties, such as compatibil-
ity with microscopic imaging, biocompatibility, chemical
compatibility, and hydrophobicity. Three materials com-
monly used in microfluidic chips alongside PDMS are
silica nitride (SiN), polyethylene terephthalate (PET), and
polycarbonate (PC). While these materials can be used as
standalone materials for chip fabrication, they are more
commonly used in combination with PDMS chips, often
as a membrane to partition a chip’s microfluidic chan-
nels. An advantage of SiN is its transparency across a
wide range of wavelengths, making it ideal for imaging
and fluorescence-based assays. This advantage was lev-
eraged in a recent publication of an in vitro BBB model
to investigate intracellular trafficking of antibodies using
high resolution imaging [86]. An advantage of PET is its
low cost and great chemical stability, allowing exposure
to many solvents and reagents. Chips incorporating PET
membranes were used to model the NVU in recent work
by Walter et al. [67] and Park et al. [71]. Unlike PDMS
and PET, PC is hydrophilic, allowing easier cell adhesion
to its surface and promoting fluid flow. Furthermore, it
is known for its robust mechanical properties, making it
a durable choice for creating membrane and microfluidic
structures. Achyuta and colleagues employed a PDMS
chip containing a PC membrane to establish a rat NVU
model [63].

There are many other materials that can be used for
the fabrication of organs-on-chips beyond those dis-
cussed above. Comprehensive overviews of different chip
designs, materials, and approaches to microfluidic NVU
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modeling were recently provided in various reports [37,
87-89]. One disadvantage that most chips, comprised of
different materials, have in common is their low through-
put, which prevents their adoption in routine experi-
mentation and compound screening [85, 90]. In response
to this unmet need, efforts have been made to enable
microfluidic cell culture at higher throughputs. Trietsch
at al. presented a microfluidic tissue culture platform
comprised of glass and polystyrene that allows parallel
culture of 40 organs-on-chips in a 384-well plate format
[91]. The microfluidic system, called the OrganoPlate, is
compatible with automation and standard laboratory and
imaging equipment. Soragni and colleagues recently per-
formed a screen of 1537 compounds on human umbilical
vein endothelial cells (HUVECS) cultured in this micro-
fluidic system and assessed toxicity and efficacy in inhib-
iting the formation of angiogenic sprouts [92]. This work
led to the identification of ~50 safe and efficacious hits
and shows the potential of microfluidic models in routine
experimentation and even compound screening (Fig. 3).

Fluid flow
While the brain only accounts for approximately 2%
of the total body mass, it demands~20% of the body’s
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oxygen and ~25% of the body’s glucose consumption.
Oxygen and nutrients are supplied by cerebral blood
flow, which accounts for ~15% of the cardiac output,
equaling approximately 750 milliliters per minute in rest
state. Cerebral blood flow is dynamic and is elevated in
case of increased neuronal activity in a specific region of
the brain [93, 94].

Traditional models of the NVU do not incorporate
fluid flow and culture brain endothelial cells under static
conditions. Although some have reported that unlike
other endothelial cells, brain endothelial cells do not
align under flow [95, 96], the general view is that per-
fused culture better mimics the environment found in
vivo and improves barrier function [97-99]. Siddharthan
and colleagues compared barrier function of primary
human brain endothelial cells (BECs) cultured static or
under flow using a hollow fiber-apparatus. In response to
shear stress in the flow apparatus, BECs showed reduced
BBB permeability [98]. Similar findings were presented
by Cucullo and colleagues, who observed upregulation
of junctional proteins in primary human BECs cultured
under flow compared to static culture. The BECs cul-
tured under flow showed reduced BBB permeability,
decreased cell division, and increased expression of drug

Library screening results
(total = 1537)

Hit
(3.4%)

Non-hit
(43.7%)

