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Cell cultures are used in pharmaceutical, medical and biological sciences. Due to the
ethical and cost limitations of in vivo models, the replaceable cell model that is more closely
related to the characteristics of organisms, which has broad prospects and can be used
for high-throughput drug screening is urgent. Neuronal and glial cell models have been
widely used in the researches of neurological disorders. And the current researches on
neuroinflammation contributes to blood-brain barrier (BBB) damage. In this review, we
describe the features of healthy and inflamed BBB and summarize the main immortalized
celllines of the central nervous system (PC12, SH-SY5Y, BV2, HA, and HBMEC et al.) and
their use in the anti-inflammatory potential of neurological disorders. Especially, different
co-culture models of neuroinflammatory, in association with immune cells in both 2D and
3D models are discussed in this review. In summary, 2D co-culture is easily practicable and
economical but cannot fully reproduce the microenvironment in vivo. While 3D models
called organs-on-chips or biochips are the most recent and very promising approach,
which made possible by bioengineering and biotechnological improvements and more
accurately mimic the BBB microenvironment.

Keywords: neuroinflammation, blood brain barrier, glial cell, co-culture, neurological disorders

INTRODUCTION

The in vivo experiment is an essential step in drug development, which helps to detect the drug
efficacy, the development value, and the targeted therapeutic agents in the treatment of diseases.
However, in the studies of neurological disorders, in vivo models, such as the APP/PS1 transgenic AD
model, experimental ischemic stroke model [middle cerebral artery occlusion (MCAO)] or MPTP
effect in the treatment of PD model and smoothly into clinical trials of new chemical entities (NCEs),
are few successful. This may due to the differences in biology, complex brain structure, metabolism,
and signal transduction cascade reaction of pathogenesis between the human body and experimental
animals. In 3- dimensions (3D) cell culture.

In the past few decades, the neuron and glial cell models provided many valuable research tools for
neurological disorders. In recent years, neuroinflammation is a hot spot in the research of
neurological disorders, which also makes people focus on the activation and inflammatory
response of astrocytes and microglia. The double-edged sword role of glia and its driving role in
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neurodegenerative diseases has been evoked an intense debate.
Compared with other central nervous systems (CNS) resident
cells, glial cells have the largest number and the widest
distribution, in that some of them participate in innate
immunity. They help monitor the physiological environment
and act as the first line of defense when the central nervous
system is under attack. Glial cells play different roles in different
backgrounds of neuroinflammatory diseases. Different glial cells
coordinate and interact with neurons and other brain cells to
maintain homeostasis and shape a unique immune response to
the CNS. To understand the pathophysiological mechanisms
underlying neurodegenerative disease and establish a high
throughput screening (HTS) model of drugs for nervous
system diseases, it is imminent to have appropriate models for
in vitro studies with neuroinflammation.

Clinical and experimental researches have shown that blood-
brain-barrier (BBB) dysfunction is an early marker of a variety of
neurological disorders, including inflammatory autoimmunity,
traumatic diseases, neurodegenerative diseases, epilepsy, and
stroke. BBB is actively involved in inflammatory events, and
various inflammatory stimuli have been shown to affect BBB
function in several aspects (Sonar and Lal, 2018). Secondly, due to
the existence of the BBB, the CNS has an immune advantage. The
traditional view is that neuroimmunology is a protective response
mechanism to the brain, but excessive neuroinflammation during
the development of the disease may lead to harmful effects, in
which the change of BBB permeability is the first step of the
occurrence of the disease (Hendriksen et al, 2017). The
neuroinflammatory response is characterized by activation of
microglia and astrocytes, infiltration of peripheral white blood
cells, and release of pro-inflammatory mediators, which
exacerbate the destruction of the blood-brain barrier, further
amplifying the inflammatory response and aggravating neuronal
damage, thus forming a vicious cycle (Zhu et al, 2018).
Significant advances have been made in the regulation of BBB
function in homeostasis and neuroinflammation, in that this
review focuses on the cellular model that simulates BBB in
neurological disorders.

BBB is an essential immune part of the CNS, it composites of
different types of endothelial cells and immune cells, and the
simplex cell is inappropriate to uncover the complex system, so
scientists invented cell co-cultured. Traditional cell culture
methods usually exist in 2-dimensional (2D) form, with cells
laid flat on the surface of the plastic culture, making it easy to
grow, but lacking the role of extracellular matrix (ECM), all cells
are free to contact with nutrients. In 3- dimensions (3D) cell
culture, cells grow in the ECM that they produce, so the nutrients
and oxygen they are exposed to are more similar to the
environment in vivo. When they grow in 3D, the cell
morphology and growth characteristics are more consistent
with normal brains. The generated ECM can improve the
signal transduction between cells and form an interaction
network between cells more similar to the in vivo environment
(Korhonen et al.,, 2018). Although modeling in 3D culture can
better simulate the environment in vivo and improve the
replication of the model of neurological disease in vitro, 3D
modeling also has many challenges. For example, in the
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nervous system, cells in different brain regions may contain
the same cell types, but different proportions of cells may
perform completely different functions, and 3D modeling still
cannot solve the problem of cell proportions. Another example is
that most of the existing detection equipment and technology are
supporting 2D models, which cannot be directly applied to 3D
models. The superiority of the 3D cell model has been gradually
recognized, it will be the focus of the CNS disease and drug
research field. At present, the in vitro 2D cell model is still used
widely in most drug development. With the progress of
technology, the use of a 3D model to rebuild the body cells
in vitro microenvironment application is an irresistible trend.

Improved in vitro models allows the study of molecular
mechanisms to be carried out in a simple and reproducible
manner. This review provides an overview of the wide
application of cell culture in many different fields, the 2D and
3D neuroinflammatory cell models, and their potential
applications in nervous system diseases, which have great
application value in the high-throughput screening of drugs
for the nervous system diseases.

FEATURES OF HEALTHY AND INFLAMED
BLOOD-BRAIN BARRIER

In both health and disease, the BBB acts as a mediator between
the periphery and the CNS (Daneman and Prat, 2015). Peripheral
immune cells pass through the BBB to enter the brain
parenchyma to clear microorganisms or cell debris, and
abnormal cell transport functions of the cerebrovascular
system may lead to the development or aggravation of
neurological disorders. The cells that make up the BBB can
communicate strongly with each other, which include
endothelial cells, pericytes, astrocyte podocytes connecting the
endothelium and pericytes, and supplementary cells such as
microglia, neurons, interneurons, white blood cells, and
oligodendrocytes (Jackson et al, 2019). Under physiological
conditions, the BBB has a three-layer defense system. The first
layer is endothelial cells, forming the blood vessels to provide
scaffolds for connecting adhesion molecules to ECM (Ayloo and
Gu, 2019). The last defense line is astrocytes, especially the
extended end-feet surrounding ECM and pericytes, against
harmful proteins and molecules. They regulate brain blood
flow, neuron function, and the formation of tight connections
(Langen et al., 2019). Pericytes are inserted in the basement
membrane of capillary endothelial cells between astrocytes and
ECM, form the scaffold of endothelial cells, and sends paracrine
messages through direct contact with endothelial cells (Edwards
and Bix, 2019).

CNS ischemia or mechanical damage, such as spinal cord
injury (SCI), traumatic brain injury (TBI), or ischemic stroke, and
is often accompanied by inflammation, and chronic
neuroinflammation also occurs in neurodegenerative diseases.
Under continuous inflammatory stimulation or inherent diseases
(as aging and genetic defects), CNS cannot maintain a steady-
state, which exacerbates chronic neuroinflammation. In the
process of inflammation and disease progression, reactive glial
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cells secrete a large number of pro-inflammatory mediators and
participate in the opening of the BBB, leading to changes in the
permeability of the BBB and infiltration of peripheral blood
immune cells (Yang and Zhou, 2019). Deconstruction of
pericytes and glial cells around capillary endothelium affects
vascular permeability and is involved in neuroinflammation.
The capillary BBB and the outer compartment, pericytes, and
astrocytes coexist to maintain the functional characteristics of the
BBB. This unique anatomical structure allows pericytes to
communicate with endothelial cells and glial cells including
astrocytes and microglia (Giannoni et al, 2018). In wvivo
studies have shown that pericytes modification and response
are closely associated with inflammatory changes in CNS
lesions, including ischemic stroke (Fernandez-Klett et al,
2013), Alzheimer’s disease (Giannoni et al., 2016; Love and
Miners, 2016), epilepticus (Milesi et al., 2014; Klement et al.,
2019), TBI (Choi et al.,, 2016), and peripheral CNS diseases such
as SCI (Goritz et al., 2011).

Cerebral edema accompanied by neuroinflammatory lesions is
also the most typical lesion of CNS inflammation. In the case of
ischemic stroke, inflammation first damages the tight
connections of the brain, leading to the free movement of
molecules in the endothelial cells (Krueger et al., 2015) and a
loss of endothelial integrity (Krueger et al., 2013). The role of
endothelial cells in BBB permeability 24 h after stroke has been
demonstrated. Subsequently, astrocyte swelling and pericyte
contraction, and capillary diameter reduction occur. This acute
mechanism after ischemia leads to astrocyte death, exacerbation
of cytotoxic edema, and BBB dysfunction (Edwards and Bix,
2019).

In the modeling of the BBB, endothelial cells, pericytes and
astrocytes are often used to simulate a complete barrier.
Considering the number of all these cells and the related
proteins they express, as well as the interactions between cells,
creating an optimal static or dynamic BBB model system is
challenging (Jackson et al., 2019).