Vehicle control Sunitinib Unstimulated

Fig. 3 Screen of 1537 compounds using a microfluidic cell culture platform. (a) The OrganoPlate 3-lane harbors 64 chips which each allow culture of
a miniaturized tissue. (b) The platform is compatible with standard lab equipment and automation allowing for sufficient throughput for compound
screening. (c) A tubule of HUVECs (red) was grown in each chip against an extracellular matrix gel, after which an angiogenic cocktail was added on the
opposite side of the gel to create a gradient (dark blue) of angiogenic factors. In response to this gradient, angiogenic sprouts form in the gel region. In-
hibition of angiogenesis was assessed in presence of 1537 kinase inhibitors and positive control sunitinib. For each compound, the anti-angiogenic effect
(panel ) and toxicity in the parental HUVEC micro-vessel (panel Il) was evaluated. (d) Average distance of the ten furthest nuclei (representing angiogenic
sprouts) with respect to the parental HUVEC micro-vessel in um. Each dot represents a chip and was color coded for toxicity as assessed by micro-vessel
actin network integrity with score of 1 (fully degraded HUVEC tubule) to 4 (fully intact HUVEC tubule). (e) Pie chart showing percentage of hits, non-hits
and compounds that showed micro-vessel toxicity. Figure was adapted from Soragni et al. (2023) and used in compliance with the requirements of the
Creative Commons CC-BY license under which it was published
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and nutrient transporters [99]. Following hollow-fiber
apparatuses, planar chips were introduced to the field of
NVU modeling, and allowed for closer contact between
endothelial cells and supporting cells [60]. Following the
initial work by Booth and colleagues, many others have
confirmed positive effects of flow on in vitro cultured
brain endothelial cells, employing primary material [66,
67], cell lines [61, 62, 67], and stem cell derived cells [70].

Using a high-throughput microfluidic cell culture plat-
form, we have previously shown improved cell viability
and barrier formation in response to perfused culture. An
immortalized brain endothelial cell line showed improved
junctional organization and decreased permeability
when cultured under bidirectional, gravity-driven flow
compared to static conditions [100]. This improvement
was likely caused by a continuous supply of oxygen and
nutrients rather than by shear stress. Further improved
barrier function was obtained in the same microfluidic
platform in a later publication, in which a vessel of pri-
mary human brain microvascular endothelial cells was
shown to be tight for small molecule sodium fluorescein
(0.45 nm) [101]. The shear stress used in these mod-
els (~1.2 dyne/cm?) is low compared to the shear stress
experienced by vessels of similar diameter (~300 pm) in
vivo [102, 103], but within the range reported for post-
capillary venules (1-6 dyne/cm? 20-50 pum diameter)
[99, 103, 104]. Furthermore, the flow in these models
was bidirectional, while flow in vivo is of unidirectional
nature and flow disturbances are associated with dimin-
ished vascular health [105]. Increased shear stress and
unidirectional flow have been reported for other micro-
fluidic systems by employing fluid flow induced by pumps
and syringes [71, 96, 106]. While the resulting fluid flow
is more physiologically relevant, the use of pump-based
flow comes at the cost of strongly reduced ease of use and
throughput. For this reason, physiological relevance and
practical considerations must be weighed for each spe-
cific research question when selecting a platform for in
vitro modeling.

Increased biological complexity

Incorporation of microglia

In vitro NVU models initially focused primarily on cap-
turing the endothelial component of the BBB in the form
of brain endothelial cells. Over time, supporting cell
types such as astrocytes, pericytes, and neurons were
added to these models. More recently, increased empha-
sis is placed on including the brain’s resident immune
cells, which are called microglia. Microglia are derived
from progenitor cells in the yolk sac, and account for
approximately 10% of all cells in the CNS [107, 108].
Upon brain injury or immunological stimuli, resting
microglia (MO) undergo several changes and become
activated. Early studies hypothesized that following
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CNS injury, microglia initially shift to a deleterious pro-
inflammatory state (M1), followed by a shift to a protec-
tive anti-inflammatory state (M2) [109, 110]. More recent
work, however, has shown that this view is too simplis-
tic and that microglia activation is a highly complex and
dynamic process, with microglia being able to switch
from a pro-inflammatory to an anti-inflammatory state
and vice versa [111, 112].

Studies have reported substantial interplay between
the NVU’s endothelial cells and microglia, both in health
and disease. During development, microglia mediate
cerebral angiogenesis and stabilization of newly formed
blood vessels [113]. After development, resting microg-
lia are found in close proximity to the brain vasculature
and monitor blood-brain barrier integrity and entrance
of solutes from the circulation into the brain [22]. Recent
studies also suggest that microglia contribute to BBB
maintenance directly by expression of tight junction pro-
tein claudin-5 [114].