SINGLE-CELL MODEL OF NEUROLOGICAL
DISORDERS

Over the past few decades, BBB models have been constructed
in vitro using primary and immortalized cell lines from several
species, including mice, rats, pigs, cattle, and humans. Although
the primary cells have significant physiological relevance to the
body, the separation is laborious and time-consuming. And for
basic scientists without fixed clinical collaborators, the sources of
healthy human tissues are very limited. Besides, the primary cells
of other species also have the problem of interspecific differences.
Therefore, commercial immortals, which are simple and easily
purchased, occupy a certain position in the research field, such as
cell lines simulating neurons: rodents (PC12), humans (SH-
SY5Y), rodent endothelial cell lines (bEnd.3 and TR-BBB),
human brain endothelial cell line (HBMEC), BV2 microglia
cell line and HA astrocytes cell line. In recent years, human-
derived induced pluripotent stem cells (iPSC) can differentiate
into endothelial cells, glial cells, and other different cells to
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simulate in vitro BBB modeling (Jackson et al, 2019). Cell
culture technology has increased the reproducibility of
research on diseases of the nervous system, cell experiment
before clinical trials to minimize the body is the purpose of
the experiment, has become an important tool of pharmacology
and toxicology study.

Main Intestinal Cell Lines

PC12 Cell Lines

PC12 belongs to the adrenal phaeochromocytoma cell line, was
isolated from an adrenal medulla tumor (Greene and Tischler,
1976). Like other adrenal pheochromocytes, PC12 cells synthesize
and store dopamine (DA) and sometimes norepinephrine (NA)
(Westerink and Ewing, 2008). Nerve growth factor (NGF) can
induce PC12 cells to differentiate into a morphology similar to
primary sympathetic neurons, and its phenotype is similar to that
of mature sympathetic neurons (Westerink and Ewing, 2008).
The PC12 cell line is widely used for neurobiological and
neurochemical research, including studies on neurotoxicity
(Tang et al, 2019), neuroprotection (Lee et al, 2018),
neurosecretion (Barlow et al., 2018), neuroinflammation (Yin
Z. et al., 2020), synaptogenesis (Wiatrak et al., 2020), and as a
principal dopaminergic model in molecular neuroscience
(Vaudry et al, 2002). In addition to studying various aspects
of neuronal phenotypes as differentiated neuron-like cells, PC12
is also an excellent in vitro tool for studying the pathogenesis and
progression of various neurological disorders, such as glutamate
excitotoxicity (Kritis et al, 2015), Parkinson disease (PD)
(Loeffler et al, 2016), AD (Stefinescu et al., 2019), epilepsy
(Thiel et al, 2015), and ischemia (Lahiani et al., 2018).
However, because it is a rat-derived cell line and needs to be
induced by neurotrophic factors to differentiate into a neuron-
like morphology, it is different from the neurons in the body, so it
often compares with other cell lines when selecting it as a research
object (For example, SH-SY5Y (Wan et al., 2019)) or the primary
neuron together corroborated.

SH-SY5Y Cell Lines

Neuroblastoma SH-SY5Y cell line is an immortal cell line widely
used in in vitro models of neurological disorders. The subline of
the SK-N-SH cell line, which was established from a 4-year-old
female bone marrow aspiration biopsy (Biedler et al., 1978). SH-
SY5Y has been widely used as a research object of PD because it
has a mechanism to synthesize DA (activate dopamine-
B-hydroxylase) and NA (Xicoy et al., 2017). But not limited to
this, it is also widely used in other areas of neurological disorders,
including AD (de Medeiros et al., 2019), neurotoxicity (Wang
et al,, 2019), glutamate excitotoxicity (Vucicevic et al., 2020),
ischemia (Cui et al., 2020) or amyotrophic lateral sclerosis (ALS)
(Giannini et al., 2020) and other diseases. However, SH-SY5Y
retains the characteristics of cancer including the instability of the
proliferation, differentiation, and metabolism because it is
isolated from neuroblastoma derivatives. Therefore, it is
necessary to specify the source of the cells, in that the
differences between cells may be due to epigenetic
characteristics that can explain these differences, to select a
suitable in vitro experimental model (Xicoy et al., 2017).

Frontiers in Pharmacology | www.frontiersin.org

April 2021 | Volume 12 | Article 671734


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Peng et al.

N2a Cell Lines

The Neuro-2a (N2a) cell line, derived from a mouse brain
neuroblastoma, can be differentiated into neuronal-like cells
(Xicoy et al., 2017) which has been largely employed and a
well-characterized system to study signal pathways (Chen
et al., 2017), secretory events (Gutiérrez-Martin et al., 2011)
and neuronal differentiation (Huo et al., 2020). N2a cells
increased expression of amyloid precursor protein (APP) and
functional ionotropic P2X and metabotropic P2Y receptors
(Miras-Portugal et al., 2015). P2X7 receptors are related
targets of the P2 receptor family and are abundantly
expressed in microglia, astrocytes, and neurons (Sperldgh
and Illes, 2014). The other is the P2Y2 receptor, which is
mainly involved in the processing and regulation of APP by
activating non-amyloidogenic pathways (Erb et al., 2015). As
thus, N2a cells are widely used in degenerative diseases of
the CNS.

Microglia

Microglia originate from erythromyeloid progenitor cells in the
embryonic yolk sac and migrate into the brain to propagate,
spread, and ramify (Hammond et al., 2018). Their homeostasis is
affected by several factors including transforming growth factor-f
(TGF-B) and colony-stimulating factor 1 receptor (CSF1R)
(Sarlus and Heneka, 2017). The activation of matrix
metalloproteinase (MMPs) may cause BBB injury. In the LPS-
induced microglia inflammation model, inhibiting MMP3 and
MMP9 can attenuate the expression of pro-inflammatory
cytokines and inducible nitric oxide synthase (iNOS) secreted
by microglia (Niranjan, 2018). It can also regulate the release of
chemokines by up-regulating the expression of MMP-3
(Connolly et al., 2016). The current research on microglia is
mostly focused on discussing its double-edged sword function in
neurological disorders (such as AD (Sarlus and Heneka, 2017)).
The classical theory believes that under appropriate stimulation,
classically activated pro-inflammatory cell phenotype (M1)
polarization plays a role as the first line of defense in innate
immunity, but it usually occurs in the first few hours or days.
Plasma cells exist in various activated states in injured tissues.
After they are exposed to pro-inflammatory cytokines interferon-
y (IFN-v), tumor necrosis factor-a (TNF-a), and cell or bacterial
fragments, they will polarize to the M1 phenotype. These cells
then produce pro-inflammatory cytokines, chemokines, redox
molecule (NADPH) oxidase, and express high levels of iNOS to
produce NO. Microglia will exhibit M1 responses when exposed
to LPS or IFN-y in many experimental models (Martinez and
Gordon, 2014). A similar but sterile M1 response usually occurs
in the absence of microorganisms, due to TBI, ischemia, or
chemical exposure (Lan et al.,, 2017; Sen et al., 2020). M2 type
macrophages can promote inflammation subsidence through
anti-inflammatory factors, thereby inactivating the pro-
inflammatory cell phenotype and rebuilding homeostasis. The
M2 polarization of microglia is similar to that of peripheral
macrophages (Fenn et al., 2012; Ting et al., 2020), producing
different IL-4 and IL-mRNA profiles. However, some studies
have shown that activation pathways outside the standard M1/
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M2 polarization paradigm are getting more and more attention,
instead of using any typical markers of specific activation states
alone. It is becoming increasingly clear that any research that
attempts to determine whether microglia are present in different
activation or polarization states cannot rely on just one or two
markers but needs to examine multiple markers and evaluate
morphological tables. Understanding the dynamic regulation
function of microglia better will by distinguishing the status of
resident ~and infiltrating  macrophages,  metabolism,
mitochondrial function, etc. (Orihuela et al., 2016). Our views
on microglia are changing with new technologies and research
findings. The concept of M1/M2 is mainly applicable to the
inflammation when macrophages are derived from infiltrating
monocytes in diseased tissue reaction. The morphology of
microglia in the non-diseased brain showed fine, radially
directed branches to a small ellipsoid. In diseased tissues,
microglia behave completely differently, the cell volume
increases, shortens, and the protrusions decrease, sometimes
showing a clear phagocytic appearance, which form is
designated as the activated state. In the contrast, microglia are
designated as the resting state under physiological conditions.
Nimmerjahn et al. (Nimmerjahn et al., 2005) explained the
limitations of this M1/M2 framework to microglia came from
two-photon imaging, they found that microglia are very active in
a presumed resting state and constantly observe their
microenvironment. Besides, the destruction of the BBB triggers
immediate and local activation of microglia, transforming their
behavior from patrolling to protecting the injured site. Using flow
cytometry and deep RNA sequencing technology to analyze
spinal microglia the activation situation was studied. The
result showed that analysis of microglia in resting-state found
29 genes that distinguish them from other CNS cells and
peripheral macrophages/monocytes (Chiu et al., 2013). Single-
cell sequencing also revealed significant differences in expression
profiles, function, survival, and ultrastructural characteristics
between microglia and monocyte-derived macrophages
(Yamasaki et al, 2014; Kim et al, 2016). Up to now, the
polarization mode of microglia is still under discussion and
debate. The function of microglia has been a research hotspot
in neurobiology for a long time. Researchers have developed and
used a variety of microglia cell lines to study the function of
microglia in vitro. Widely used are the neonatal microglia (P1),
primary cultured neonatal microglia (P1-P2), microglia cell lines
(N9 and BV2), embryonic stem cell microglia (ESDMS) 24, and
RAW264.7 macrophages. However, the use of culturing primary
microglia is limited with the few numbers of cells obtained and
the technology is time-consuming. The two commonly used cell
lines produced by the replacement are BV2 and N9 microglia
from rats and mice to quickly produce large numbers of cells,
respectively.