Extensive research has been done into the interplay
between brain endothelial cells and microglia in disease
state. Following BBB disruption, for example due to isch-
emic stroke, microglia become activated. A recent review
by Thurgur & Pinteaux noted four mechanisms for
microglia activation following BBB disruption: (1) via fac-
tors expressed by endothelial cells, (2) via extravasation
of circulating immune cells into the brain, (3) via factors
derived from pericytes and remodeling of extracellular
matrix proteins, and (4) via microglial priming in long-
term inflammation [115].

Conversely, activation of microglia has been shown
to affect BBB permeability and functioning. Jolivel and
colleagues reported increased association of microglia
with cerebral blood vessels in a mouse model of isch-
emic stroke, followed by local activation of endothelium,
phagocytosis of endothelial cells, and BBB breakdown
[116]. In line with these findings, Sumi and colleagues
showed increased BBB permeability following activation
of microglia in an in vitro rat model [117]. The authors
suggested production of reactive oxygen species by acti-
vated microglia and subsequent disruption of tight junc-
tions as an underlying mechanism. Other studies have
implicated microglia-released interleukin 1 beta (IL-1p)
in down-regulation of BBB tight junction proteins [118,
119]. A similar relationship is described for microglia-
released tumor necrosis factor alpha (TNFa) [120, 121].
In addition to reactive oxygen species, cytokines, and
chemokines, activated microglia also produce matrix
metalloproteinases (MMPs), which contribute to dis-
ruption of BBB basement membrane and tight junctions
[122, 123].

BBB breakdown and microglial activation show inten-
sive interplay and are key hallmarks of many neuro-
logical diseases, including stroke, Alzheimer’s disease,
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Parkinson’s disease, and multiple sclerosis (MS) [20-22].
Inclusion of microglia in in vitro models of the NVU can
help further elucidate key mechanisms in neurologi-
cal disease etiology and aid in finding new therapeutic
targets. Lyu and colleagues employed a human microg-
lia cell line to study stroke in a human NVU-on-a-chip
and found that both pro- and anti-inflammatory mark-
ers were induced following ischemic stroke, as observed
in in vivo studies [124]. The same cell line was used by
Pediaditakis et al. in a microfluidic NVU model alongside
brain endothelial-like cells, astrocytes, and neurons. This
study reported a decrease in permeability of brain endo-
thelial-like cells as well as increased cytokine production
in response to a TNFa trigger in presence of microg-
lia [125]. In recent years, focus has been on obtaining
microglia from induced pluripotent stem cells (iPSCs)
[126], aiming to increase biological relevance and enable
patient-derived models. To the best of our knowledge,
no reports have emerged regarding the incorporation of
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human iPSC-derived microglia into microfluidic NVU
models as of yet.

The role of circulating immune cells

Although circulating immune cells are not part of the
NVU, their role in neurological disease and NVU func-
tion cannot be ignored. As previously mentioned, BBB
disruption is observed in most neurological diseases
[12, 20, 127]. Disruption of the barrier coincides with
entrance of immune cells from the systemic circulation
into the brain [24, 25] (Fig. 4). This process starts with
expression of P-selectins and vascular cell adhesion mol-
ecule 1 (VCAM-1) by the inflamed brain endothelium.
These proteins interact with ligands on circulating leuko-
cytes, such as P-selectin glycoprotein ligand 1 (PSGL-1)
and very late antigen 4 (VLA-4), to capture the cell. The
leukocyte then rolls along the endothelium, causing acti-
vation of leukocytic integrins and enabling interaction
with endothelial VCAM-1 and intracellular adhesion

BLOOD

capture rolling adhesion

00 Inactive integrins § ICAM-1
M Activated integrins VCAM-1
I"] P-selectins = tight junction

M PsGL-1

activation

firm adhesion crawling diapedesis

cytokines
ROS
MMPs

BRAIN

Fig.4 Entry of circulating immune cells into the brain. Entry of immune cells from the periphery into the CNS occurs through a multi-step process, which
is initiated by leukocyte capture by the endothelium. Communication between chemokines and chemokine receptors causes activation of leukocytic
integrins and enables their interaction with endothelial ICAM-1 and VCAM-1, creating a firm adhesion. After this adhesion is established, the leukocyte
crawls along the endothelium — again mediated by chemokine expression — until it enters the brain either through an endothelial cell (transcellular
diapedesis) or via an inter-endothelial junction (paracellular diapedesis). After entering the brain, the leukocyte can secrete various molecules — such as
cytokines, free radicals, and matrix metalloproteinases — that weaken the tight junctions, change the BBB's transport properties or degrade the basement
membrane, thus further reducing the integrity of the blood-brain barrier. Figure was originally published by Wevers & De Vries (2015) and reused for this

manuscript with the copyright holder’s permission



Wevers and De Vries Fluids and Barriers of the CNS (2023) 20:86

molecule 1 (ICAM-1), creating a firm adhesion. Next,
the leukocyte crawls along the endothelium, mediated by
chemokines expressed by endothelial cells, after which it
enters the brain, either through an endothelial cell or via
inter-endothelial junctions.

The entered immune cells release inflammatory fac-
tors such as cytokines, free radicals, and MMPs, which
further exacerbate BBB disruption, either directly, or by
activation of other cells of the NVU, such as astrocytes
and microglia [26, 27, 29]. Immune cell infiltration into
the brain is a hallmark of many common neurological
diseases, including ischemic stroke [128], Alzheimer’s
disease [129], Parkinson’s disease [130], and MS [131].
Several current therapies for MS are based on reducing
immune cell entry into the brain. Monoclonal antibody
drug Natalizumab blocks the interaction between VLA-4
on circulating immune cells and VCAM-1 on inflamed
endothelium, inhibiting capture of immune cells and
subsequent extravasation [132, 133]. Another commonly
used drug, Fingolimod, prevents immune cell infiltration
of the CNS by inducing internalization of sphingosine-
1-phosphate receptors, sequestering lymphocytes to
lymph nodes [134, 135]. The success of Natalizumab and
Fingolimod resulted in the pursuit of novel therapies with
similar mechanisms, but fewer side effects and improved
pharmacokinetic properties. A recent example is posed
by the FDA approval of Ozanimod in 2020, which resem-
bles Fingolimod’s mode of action, but is more selective,
causes fewer side effects, and shows shorter half-life
[136]. While Natalizumab, Fingolimod, and Ozanimod
are currently not included in standard treatments of
stroke, Alzheimer’s disease and Parkinson’s disease, sev-
eral studies did report beneficial effects for these indica-
tions, though via diverse mechanisms [137-139].

Addition of circulating immune cells to microfluidic
NVU models allows researchers to study the cells’ mode
of entrance into the brain and the mechanisms by which
they exacerbate disease processes. Immune cells can be
fluorescently labeled and perfused through the lumen of
the NVU on-a-chip models and immune cell adhesion
can be studied at baseline and after modeling disease, e.g.
after cytokine addition to induce an inflammatory endo-
thelial phenotype [140]. Subsequent immune cell extrav-
asation and migration towards the CNS compartment of
the chip can then be studied by tracking and quantifying
the immune cells as presented in recent reports [141—
143]. Furthermore, samples can be taken from apical and
basolateral compartments of the chips — representing the
blood and brain side, respectively — and cytokine con-
tents can be analyzed, as shown in a study by Gijzen et
al. [144].
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iPSC-derived models for personalized therapies

The cell types required to study the human NVU in vitro
can be obtained from different sources. While it is chal-
lenging to obtain primary human material, the use of
primary human brain endothelial cells, astrocytes, and
pericytes is still common for microfluidic NVU model-
ing. A benefit of primary human cells is their fully dif-
ferentiated state and physiological relevance — it is the
actual material. However, it is known that primary cells
can lose many of their characteristics when taken out of
their in vivo environment, leading to loss of barrier func-
tion for brain endothelial cells or increased activation for
glial cells [52, 145, 146]. Moreover, there is a logistical
challenge since material from a single patient is limited,
and donor variability can be significant. Immortalized
cell lines generally offer a solution to this logistical chal-
lenge, allowing large banks of the same cell source to be
generated and used for many experiments. Cell lines,
however, are generally considered less physiologically
relevant due to the modifications that are required to
obtain the immortalized properties, displaying altered
expression of T| proteins, efflux transporters, and limited
responsiveness to co-culture with supporting cells of the
NVU [45, 53, 147]. In recent years, increasing focus has
been placed on NVU cell sources obtained from stem
cells, especially from iPSCs.