BV2 cell lines: Blasi’s research group adapted the successfully
immortalizing murine macrophages (Blasi et al., 1985) to form
the BV2 microglial cells (Blasi et al., 1990). The BV2 cells were
expressed 90% positive for microglia cell markers, containing
macrophage-1 (MAC-1) and MAC-2, but negative for MAC-3
antigens (Horvath et al., 2008).
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N9 cell lines: N9 microglia cells are derived from the mouse
brain and have many phenotypic characteristics similar to the
primary mouse microglial cells. Hickman’s group conducted
some experiments on N9 cell lines, and the results showed
that N9 cell lines can clear f-amyloid precipitate (AP) and
express the regulatory receptors of microglia cells. Also, the
expression of scavenger receptor A and CD36 was decreased
when N9 was incubated with TNF-a, and AP absorption was also
decreased, consistent with their results obtained from primary
mouse microglia (Hickman et al., 2008). Moreover, this cell line
has a similar phagocytic function to primary microglia and
expresses inflammatory factors (Vaz et al, 2019). However,
because they were genetically modified, their proliferative
ability and adhesion increased compared with the primary
microglia (Stansley et al., 2012). N9 microglia have also been
shown to be similar to BV2, including up-regulation of pro-
inflammatory genes and expression of iNOS and inflammatory
factors (Fleisher-Berkovich et al., 2010).

However, none of these immortalized cells expressed the
characteristics of adult microglia. The primary microglial cells
isolated and cultured from newborns were closest to adult
microglia cells, and the microglia-specific genes were rarely
expressed in microglia cell lines (Butovsky et al., 2014).

Astrocytes
Overcame many difficulties in purifying astrocytes to investigate
astrocytes in the early 1980s, such as cells freshly isolated from the
brain that always contained a mixture of Microglia and
Progenitor cells (McCarthy and de Vellis, 1980). However,
subsequent studies have shown that although the serum and
other nutrients in the astrocytes isolated by this method are
necessary to maintain their physiological functions, such culture
conditions may irreversibly alter the transcriptome of astrocytes
(Foo et al., 2011). This may make the isolated astrocytes different
from the physiological astrocytes in vivo (Allen et al., 2012). These
studies suggest that a perfect culture system designed to mimic
“normal” astrocytes in vivo may require a combination of several
characteristics, including specific nutritional support, the right
matrix, and possibly other unknowns. Total transcriptome
analysis of sera-free 3D cultures of immune cells may provide
a more accurate model for understanding the function of
astrocytes in normal, healthy brains (Liddelow and Barres, 2017).
Astrocytes have been shown to exist in two different response
states. One is neuroinflammation-induced reactive astrocytes,
known as type Al, and the other is ischemia-induced reactive
astrocytes, known as type A2. This term is similar to the earlier
terms for M1 and M2 macrophages, which describe the
polarization of microglia. If A1 and A2 are the only two states
of astrocytes, then they may exist with a heterogeneous mix of Al
and A2 present in the body. Transcriptome analysis of reactive

astrocytes revealed that Al neuroinflammatory reactive
astrocytes upregulated many previously proven synaptic
destructive genes such as complement cascade genes,

suggesting that Al may have deleterious functions. Notably,
LPS induction failed to induce Al type response in microglia-
deficient mice (CSF1R knockout), suggesting that microglial
activation may be a necessary condition for Al astrocyte
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production (Liddelow et al, 2017; Hinkle et al., 2019). In
contrast, A2 reactive astrocytes upregulate many factors such
as thrombopoietin neurotrophic factors, which promote neuronal
survival and growth and promote synaptic repair, in that A2 may
have beneficial or restorative functions. Consistent with this,
ischemia-induced reactive astrocytes have been shown to
promote recovery and repair of the CNS (Gao et al, 2005;
Hayakawa et al, 2014). However, these phenomena are not
enough to explain the function of astrocytes. For example,
what are the substances that induce the intercellular
interactions of reactive astrocytes, as well as their mechanisms
of action and signaling pathways, are not clear, further research
and a more comprehensive understanding of the response
pathways of astrocytes are needed (Liddelow and Barres,
2017). In the course of conventional neurologic research, two
commonly used cell lines are HA and C8-D1A astrocytes cell lines
which are derived from humans and mice, respectively. Both of
them are widely used in research SCI (Zhang Z. et al., 2018), BBB
simulated in vitro (Booth and Kim, 2012), and ischemic (Chen
et al., 2018).

Endothelial Cells
In addition to the above-mentioned neurons and specific immune
cells in the brain, another important cell that constitutes the BBB
is the endothelial cell. Endothelial cells play a leading role in
regulating the brain microenvironment. The endothelium of the
brain differs from the endothelium of most other tissues in that
the tight connections within the endothelium of the brain are
much tighter and more complex. Occludin and Claudins are the
transmembrane proteins that make crucial contributions to its
tight junction structure. Occludin’s main function is to regulate
the tight connections of brain cells. In the mechanism of the BBB,
the expression of the proteins Claudin 3, 5, and 12 contributes to
the increase of trans-epithelial electrical resistance (TEER). High
expression levels of proteins in brain endothelial cells include
junction adhesion molecules, linking proteins in the interaction
domain of multiple proteins, Calcium-dependent serine protein
kinase (CASK), Membrane-associated guanosine kinase with a
reverse orientation of the protein interaction domain, and more
(Abbott et al.,, 2006). Transmitters and modulators released by
BBB cells allow complex signals to be transmitted between
neurovascular unit cells. For example, under normal
circumstances, the tight junction of the BBB may open to
allow growth factors and antibodies to enter the brain, while
inflammation may lead to brain edema. Maintaining endothelial
health helps to prevent the development of neurodegeneration.
Commonly used brain endothelial cells include b.End3, TR-BBB/
TM-BBB, HCMEC/D3, and HBMEC cell lines.
TR-BBB/TM-BBB cell lines: Immortalized brain endothelial
cell lines were established from Tg mice (TM-BBB) and Tg rats
(TR-BBB). Both of them express endothelial markers and possess
Glucose transporter type 1 (GLUT1) and p-glycoprotein, which
play a transporter function. The [3H]3-O-Methyl-D-glucose (3-
OMG) expression values were very similar to those expressed in
endothelial cells in vivo. TM-BBB cells exhibited efflux transport
activity against cyclosporin A.TR-BBB cells also expressed
multidrug resistant-associated protein 1 (MRP1 (ABCC1)) and
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L-type/large neutral amino acid transporter 1 (LAT1(SLC7A6))
mRNA (Hosoya et al., 2002).

HCMEC/D3 cell lines: A tumor cell line derived from human
temporal lobe microvascular and later immortalized during SV40
large T-antigen transduction. The expression of protein
transporters and BBB receptors are commonly used to study
the inflammation of brain endothelium, the mechanism of AP
production, and the permeability of BBB. However, compared
with the primary cerebral endothelial cells, this cell line had a
lower Teer value, and the expression levels of Occluding and
Claudin-5 were not consistent. The function of brain endothelial
cells cannot be completely replaced (Dubey et al., 2019).

Human Brain Microvascular Endothelial Cell (HBMECQC):
HBMEC is derived from hiPSCs or the human brain tissue.
HBMEC and BBB cells have many physiological similarities.
For example, their expression of claudins, occludins, junctional
adhesion proteins, and transporters are all related to BBB.
hBMECs are used as an effective in vitro BBB model for brain
research, modeling the homeostasis and the changing of the
physiology and characteristics (Dubey et al., 2019).

Induced Pluripotent Stem Cells

Induced Pluripotent Stem Cells (iPSCs) are self-renewing cells
capable of differentiating into different types of cells, including
microglia, astroglia, endothelia, and various neuronal cell lines.
iPSCs have broad prospects in human disease modeling in vitro
and are effective tools for researchers to study the occurrence and
development of diseases and the use of drugs (Haston and
Finkbeiner, 2016; Poon et al., 2017). iPSCs can proliferate and
differentiate into many different neuron subtypes (Sances et al.,
2016; Engle et al., 2018; Real et al., 2018; Chang et al., 2020),
astrocytes (Barbar et al., 2020), microglia (Abud et al., 2017),
oligodendrocytes (Marton et al.,, 2019), endothelial cells (Paik
et al,, 2018) and pericyte (Stebbins et al., 2019), which allows the
study of individual cells and their functions and interdependence
in the brain. iPSC plays an important role in establishing 3D cell
culture models in vitro (Campisi et al., 2018).