Current in vitro NVU models often make use of a mix-
ture of primary, immortalized, and iPSC-derived cells
from healthy donors. In most cases, the cells used within
one model are not donor matched. Future models could
incorporate donor-matched models of all-iPSC-derived
cells obtained from healthy donors and donors carrying
genetic risk factors for neurological disease. Recent work
by Montagne and colleagues showed that APOE4, the
major genetic risk factor of Alzheimer’s disease, causes
BBB dysfunction that is predictive for cognitive decline,
independently of Alzheimer’s disease pathology [148].
Genetic risk factors for other neurological diseases such
as Parkinson’s disease, Huntington’s disease, and amyo-
trophic lateral sclerosis have also shown to result in BBB
disruption. An extensive review on this topic is pro-
vided by Sweeney and colleagues [149]. Use of all-iPSC-
derived models would allow the study of NVU function
at single-patient level and enable assessment of person-
alized therapies for patients carrying genetic risk factors
for neurological disease. It is important to note, however,
that genetic risk factors only explain a small portion of all
cases of neurological disease, and that discovery of thera-
peutic targets in risk-carrying patients often does not
translate well to the general patient population.

Although the field of NVU modeling has placed major
focus on iPSC-derived models in recent years [47, 150],
the use of iPSC-derived cells comes with several limita-
tions [151, 152]. First, the differentiation of iPSCs into
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the various cell types of the NVU is a laborious and
costly process, as many cell types require several weeks
or months of differentiation. Second, the resulting dif-
ferentiated cells differ from their counterparts in vivo, for
example in their level of maturity or overall phenotype,
which is of concern especially with current protocols for
differentiation of iPSC-derived brain endothelial cells
[153]. Third, valuable features of cells may be lost after
reprogramming to the iPSC stage, which complicates
the modeling of patient phenotypes. In summary, iPSC-
derived donor matched models may hold great potential
for studying neurological disease and for personalized
medicine applications in future NVU on-a-chip mod-
els but come with several limitations that may outweigh
their advantages. This must be assessed on a case-by-case
basis.

Modeling neurological disease

Stroke is the second cause of death and a major cause of
adult disability worldwide [1, 2, 154]. Of all stroke cases,
approximately 80% is of ischemic nature, resulting from a
thrombus impairing blood flow to the brain. As a result of
the halted flow, the brain receives insufficient oxygen and
nutrients, causing a detrimental cascade that involves
BBB breakdown and neuronal cell death [155, 156]. We
have previously modeled stroke using an NVU-on-a-
chip model by mimicking hypoglycemic and hypoxic
conditions — using glucose-free medium and chemical
hypoxia, respectively — and by stopping medium perfu-
sion. The resulting cultures showed several phenotypes
observed in ischemic stroke, including impaired BBB
integrity, lowered mitochondrial potential, and decreased
ATP levels [101].

NVU on-a-chip models can also be employed to model
other common neurological diseases. One route would
involve the use of iPSC-derived cells from patients with
a genetic risk factor, as discussed in the previous section.
For Alzheimer’s disease, one could employ iPSC-derived
NVU models from donors carrying the APOE4 genotype
[148]. Alternatively, Alzheimer’s disease can be modeled
by exposing NVU-on-a-chip models to proteins involved
in Alzheimer’s pathology, such as phosphorylated Tau,
amyloid B (AP), or apolipoprotein E (APOE) [157]. Rob-
ert and colleagues added AP monomers to the basal side
of a 3D NVU model and showed transport of the mono-
mers to the lumen of the endothelial vessels [158]. In
addition, the authors show that APOE4 is less effective
than the protective APOE2 in promoting A transport,
in line with clinical findings. A review of NVU on-a-chip
models for the study of Alzheimer’s disease is provided
by Yoon et al. [159].

Similar approaches can be taken to study Parkinson’s
disease in NVU-on-a-chip models. One could establish
a patient-derived model employing iPSCs from patients
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with mutations commonly found in Parkinson’s disease,
such as LRRK2, PRKN, PINKI, and PRRK2 [160]. Recent
work by De Rus Jacuet and colleagues describes co-
culture of iPSC-derived brain endothelial-like cells and
astrocytes derived from Parkinson’s patients carrying a
mutation in LRRK2 in a microfluidic chip. The authors
showed a role for inflammatory astrocytes in BBB leak-
age observed in Parkinson’s disease, which was attenu-
ated by inhibition of mitogen-activated protein kinase
kinase 1/2 (MEK1/2) signaling [161]. Alternatively, one
could employ healthy cells and mimic Parkinson’s disease
using proteins involved in Parkinson’s disease pathology,
such as a-synuclein [162]. A study by Pediaditakis et al.
showed that a-synuclein exposure of the brain side of an
NVU-on-a-chip lead to reduced barrier function in the
adjacent endothelial compartment [163].

To model NVU dysfunction in MS, accurate model-
ing of neuroinflammatory processes is required [164]. To
this end, the NVU-on-a-chip models can be exposed to
factors that weaken tight junctions, promote leukocyte
adhesion and extravasation, and induce microglia acti-
vation. One option is to employ pro-inflammatory cyto-
kines, such as IL-1B, IL-6, or TNFa« [26], which cause
weakening of tight junctions. Alternatively, chemokine
motif ligands (CXCL) may be employed. Recent work
by Nair et al. described the culture of primary human
brain endothelial cells in a microfluidic chip and showed
barrier disruption, endothelial inflammation, and T cell
migration under neuroinflammatory conditions induced
by the presence of TNFa, IL-1B, and CXCL12 [165].
Another option is exposure to pathogen-derived mol-
ecules, such as lipopolysaccharide (LPS), which has been
extensively used to induce BBB permeability, promote
production of cytokines, chemokines and MMPs, and
activate microglia in neuroinflammation models [166—
169]. These inflammation-inducing approaches com-
bined with the incorporation of microglia and circulating
immune cells, will allow for complex in vitro modeling of
neuroinflammation in microfluidic NVU models.

Heterogeneity of the neurovascular unit

Many studies approach the NVU as a uniform structure.
In contrast, the NVU is highly heterogeneous [7, 8, 21,
170]. The vessels that make up the NVU come in differ-
ent diameters, which show differences in their relative
permeability, transporter expression, and interaction
with perivascular cells [171-173]. In addition, the NVU
shows different characteristics in different regions of the
CNS. Blood vessels near ventricular zones contain fen-
estrations, display discontinuous TJs, and are permeable
[174, 175]. In contrast, blood vessels in the cortex are
much tighter. Even within the cortex itself, differences
are found in vessels, for example between grey matter
and white matter tissue [8, 176—179] (Fig. 5). Distinct
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regions of the CNS are affected differently during aging
and in neurological disorders [180, 181]. When modeling
specific diseases, taking local characteristics of the NVU
— such as vessel diameter and ratios between endothe-
lial cells and different supporting cells — in the affected
area into account may improve relevance of the obtained
results. To our knowledge, the current NVU models are
yet to account for the heterogeneity of the NVU.

Circadian rhythms and aging

In addition to its heterogeneous nature, the NVU is also
highly dynamic. Animal studies have shown that circa-
dian rhythms influence the permeability of brain vas-
culature by dynamic regulation of efflux transporter
P-glycoprotein (P-gp) [182, 183] or dynamic regulation of
gap junction opening [184]. These circadian rhythms can
be employed to target drugs into the brain more effec-
tively by administering drugs at optimal times during the
day. Recent reviews of circadian rhythms and the neuro-
vascular unit are provided by Schurhoff & Toborek and
Skapetze et al. [185, 186].

In the early 1970s, researchers first described the exis-
tence of a clock gene termed Period in Drosophila [184].
In following years, more clock genes and transcription
factors were discovered, including but not limited to
Clock [187], Bmall [188, 189], and Cry [190]. Together,
these form a feedback loop that controls transcrip-
tion and translation of proteins that are required for

generation and regulation of circadian rhythms [191].
These clock genes were later discovered in many mam-
malian cells and essential for circadian rhythms.

To date, no in vitro NVU models have incorporated
circadian rhythms to the best of our knowledge. Several
methods have been reported to enable synchroniza-
tion of circadian rhythms in in vitro cultures. One such
method comes in the form of serum shock, in which cells
are exposed to high concentrations of serum for a short
period of time to synchronize circadian gene expres-
sion [192]. Another commonly used method employs
analogues of cyclic adenosine monophosphate (cAMP),
which is an indispensable component of the mam-
malian circadian clock [193]. Addition of cAMP ana-
logues, such as forskolin, to the cell culture medium of
NVU-on-a-chip models for a short period of time can
synchronize circadian gene expression [194, 195]. Alter-
natively, one can engineer cells to express receptors for
neuropeptides involved in circadian rhythms and expose
cultures to those neuropeptides to induce synchronicity.
This approach was successfully applied by Han and col-
leagues in a microfluidic chip incorporating fibroblasts
[196]. Lastly, a circadian rhythm could be achieved in the
NVU-on-a-chip models using temperature fluctuations,
which were shown to synchronize circadian rhythms
in vitro with improved success compared to chemical
synchronizers in iPSCs [197, 198]. Given that circadian
rhythms vary between cell types in vivo [183, 199], a
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temperature-based approach may also allow for more rel-
evant synchronization than use of chemical synchroniz-
ers, which may reset the rhythms of different cell types to
the same phase.