2D Co-Culture Model

The original co-culture training means is separate cells culture,
but with a cell culture system to stimulate the other cells, to
achieve the result of simulation trained, stimulate microglia with
neuron culture supernatant, observes the polarization state of the
microglia, and vice versa in the cultivation of the microglia
supernatant stimulate the nerve cells, observe the activated
microglia and the influence of the discharge of neurons. For
example, Guo et al. stimulated SH-SY5Y cells by the BV2 culture
supernatant, observed microglia activation, and inflammatory
cytokines secretion, which can cause apoptosis of neurons and
synapses damage (Guo et al., 2019). A more straightforward co-
culture model involves growing both cells in the same culture
system to mimic the environment in the brain. For example, Shi
et al. isolated primary glial cells and neurons from mice for glia-
neuron co-culture. They directly plated primary neurons
expressing P301S tau on top of the glia (Shi et al, 2017).
Simple cell co-culture is only carried out on the rigid plastic
surface, and the rigidity of plastic Petri dishes is not consistent
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with physiology. However, due to its low cost, simple technical
method, and high instrument matching degree, it is still a very
useful model in the evaluation of drug cytotoxicity, but it cannot
adapt to more complex research problems. To improve on simple
cell models, the researchers developed 2D co-culture cell models
as well. The integrity of the BBB cell model in vitro was enhanced
by co-culture of neurons, glial cells, endothelial cells, and/or
pericytes. For example, wells filled with semi-permeable
membranes are used to assist cell modeling. These cross-holes
allow the implantation of brain-derived cells, simulating the
closeness and growth distance of cells in the luminal and
outside the luminal surfaces of BBB. The most widely used is
the Transwell model. Transwell membranes are usually made of
polycarbonate or polyethylene terephthalate with pore sizes
ranging from 0.4 to 3.0 um. Cells are seeded in the chamber
and on the surface of the chamber and then a series of
downstream analyses can be performed (such as TEER). TEER
measurements help to assess the integrity of the BBB (Wimmer
et al., 2019). Transwell is widely used because it is easier to use,
faster to install, and less expensive. They have standardized
operating instructions and readout methods and are capable of
directly testing 96-well plates. Though transwell can contain a
variety of cells to simulate the interaction between cells, it still has
some limitations, such as the lack of dynamic interactions
between cells. Tanswell celling only allows cell growth over
time, at the same time can provide closely observe a
functional difference, and there is no fluid flow or cell
rearrangement of the assessment (Jackson et al, 2019). The
static transwell model lacks fluid shear stress, while the
conventional dynamic in vitro BBB model lacks fluid shear
stress and can only be simulated in single-cell conditions. To
solve the limitation of these two aspects, the researchers have
developed a microfluidic blood-brain barrier (mBBB), which can
achieve in a dynamic environment to cultivate and can realize
cultivate membrane to separate cells, similar to that of the
transwell. As early as 2012, Booth and Kim use b.End.3 and
C8-D1A jointly developed a microfluidic uBBB chip, which in the
dynamic environment and the cultivation of the relatively thin
film (10 microns) to simulate BBB (Booth and Kim, 2012). This
provides a reference and foundation for the development of a
Microfluidic system in the future. Although 2D cell co-culture has
many shortcomings, 2D cell culture can still be used for
preliminary screening of drug BBB permeability and the study
of BBB integrity after systematic treatment. No matter in direct or
indirect co-culture mode or BBB simulation by transwell, the
results need to be confirmed by a more complex dynamic model.

3D Co-Culture Model

Cell culture is often restricted by detaching from the ECM
when simulating the cell environment in the body. More and
more evidence prove that the 3D culture system represents a
more accurate physiological environment, which is different
from the traditional cell culture method. Compared with the
2D co-cultivation method, the 3D can better simulate the way
of accurate physiological environment. Among the cell models
that simulate the CNS, the BBB model is the most widely
studied.
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FIGURE 1 | Common cell culture system. Monoculture is usually carried out directly on the rigid plastic culture substrate; A common use of co-culture is to grow
both types of cells in the same extracellular fluid using Transwell chambers; The first two systems of culture were homogenous drug distribution when it comes to the
treatment medium or the stimulation. The most commonly used 3D culture system is ECM embedded culture and static suspension culture. The neuro-spheroids or
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simulated more accurately when the treatment medium or stimulation is given.

microscopic tissue model formed by 3D culture technology can better simulate the microenvironment in vivo, and the distribution gradient of drugs in vivo can be

3D Model of the BBB

Co-culture of cells in ECM protein solutions helps to assess
the complexity of BBB structure in 3D modeling. ECM
provides soft reticular support for neurons, glia,
endothelial cells, and pericytes to adapt to their growth,
migration, and expansion (Jackson et al, 2019). Besides,
ECM also provides a place for interaction between
BBB cells. Culturing and observing cell interaction in a 3D
matrix help to simulate the close relationship between cells.
The close association between cells can be observed in real-
time under an electron or optical microscope, or after
fixation. Bang et al. developed a 3D BBB platform that
separates the cell types in a single device by independently
providing different types of media (Bang et al., 2017). One
vascular channel (VC) connects to the lumen of the vascular
network, and the other neural channel (NC) provides
mediators for nerve cells. This allows astrocytes to be in
direct contact with endothelial cells while being spatially
separated and simulates BBB’s perivascular network
morphology and synaptic structural characteristics, which
is useful in screening for brain-targeted drugs in
neurodegenerative diseases. However, a major limitation of
the earliest 3D modeling systems was the inability to
determine the functional integrity of the cell or BBB using
TEER or dye permeability methods. Furthermore, despite
structural integrity, the model is generally unable to assess
the perfusion mechanics between endothelium-pericytes
suspended in an ECM scaffold (Jackson et al, 2019).
Previous studies reported in vitro neurovascular unit
(NVU) models to investigate BBB functions using

Transwell or microfluidic devices. Uwamori et al.
introduced a 3D culture model on a microfluidic platform
that allows the 3D culture of human neural stem cells (NSC),
HBMEC, and human mesenchymal stem cells (MSC) for the
construction of neurovascular tissue (Uwamori et al., 2017).
They constructed in neurons and capillary neural vascular
tissue, and then build the structure of 3D NVU: cell culture in
the fibrin, matrix, and hyaluronic acid composition of ECM in
the hydrogel, and on microfluidic platform induction of
neurogenesis and angiogenesis in the process of cultivating
the NSC and BMEC, compared with the traditional
configuration (such as Transwell systems) microfluidic
system has obvious advantages, can be used to study via
the interaction between brain cells and brain function
research, but also can be used as a treatment strategy of a
drug screening study. These microfluidic devices dynamically
assess BBB integrity, permeability, and cell invasiveness by
real-time measurement of TEER, dye permeability, and
fluorescent cell imaging (Sivandzade and Cucullo, 2018).
When iPSC-derived neurons, astrocytes, endothelial cells,
and pericytes are co-cultured in these micro-controlled
flow devices, the system can achieve model parameters
very similar to the BBB in the physiological environment,
and by changing the physiology or disease state of the cell, the
system can be quickly applied to BBB modeling in the disease
state. Although dynamic microfluidic devices are closer to
simulating the physiology of healthy and diseased BBB, these
systems are more expensive and require specialized
equipment and technical expert guidance to be established,
and because the method is relatively new, supporting
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TABLE 1 | Brain inflammation 2D and 3D co-culture models.

Model

BV2/SH-SY5Y
BV2/N2A
b.End3/C8-D1A

Neurons/Microglia
iPSC-PFP-pericytes/
iPSC-GFP-BMECS
HT22/U251
Astrocyte/CD3+ T
lymphocyte
Microglia/Astrocytes
Neurons/SIM-A9
N11/N2A/MVEC(B3)

3D BBB microvascular
network

Cell
type(s) & source

Mouse microglia cell lines/Human neuroblastoma cell
lines/Mouse neuroblastoma cell lines

Mouse brain microvascular endothelial/Mouse brain
astrocyte

Primary cortical neurons/Mouse brain mixed glial cell

BC1 and BC1-GFP hiPSC lines
Hippocampal neuronal HT22/Astrocytoma U251 cells

Primary human fetal astrocyte cultures/Human blood
of healthy donors
Mouse primary microglia and astrocytes

Primary cortical and cerebellar neurons/Immortalized
mouse microglia cells

Murine microglial cells (N11)/Mouse neuroblastoma
Nuro2A cell lines/Brain microvascular endothelial
MVEC(BS3) cells

iPSC-endothelial cells/iPSC-brain pericytes/iPSC-
astrocytes

Neuron (Neu)/astrocyte (AC)/microglia (MG)
differentiation from human neural progenitor cells
(NPCs)

Multicellular 3D neurovascular unit organoid
containing human brain microvascular endothelial

Objectives

Simulation the proinflammatory status of
microglia

A dual-layer BBB was formed in the porous
model of flowing cell suspension

Stimulation the mimic chronic
neuroinflammation conditions

The effects of in vitro platforms with varied
spatial orientations and levels of cell-cell contact
The effects of inflammation, oxidative Stress,
and neuron death

Stimulation of the changes observed in animals

Experiments investigating the effect of LPS-
induced mimic inflammatory conditions
Evaluation the role of microglia in
neurodegeneration

An experimentally flexible tri-culture
neuroinflammation model stimulated with LPS

Via vasculogenesis to accurately replicate the in
vivo neurovascular organization

Study of human microglia recruitment,
neuroinflammatory response and neuron/
astrocyte damages

Model the effects of hypoxia and
neuroinflammation on BBB function
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amyloid-p aggregates)

3D neuro-spheroids

standardized operations and detection parameters also limit
its widespread use (Jackson et al., 2019). In recent years, 3D
printing has emerged as an alternative manufacturing method
that allows faster, cheaper manufacturing, precise size
control, built-in measurement technology, and greater
design flexibility (Li et al., 2020). Combining 3D printing
technology with the advantages of high throughput detection,
automatic detection, and low operating cost of microfluidics
solves the problem of the complex multi-step structure of the
microfluidic device and can be used as an alternative method
of traditional microfluidics manufacturing. 3D printing, as
digital manufacturing technology, is the process of adding
materials to create objects layer by layer from 3D model data,
allowing complex objects to be accurately constructed
directly from computer-aided design (CAD) software (Tack
et al., 2016). Most 3D printing processes have a similar basic
process, in short, the use of CAD software in the form of 3D a
digital rendering of the target product, then convert the 3D
design to describe the surface stereolithography (SLA) 3D
model file format (STL), then, will be cut into 2D layer data
further build files, and sent to the 3D printer. The raw
materials processed into filaments, granules, or adhesive
solutions are automatically added and cured in a layer-by-

Construction of 3D cell culture and
microenvironments

Siméo et al. (2018); Cai et al. (2020)

layer fashion to produce the desired product (Sivandzade and
Cucullo, 2018).

Commonly Used 3D Cell Culture

Biomaterials

Due to the rapid development of material chemistry, use
scaffolding or solid platform to simulate microenvironment
support cell growth has been widely used in copying the ECM
model, these materials including metals, plastics, and polymers,
such as electrospinning scaffold, by random distribution or
arrangement of the electrostatic spinning of nanofibers
polyphenylsulfone (PPSu) stents, used for evaluation of neural
activity 3D cultivation environment. The results showed that
nanofibers successfully supported the adhesion and growth of
NSCs and enhanced the differentiation of neurons compared
with 2D substrates (Hajiali et al., 2018). Hydrogels are networks
of polymers or proteins that can be cross-linked to form a coating
on the surface of cells in vitro. They can be either natural or
synthetic and are used to promote cell attachment and improve
their survival. The natural extracellular matrix proteins of cells
provide a natural source of hydrogels, such as laminin and
collagen. Type I collagen with hyaluronic acid and alginate
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with laminin are used as cellular scaffolds (Her et al., 2013). Star-
PEG-heparin hydrogel has been used to study how the NSC in
AD lose regeneration, studies have shown that by using Star-
PEG-heparin hydrogels to set up a 3D cell guiding neural
microenvironment of reduction, to promote the primary and
the induction of NSCs proliferation and nerve generation capability,
to study the NSCs how plasticity loss in the AD (Papadimitriou et al.,
2018). The tissue-engineered structure of synthetic hydrogels is
usually made of a soft and porous matrix to allow oxygen and
nutrients to pass through sufficiently to supply cells, such as
polycaprolactone (Daud et al, 2012), polyethylene glycol
(Schwartz et al, 2015), and even polystyrene, which has been
used as scaffolds, cell adhesion, and support. Beduer et al. have
also developed a compressible scaffold. Using a hydrogel consisting
of sodium alginate and carboxymethyl cellulose (CMC) in
combination with simple one-pot cryogenic synthesis, they
prepared a cryogen system that assists in the development of
extended neural networks from primary cells and can be used for
minimally invasive delivery within brain tissue (Béduer et al., 2015).

With the development of biomaterial scaffolds, 3D culture and in
vivo cell behavior have been realized in scaffolder-free self-assembled
aggregated cultures (Dingle et al, 2015), including spheroids,
embryos, nerve spheres, and microtissues. Cells can be formed by
suspension culture in concave micropores or sponge gel matrix,
successfully realizing the communication between various cell types
of neural spheres. Biomaterials can also be used to study cell
behavior. For example, neurons have also been grown and
studied on semiconductor indium phosphate nanowire arrays,
demonstrating that the neurites of multiple neurons, guided by
InP nanowire scaffolds, exhibit synchronous calcium activity,
meaning that cell-to-cell communication via synaptic connections
can be identified in this model (Gautam et al., 2017). Neurons grown
on nanotubes have shown the advantages of being easy to grow and
emitting signals that are highly synchronized with those in the body
(Bosi et al,, 2015). Miao et al. used the chemical vapor deposition
method, through the graphene bubble hole (GCNT web) won the
full 3D interconnected carbon nano pipe network, and through
training and fluorescent marker a different color of glioma and
healthy cortex cells, acquired a new in vitro model to study
malignant glioma invasion, the model is the study of 3D in vitro
biological process ideal tool (Xiao et al, 2018). However, the
limitations of the scaffold-free 3D culture of nerve spheres and
other scaffolds have led to problems such as large size, malnutrition
of the culture, and diffusion of oxygen to indoor cells (Cembran
et al., 2020).

CONCLUSION AND PERSPECTIVES

Functional in vitro models of the neuroinflammatory have an
essential role in the assessment of the risks or benefits of new

REFERENCES

Abbott, N. J., Ronnback, L., and Hansson, E. (2006). Astrocyte-endothelial interactions
at the blood-brain barrier. Nat. Rev. Neurosci. 7, 41-53. doi:10.1038/nrn1824

Review of Inflammation Cell Models

treatment methods as an alternative to animal studies. Cell
lines are cell cultures that develop from a single cell, so that
daughter cells are phenotypically and genetically similar to
parent cells until or unless they are inclined to differentiate
by differentiating agents. They replace primary cells, are
crucial in the study of the physiology, mechanisms, and
processes of diseases or disorders, and are widely used in
drug-screening processes. In vitro cell models offer a
promising tool for exploring complex human organs such
as the brain. It provides supporting data for the researchers’
hypothesis and improves the translational value of the in
vivo model. Typically, this method is practiced in cultures of
many cells. Various studies have shown that compared to
other models of nerve cells, 3D cell cultures can generalize
exactly what the brain’s environment looks like and can
successfully reconstruct the ECM. As it helps to estimate
drug efficacy more appropriately and provides precise
directions for researchers to develop promising drug
therapies. From simple intracerebral environment
monoculture, through co-culture to 3D culture in ECM
(Figure 1), in vitro model of the nervous system as a tool
to create more suitable physiological conditions is of
great significance. The selection of the correct research
object and preparation methods are essential to maintain
the high degree of matching and stability of the cell model,
which helps to more accurately simulate the in vivo
environment and understand the mechanism of the disease
state. Future research should focus on producing more
accurate in vitro models that could be used to develop novel
drugs that target the BBB in the CNS, which could provide
enormous humans (The common brain
inflammation 2D and 3D co-culture models are summarized
in Table 1).

services to

AUTHOR CONTRIBUTIONS

YP and NC were responsible for the design and draft of the
manuscript, SC, YY, ZZ and ZP provided critical review and
revision of the manuscript. All authors provide approval for
publication of the content.

FUNDING
This work was supported by the National Natural
Science Foundation of China (81730096, 81773924,

82074044, 81873026, 81973499), the CAMS Innovation
Fund for Medical Sciences (CIFMS) (2016-12 M-1-004),
the Hunan graduate student project
(CX20200759).

innovation

Abud, E. M., Ramirez, R. N., Martinez, E. S., Healy, L. M., Nguyen, C. H. H,,
Newman, S. A,, et al. (2017). iPSC-derived human microglia-like cells to study
neurological diseases. Neuron 94, 278-293. doi:10.1016/j.neuron.2017.03.042

Allen, N. J,, Bennett, M. L., Foo, L. C., Wang, G. X., Chakraborty, C., Smith, S. J.,
et al. (2012). Astrocyte glypicans 4 and 6 promote formation of excitatory

Frontiers in Pharmacology | www.frontiersin.org

April 2021 | Volume 12 | Article 671734


https://doi.org/10.1038/nrn1824
https://doi.org/10.1016/j.neuron.2017.03.042
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Peng et al.

synapses via GluAl AMPA receptors. Nature 486, 410-414. doi:10.1038/
naturel1059

Ayloo, S., and Gu, C. (2019). Transcytosis at the blood-brain barrier. Curr. Opin.
Neurobiol. 57, 32-38. doi:10.1016/j.conb.2018.12.014

Bang, S., Lee, S. R,, Ko, J., Son, K., Tahk, D., Ahn, ], et al. (2017). A low permeability
microfluidic blood-brain barrier platform with direct contact between
perfusable vascular network and astrocytes. Scientific Rep. 7, 8083. doi:10.
1038/s41598-017-07416-0

Barbar, L., Jain, T., Zimmer, M., Kruglikov, L, Sadick, J. S., Wang, M., et al. (2020).
CD49f is a novel marker of functional and reactive human iPSC-derived
astrocytes. Neuron 107, 436-453. doi:10.1016/j.neuron.2020.05.014

Barlow, S. T, Louie, M., Hao, R, Defnet, P. A, and Zhang, B. (2018).
Electrodeposited gold on carbon-fiber microelectrodes for enhancing
amperometric detection of dopamine release from pheochromocytoma cells.
Anal. Chem. 90, 10049-10055. doi:10.1021/acs.analchem.8b02750

Béduer, A., Braschler, T, Peric, O., Fantner, G. E., Mosser, S., Fraering, P. C., et al.
(2015). A compressible scaffold for minimally invasive delivery of large intact
neuronal networks. Adv. Healthc. Mater. 4, 301-312. doi:10.1002/adhm.
201400250

Bergmann, S., Lawler, S. E,, Qu, Y., Fadzen, C. M., Wolfe, . M., Regan, M. S., et al.
(2018). Blood-brain-barrier organoids for investigating the permeability of CNS
therapeutics. Nat. Protoc. 13, 2827-2843. doi:10.1038/s41596-018-0066-x

Biedler, J. L., Roffler-Tarlov, S., Schachner, M., and Freedman, L. S. (1978).
Multiple neurotransmitter synthesis by human neuroblastoma cell lines and
clones. Cancer Res. 38, 3751-3757.