In addition to circadian rhythms, the NVU also shows
longer-term dynamics. Recently, more focus has been
placed on the changes that occur in the NVU with aging.
With aging, substantial changes occur in all cellular and
non-cellular components of the NVU [200, 201]. The
aging NVU displays increased oxidative stress, weaken-
ing of tight junctions, reduced interaction between vas-
cular and perivascular cells, and diminished clearance
of toxic molecules from the brain. Current and future
microfluidic NVU models can be employed to study
age related changes in the NVU, which may lead to new
insights on how to preserve NVU function in aging indi-
viduals. An extensive review by Osipova and colleagues
suggested five approaches for inducing an aged phe-
notype in in vitro models of the NVU [202]. The first
approach constitutes induction of a senescence-associ-
ated secretory phenotype [203] and inflammasome acti-
vation [204]. A second approach focuses on induction
of insulin resistance, which is associated with aging in
human cells and was reported to be linked to pathologies
in Alzheimer’s disease [205, 206]. A third option consid-
ers the manipulation of nicotinamide adenine dinucleo-
tide (NAD+), as a decrease in NAD +is observed in aging
and replenishing NAD+levels may improve cell lifespan
via DNA repair and mitochondrial maintenance [207].
The fourth approach involves induction of DNA damage,
for example via exposure to gamma radiation [208], and
a subsequent DNA damage response (DDR). As a fifth
option, the authors suggested promotion of mitochon-
drial biogenesis [209], glycolytic changes [208, 210], and
increased production of lactate [211].

Another possibility lies in progerin-induced aging.
Progeria is a rare disease in which individuals age rap-
idly, due to a mutation in the gene lamin A, resulting in
a shorter transcript known as progerin. The mutation
causes aberrant chromatin organization, DNA damage
response, and cell cycle and telomerase function, leading
to premature aging and cellular senescence [212]. Over-
expression of progerin in iPSC-derived cells is of use in
modeling neurogenerative diseases, as was shown by
Miller and colleagues, who found relevant disease phe-
notypes in a progerin-induced aged model of Parkinson’s
disease [213].

In addition to the aforementioned approaches, which
focus on the induction of an age-related phenotype, it is
also possible to model aging in the NVU by utilizing cells
derived from older individuals. An example is provided
by Galatro et al., who studied gene expression in microg-
lia obtained from postmortem material of donors ranging
from the age of 34 to 102 [214]. The authors found that
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the alterations in gene expression observed with aging
included many actin cytoskeleton-associated genes and
genes involved in cell adhesion, axonal guidance, and the
sensome.

Conclusions

The introduction of microfluidic cell culture platforms
has led to tremendous progress in the field of NVU mod-
eling. Microfluidic NVU models show increased com-
plexity compared to traditional models, allowing for
co-culture of various cell types, incorporation of cell-
matrix interactions, and presence of fluid flow. Further-
more, the recent introduction of microfluidic chips in
higher throughput formats now renders NVU on-a-chip
models compatible with routine laboratory adoption and
assessment of novel drug candidates.

With time, NVU on-a-chip models have shown increas-
ing biological complexity. More emphasis is placed on
the use of primary cells and iPSC-derived cells which
allow more accurate disease- and patient-specific models.
Further improvements in protocols for cell differentia-
tion and continued incorporation and characterization of
immune cells, both resident and circulating, will improve
future NVU models’ relevance even further. Lastly, NVU
models can be adapted to account for circadian rhythms,
changes observed in aging, and the heterogeneity of the
NVU.

Importantly, the NVU is a highly complex structure,
and it is likely that no model will be able to capture all
its features. Fit-for-purpose models provide a viable com-
promise between physiological relevance and ease-of-use
and hold the future of NVU modeling: as simple as pos-
sible, as complex as needed.
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