Blasi, E., Barluzzi, R., Bocchini, V., Mazzolla, R., and Bistoni, F. (1990).
Immortalization of murine microglial cells by a v-raf/v-myc carrying
retrovirus. J. neuroimmunology 27, 229-237. doi:10.1016/0165-5728(90)
90073-v

Blasi, E., Mathieson, B. J., Varesio, L., Cleveland, J. L., Borchert, P. A., and Rapp, U.
R. (1985). Selective immortalization of murine macrophages from fresh bone
marrow by a raf/myc recombinant murine retrovirus. Nature 318, 667-670.
doi:10.1038/318667a0

Booth, R., and Kim, H. (2012). Characterization of a microfluidic in vitro model of
the blood-brain barrier (uBBB). Lab. Chip 12, 1784-1792. doi:10.1039/
c21c40094d

Bosi, S., Rauti, R., Laishram, J., Turco, A., Lonardoni, D., Nieus, T., et al. (2015).
From 2D to 3D: novel nanostructured scaffolds to investigate signalling in
reconstructed neuronal networks. Scientific Rep. 5,9562. doi:10.1038/srep09562

Butovsky, O., Jedrychowski, M. P., Moore, C. S., Cialic, R., Lanser, A. J., Gabriely,
G., et al. (2014). Identification of a unique TGF-pB-dependent molecular and
functional signature in microglia. Nat. Neurosci. 17, 131-143. doi:10.1038/nn.
3599

Cai, H., Ao, Z., Hu, L., Moon, Y., Wu, Z., Lu, H.-C,, et al. (2020). Acoustofluidic
assembly of 3D neurospheroids to model Alzheimer’s disease. Analyst 145,
6243-6253. doi:10.1039/d0an01373k

Campisi, M., Shin, Y., Osaki, T., Hajal, C., Chiono, V., and Kamm, R. D. (2018). 3D
self-organized microvascular model of the human blood-brain barrier with
endothelial cells, pericytes and astrocytes. Biomaterials 180, 117-129. doi:10.
1016/j.biomaterials.2018.07.014

Cembran, A., Bruggeman, K. F., Williams, R. J., Parish, C. L., and Nisbet, D. R.
(2020). Biomimetic materials and their utility in modeling the 3-dimensional
neural environment. iScience 23, 100788. doi:10.1016/j.isci.2019.100788

Chang, C. Y, Ting, H. C, Liu, C. A, Su, H. L., Chiou, T. W,, Lin, S. Z,, et al. (2020).
Induced pluripotent stem cell (iPSC)-Based neurodegenerative disease models
for phenotype recapitulation and drug screening. Molecules (Basel,
Switzerland) 25.

Chen, H., Tang, X., Zhou, B., Zhou, Z., Xu, N., and Wang, Y. (2017). A ROS-
mediated mitochondrial pathway and Nrf2 pathway activation are involved in
BDE-47 induced apoptosis in Neuro-2a cells. Chemosphere 184, 679-686.
doi:10.1016/j.chemosphere.2017.06.006

Chen, W., Tong, W., Guo, Y., He, B., Chen, L., Yang, W, et al. (2018). Upregulation
of connexin-43 is critical for irradiation-induced neuroinflammation. Cnsnddt
17, 539-546. doi:10.2174/1871527317666180706124602

Chiu, I. M., Morimoto, E. T. A., Goodarzi, H., Liao, J. T., O’Keeffe, S., Phatnani, H.
P, et al. (2013). A neurodegeneration-specific gene-expression signature of
acutely isolated microglia from an amyotrophic lateral sclerosis mouse model.
Cel Rep. 4, 385-401. doi:10.1016/j.celrep.2013.06.018

Review of Inflammation Cell Models

Choi, Y. K., Maki, T., Mandeville, E. T., Koh, S.-H., Hayakawa, K., Arai, K., et al.
(2016). Dual effects of carbon monoxide on pericytes and neurogenesis in
traumatic brain injury. Nat. Med. 22, 1335-1341. doi:10.1038/nm.4188

Connolly, C., Magnusson-Lind, A., Lu, G., Wagner, P. K, Southwell, A. L., Hayden,
M. R, et al. (2016). Enhanced immune response to MMP3 stimulation in
microglia expressing mutant huntingtin. Neuroscience 325, 74-88. d0i:10.1016/
jneuroscience.2016.03.031

Cui, J,, Liu, N., Chang, Z., Gao, Y., Bao, M., Xie, Y., et al. (2020). Exosomal
MicroRNA-126 from RIPC serum is involved in hypoxia tolerance in SH-SY5Y
cells by downregulating DNMT3B. Mol. Ther. - Nucleic Acids 20, 649-660.
doi:10.1016/j.0mtn.2020.04.008

Dambach, H., Hinkerohe, D., Prochnow, N., Stienen, M. N., Moinfar, Z., Haase, C.
G., et al. (2014). Glia and epilepsy: experimental investigation of antiepileptic
drugs in an astroglia/microglia co-culture model of inflammation. Epilepsia 55,
184-192. doi:10.1111/epi.12473

Daneman, R., and Prat, A. (2015). The blood-brain barrier. Cold Spring Harbor
Perspect. Biol. 7, a020412. doi:10.1101/cshperspect.a020412

Daud, M. F. B,, Pawar, K. C,, Claeyssens, F., Ryan, A. J., and Haycock, J. W. (2012).
An aligned 3D neuronal-glial co-culture model for peripheral nerve studies.
Biomaterials 33, 5901-5913. doi:10.1016/j.biomaterials.2012.05.008

de Medeiros, L. M., De Bastiani, M. A., Rico, E. P., Schonhofen, P., Pfaffenseller, B.,
Wollenhaupt-Aguiar, B., et al. (2019). Cholinergic differentiation of human
neuroblastoma SH-SY5Y cell line and its potential use as an in vitro model for
alzheimer’s disease studies. Mol. Neurobiol. 56,7355-7367. doi:10.1007/s12035-
019-1605-3

Dingle, Y.-T. L., Boutin, M. E,, Chirila, A. M,, Livi, L. L., Labriola, N. R., Jakubek, L.
M, et al. (2015). Three-dimensional neural spheroid culture: AnIn VitroModel
for cortical studies. Tissue Eng. C: Methods 21, 1274-1283. doi:10.1089/ten.tec.
2015.0135

Dubey, S. K., Ram, M. S., Krishna, K. V., Saha, R. N,, Singhvi, G., Agrawal, M., et al.
(2019). Recent expansions on cellular models to uncover the scientific barriers
towards drug development for alzheimer’s disease. Cell Mol Neurobiol 39,
181-209. doi:10.1007/s10571-019-00653-z

Edwards, D. N, and Bix, G. J. (2019). Roles of blood-brain barrier integrins and
extracellular matrix in stroke. Am. J. Physiology-Cell Physiol. 316, C252-c263.
doi:10.1152/ajpcell.00151.2018

Engle, S. J., Blaha, L., and Kleiman, R. J. (2018). Best practices for translational
disease modeling using human iPSC-derived neurons. Neuron 100, 783-797.
doi:10.1016/j.neuron.2018.10.033

Erb, L., Cao, C,, Ajit, D., and Weisman, G. A. (2015). P2Y receptors in Alzheimer’s
disease. Biol. Cel 107, 1-21. doi:10.1111/boc.201400043

Fenn, A. M., Henry, C. J., Huang, Y., Dugan, A., and Godbout, J. P. (2012).
Lipopolysaccharide-induced interleukin (IL)-4 receptor-a expression and
corresponding sensitivity to the M2 promoting effects of IL-4 are impaired
in microglia of aged mice. Brain Behav. Immun. 26, 766-777. doi:10.1016/j.bbi.
2011.10.003

Fernandez-Klett, F., Potas, J. R., Hilpert, D., Blazej, K., Radke, J., Huck, J., et al.
(2013). Early loss of pericytes and perivascular stromal cell-induced scar
formation after stroke. J. Cereb. Blood Flow Metab. 33, 428-439. doi:10.
1038/jcbfm.2012.187

Fleisher-Berkovich, S., Filipovich-Rimon, T., Ben-Shmuel, S., Hiilsmann, C.,
Kummer, M. P., and Heneka, M. T. (2010). Distinct modulation of
microglial amyloid beta phagocytosis and migration by neuropeptides.
J. Neuroinflammation 7, 61. doi:10.1186/1742-2094-7-61

Foo, L. C., Allen, N.J., Bushong, E. A, Ventura, P. B., Chung, W.-S., Zhou, L., et al.
(2011). Development of a method for the purification and culture of rodent
astrocytes. Neuron 71, 799-811. doi:10.1016/j.neuron.2011.07.022

Gao, Q., Li, Y., and Chopp, M. (2005). Bone marrow stromal cells increase astrocyte
survival via upregulation of phosphoinositide 3-kinase/threonine protein
kinase and mitogen-activated protein kinase kinase/extracellular signal-
regulated kinase pathways and stimulate astrocyte trophic factor gene
expression after anaerobic insult. Neuroscience 136, 123-134. doi:10.1016/j.
neuroscience.2005.06.091

Gautam, V., Naureen, S., Shahid, N., Gao, Q., Wang, Y., Nisbet, D., et al. (2017).
Engineering highly interconnected neuronal networks on nanowire scaffolds.
Nano Lett. 17, 3369-3375. doi:10.1021/acs.nanolett.6b05288

Giannini, M., Bayona-Feliu, A., Sproviero, D., Barroso, S. I, Cereda, C., and
Aguilera, A. (2020). TDP-43 mutations link Amyotrophic Lateral Sclerosis with

Frontiers in Pharmacology | www.frontiersin.org

10

April 2021 | Volume 12 | Article 671734


https://doi.org/10.1038/nature11059
https://doi.org/10.1038/nature11059
https://doi.org/10.1016/j.conb.2018.12.014
https://doi.org/10.1038/s41598-017-07416-0
https://doi.org/10.1038/s41598-017-07416-0
https://doi.org/10.1016/j.neuron.2020.05.014
https://doi.org/10.1021/acs.analchem.8b02750
https://doi.org/10.1002/adhm.201400250
https://doi.org/10.1002/adhm.201400250
https://doi.org/10.1038/s41596-018-0066-x
https://doi.org/10.1016/0165-5728(90)90073-v
https://doi.org/10.1016/0165-5728(90)90073-v
https://doi.org/10.1038/318667a0
https://doi.org/10.1039/c2lc40094d
https://doi.org/10.1039/c2lc40094d
https://doi.org/10.1038/srep09562
https://doi.org/10.1038/nn.3599
https://doi.org/10.1038/nn.3599
https://doi.org/10.1039/d0an01373k
https://doi.org/10.1016/j.biomaterials.2018.07.014
https://doi.org/10.1016/j.biomaterials.2018.07.014
https://doi.org/10.1016/j.isci.2019.100788
https://doi.org/10.1016/j.chemosphere.2017.06.006
https://doi.org/10.2174/1871527317666180706124602
https://doi.org/10.1016/j.celrep.2013.06.018
https://doi.org/10.1038/nm.4188
https://doi.org/10.1016/j.neuroscience.2016.03.031
https://doi.org/10.1016/j.neuroscience.2016.03.031
https://doi.org/10.1016/j.omtn.2020.04.008
https://doi.org/10.1111/epi.12473
https://doi.org/10.1101/cshperspect.a020412
https://doi.org/10.1016/j.biomaterials.2012.05.008
https://doi.org/10.1007/s12035-019-1605-3
https://doi.org/10.1007/s12035-019-1605-3
https://doi.org/10.1089/ten.tec.2015.0135
https://doi.org/10.1089/ten.tec.2015.0135
https://doi.org/10.1007/s10571-019-00653-z
https://doi.org/10.1152/ajpcell.00151.2018
https://doi.org/10.1016/j.neuron.2018.10.033
https://doi.org/10.1111/boc.201400043
https://doi.org/10.1016/j.bbi.2011.10.003
https://doi.org/10.1016/j.bbi.2011.10.003
https://doi.org/10.1038/jcbfm.2012.187
https://doi.org/10.1038/jcbfm.2012.187
https://doi.org/10.1186/1742-2094-7-61
https://doi.org/10.1016/j.neuron.2011.07.022
https://doi.org/10.1016/j.neuroscience.2005.06.091
https://doi.org/10.1016/j.neuroscience.2005.06.091
https://doi.org/10.1021/acs.nanolett.6b05288
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Peng et al.

R-loop homeostasis and R loop-mediated DNA damage. PLoS Genet. 16,
€1009260. doi:10.1371/journal.pgen.1009260

Giannoni, P., Arango-Lievano, M., Neves, I. D., Rousset, M.-C., Baranger, K,
Rivera, S., et al. (2016). Cerebrovascular pathology during the progression of
experimental Alzheimer’s disease. Neurobiol. Dis. 88, 107-117. doi:10.1016/j.
nbd.2016.01.001

Giannoni, P., Badaut, J., Dargazanli, C., De Maudave, A. F. H., Klement, W,
Costalat, V., et al. (2018). The pericyte-glia interface at the blood-brain barrier.
Clin. Sci. (London) 132, 361-374. doi:10.1042/cs20171634

Goritz, C., Dias, D. O., Tomilin, N., Barbacid, M., Shupliakov, O., and Frisén, J.
(2011). A pericyte origin of spinal cord scar tissue. Science 333, 238-242. doi:10.
1126/science.1203165

Greene, L. A,, and Tischler, A. S. (1976). Establishment of a noradrenergic clonal
line of rat adrenal pheochromocytoma cells which respond to nerve growth
factor. Proc. Natl. Acad. Sci. 73, 2424-2428. doi:10.1073/pnas.73.7.2424

Guo, Y., Wei, X,, Yan, H,, Qin, Y., Yan, S, Liu, J,, et al. (2019). TREM2 deficiency
aggravates a-synuclein-induced neurodegeneration and neuroinflammation in
Parkinson’s disease models. FASEB j. 33, 12164-12174. doi:10.1096/fj.
201900992r

Gutiérrez-Martin, Y., Bustillo, D., Gomez-Villafuertes, R., Sinchez-Nogueiro, J.,
Torregrosa-Hetland, C., Binz, T., et al. (2011). P2X7 receptors trigger ATP
exocytosis and modify secretory vesicle dynamics in neuroblastoma cells. J. Biol.
Chem. 286, 11370-11381. doi:10.1074/jbc.m110.139410

Hajiali, H., Contestabile, A., Mele, E., and Athanassiou, A. (2018). Influence of
topography of nanofibrous scaffolds on functionality of engineered neural
tissue. J. Mater. Chem. B 6, 930-939. d0i:10.1039/c7tb02969a

Hammond, T. R., Robinton, D., and Stevens, B. (2018). Microglia and the brain:
complementary partners in development and disease. Annu. Rev. Cel Dev. Biol.
34, 523-544. doi:10.1146/annurev-cellbio-100616-060509

Haston, K. M., and Finkbeiner, S. (2016). Clinical trials in a dish: the potential of
pluripotent stem cells to develop therapies for neurodegenerative diseases.
Annu. Rev. Pharmacol. Toxicol. 56, 489-510. doi:10.1146/annurev-pharmtox-
010715-103548

Hayakawa, K., Pham, L.-D. D,, Arai, K, and Lo, E. H. (2014). Reactive astrocytes
promote adhesive interactions between brain endothelium and endothelial
progenitor cells via HMGB1 and beta-2 integrin signaling. Stem Cel. Res. 12,
531-538. doi:10.1016/j.scr.2013.12.008

Hendriksen, E., van Bergeijk, D., Oosting, R. S., and Redegeld, F. A. (2017). Mast
cells in neuroinflammation and brain disorders. Neurosci. Biobehavioral Rev.
79, 119-133. doi:10.1016/j.neubiorev.2017.05.001

Her, G. J., Wu, H.-C., Chen, M.-H., Chen, M.-Y., Chang, S.-C., and Wang, T.-W.
(2013). Control of three-dimensional substrate stiffness to manipulate
mesenchymal stem cell fate toward neuronal or glial lineages. Acta
Biomater. 9, 5170-5180. doi:10.1016/j.actbio.2012.10.012

Hickman, S. E., Allison, E. K., and El Khoury, J. (2008). Microglial dysfunction and
defective -amyloid clearance pathways in aging alzheimer’s disease mice.
J. Neurosci. 28, 8354-8360. doi:10.1523/jneurosci.0616-08.2008

Hinkle, J. T., Dawson, V. L., and Dawson, T. M. (2019). The A1 astrocyte paradigm:
new avenues for pharmacological intervention in neurodegeneration. Mov
Disord. 34, 959-969. doi:10.1002/mds.27718

Horng, S., Therattil, A., Moyon, S., Gordon, A., Kim, K., Argaw, A. T., et al. (2017).
Astrocytic tight junctions control inflammatory CNS lesion pathogenesis.
J. Clin. Invest. 127, 3136-3151. doi:10.1172/jci91301

Horvath, R. J., Nutile-McMenemy, N., Alkaitis, M. S., and Deleo, J. A. (2008).
Differential migration, LPS-induced cytokine, chemokine, and NO expression
in immortalized BV-2 and HAPI cell lines and primary microglial cultures.
J. Neurochem. 107, 557-569. doi:10.1111/j.1471-4159.2008.05633.x

Hosoya, K.-i., Ohtsuki, S., and Terasaki, T. (2002). Recent advances in the brain-to-
blood efflux transport across the blood-brain barrier. Int. J. pharmaceutics 248,
15-29. doi:10.1016/s0378-5173(02)00457-x

Huo, B, Yang, Y,, Li, M., Wan, J., Zhang, W., Yu, B,, et al. (2020). Pax3 inhibits
Neuro-2a cells proliferation and neurite outgrowth. J. Cel Mol Med 25,
1252-1262. doi:10.1111/jemm.16195

Jackson, S., Meeks, C., Vézina, A., Robey, R. W., Tanner, K., and Gottesman, M. M.
(2019). Model systems for studying the blood-brain barrier: applications and
challenges. Biomaterials 214, 119217. doi:10.1016/j.biomaterials.2019.05.028

Jamieson, J. J., Linville, R. M., Ding, Y. Y., Gerecht, S., and Searson, P. C. (2019).
Role of iPSC-derived pericytes on barrier function of iPSC-derived brain

Review of Inflammation Cell Models

microvascular endothelial cells in 2D and 3D. Fluids and barriers of the
CNS 16, 15. doi:10.1186/s12987-019-0136-7

Kim, C. C., Nakamura, M. C., and Hsieh, C. L. (2016). Brain trauma elicits non-
canonical macrophage activation states. J. Neuroinflammation 13, 117. doi:10.
1186/512974-016-0581-z

Klement, W., Blaquiere, M., Zub, E., deBock, F., Boux, F., Barbier, E., etal. (2019). A
pericyte-glia scarring develops at the leaky capillaries in the hippocampus
during seizure activity. Epilepsia 60, 1399-1411. doi:10.1111/epi.16019

Korhonen, P., Malm, T., and White, A. R. (2018). 3D human brain cell models: new
frontiers in disease understanding and drug discovery for neurodegenerative
diseases. Neurochem. Int. 120, 191-199. doi:10.1016/j.neuint.2018.08.012

Kritis, A. A., Stamoula, E. G., Paniskaki, K. A., and Vavilis, T. D. (2015).
Researching glutamate - induced cytotoxicity in different cell lines: a
comparative/collective analysis/study. Front. Cell. Neurosci. 9, 91. doi:10.
3389/fncel.2015.00091

Krueger, M., Bechmann, I., Immig, K., Reichenbach, A., Hirtig, W., and Michalski,
D. (2015). Blood-brain barrier breakdown involves four distinct stages of
vascular damage in various models of experimental focal cerebral ischemia.
J. Cereb. Blood Flow Metab. 35, 292-303. doi:10.1038/jcbfm.2014.199

Krueger, M., Hirtig, W., Reichenbach, A., Bechmann, I., and Michalski, D. (2013).
Blood-brain barrier breakdown after embolic stroke in rats occurs without
ultrastructural evidence for disrupting tight junctions. PLoS One 8, €56419.
doi:10.1371/journal.pone.0056419

Lahiani, A., Brand-Yavin, A., Yavin, E., and Lazarovici, P. (2018). Neuroprotective
effects of bioactive compounds and MAPK pathway modulation in "Ischemia"-
Stressed PC12 pheochromocytoma cells. Brain Sci. 8. doi:10.3390/
brainsci8020032

Lan, X, Han, X,, Li, Q., Yang, Q.-W., and Wang, J. (2017). Modulators of microglial
activation and polarization after intracerebral haemorrhage. Nat. Rev. Neurol.
13, 420-433. doi:10.1038/nrneurol.2017.69

Langen, U. H,, Ayloo, S., and Gu, C. (2019). Development and cell biology of the
blood-brain barrier. Annu. Rev. Cel Dev. Biol. 35, 591-613. doi:10.1146/
annurev-cellbio-100617-062608

Lee, J., Song, K., Huh, E., Oh, M. S., and Kim, Y. S. (2018). Neuroprotection against
6-OHDA toxicity in PC12 cells and mice through the Nrf2 pathway by a
sesquiterpenoid from Tussilago farfara. Redox Biol. 18, 6-15. doi:10.1016/j.
redox.2018.05.015

Li, Y. C, Jodat, Y. A., Samanipour, R,, Zorzi, G., Zhu, K., Hirano, M., et al. (2020).
Toward a neurospheroid niche model: optimizing embedded 3D bioprinting for
fabrication of neurospheroid brain-like co-culture constructs. Biofabrication 13,
015014. doi:10.1088/1758-5090/abclbe

Liddelow, S. A., and Barres, B. A. (2017). Reactive astrocytes: production, function,
and therapeutic potential. Immunity 46, 957-967. doi:10.1016/j.immuni.2017.
06.006

Liddelow, S. A., Guttenplan, K. A, Clarke, L. E., Bennett, F. C,, Bohlen, C. J.,
Schirmer, L., et al. (2017). Neurotoxic reactive astrocytes are induced by
activated microglia. Nature 541, 481-487. doi:10.1038/nature21029

Liu, H., Wu, X,, Luo, J., Wang, X., Guo, H., Feng, D., et al. (2019a). Pterostilbene
attenuates astrocytic inflammation and neuronal oxidative injury after
ischemia-reperfusion by inhibiting NF-kB phosphorylation. Front. Immunol.
10, 2408. doi:10.3389/fimmu.2019.02408

Liu, Z. J., Ran, Y. Y., Qie, S. Y., Gong, W. J,, Gao, F. H, Ding, Z. T., et al.
(2019b). Melatonin protects against ischemic stroke by modulating
microglia/macrophage polarization toward anti-inflammatory phenotype
through STAT3 pathway. CNS Neurosci. Ther. 25, 1353-1362. doi:10.1111/
cns.13261

Loeffler, D. A., LeWitt, P. A., and Camp, D. M. (2016). Nocardia asteroides-
Induced movement abnormalities in mice: relevance for Parkinson’s disease?.
Mov Disord. 31, 1134-1138. d0i:10.1002/mds.26711

Love, S., and Miners, J. S. (2016). Cerebrovascular disease in ageing and
Alzheimer’s disease. Acta Neuropathol. 131, 645-658. doi:10.1007/s00401-
015-1522-0

Martinez, F. O., and Gordon, S. (2014). The M1 and M2 paradigm of macrophage
activation: time for reassessment. F1000prime Rep. 6, 13. doi:10.12703/p6-13

Marton, R. M., Miura, Y., Sloan, S. A,, Li, Q., Revah, O., Levy, R. ], et al. (2019).
Differentiation and maturation of oligodendrocytes in human three-

Nat. 22, 484-491. doi:10.1038/

dimensional neural cultures. Neurosci.

$41593-018-0316-9

Frontiers in Pharmacology | www.frontiersin.org

11

April 2021 | Volume 12 | Article 671734


https://doi.org/10.1371/journal.pgen.1009260
https://doi.org/10.1016/j.nbd.2016.01.001
https://doi.org/10.1016/j.nbd.2016.01.001
https://doi.org/10.1042/cs20171634
https://doi.org/10.1126/science.1203165
https://doi.org/10.1126/science.1203165
https://doi.org/10.1073/pnas.73.7.2424
https://doi.org/10.1096/fj.201900992r
https://doi.org/10.1096/fj.201900992r
https://doi.org/10.1074/jbc.m110.139410
https://doi.org/10.1039/c7tb02969a
https://doi.org/10.1146/annurev-cellbio-100616-060509
https://doi.org/10.1146/annurev-pharmtox-010715-103548
https://doi.org/10.1146/annurev-pharmtox-010715-103548
https://doi.org/10.1016/j.scr.2013.12.008
https://doi.org/10.1016/j.neubiorev.2017.05.001
https://doi.org/10.1016/j.actbio.2012.10.012
https://doi.org/10.1523/jneurosci.0616-08.2008
https://doi.org/10.1002/mds.27718
https://doi.org/10.1172/jci91301
https://doi.org/10.1111/j.1471-4159.2008.05633.x
https://doi.org/10.1016/s0378-5173(02)00457-x
https://doi.org/10.1111/jcmm.16195
https://doi.org/10.1016/j.biomaterials.2019.05.028
https://doi.org/10.1186/s12987-019-0136-7
https://doi.org/10.1186/s12974-016-0581-z
https://doi.org/10.1186/s12974-016-0581-z
https://doi.org/10.1111/epi.16019
https://doi.org/10.1016/j.neuint.2018.08.012
https://doi.org/10.3389/fncel.2015.00091
https://doi.org/10.3389/fncel.2015.00091
https://doi.org/10.1038/jcbfm.2014.199
https://doi.org/10.1371/journal.pone.0056419
https://doi.org/10.3390/brainsci8020032
https://doi.org/10.3390/brainsci8020032
https://doi.org/10.1038/nrneurol.2017.69
https://doi.org/10.1146/annurev-cellbio-100617-062608
https://doi.org/10.1146/annurev-cellbio-100617-062608
https://doi.org/10.1016/j.redox.2018.05.015
https://doi.org/10.1016/j.redox.2018.05.015
https://doi.org/10.1088/1758-5090/abc1be
https://doi.org/10.1016/j.immuni.2017.06.006
https://doi.org/10.1016/j.immuni.2017.06.006
https://doi.org/10.1038/nature21029
https://doi.org/10.3389/fimmu.2019.02408
https://doi.org/10.1111/cns.13261
https://doi.org/10.1111/cns.13261
https://doi.org/10.1002/mds.26711
https://doi.org/10.1007/s00401-015-1522-0
https://doi.org/10.1007/s00401-015-1522-0
https://doi.org/10.12703/p6-13
https://doi.org/10.1038/s41593-018-0316-9
https://doi.org/10.1038/s41593-018-0316-9
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Peng et al.

McCarthy, K. D., and de Vellis, J. (1980). Preparation of separate astroglial and
oligodendroglial cell cultures from rat cerebral tissue. J. Cel. Biol. 85, 890-902.
doi:10.1083/jcb.85.3.890

Milesi, S., Boussadia, B., Plaud, C., Catteau, M., Rousset, M.-C., De Bock, F., et al.
(2014). Redistribution of PDGFRp cells and NG2DsRed pericytes at the
cerebrovasculature after status epilepticus. Neurobiol. Dis. 71, 151-158.
doi:10.1016/j.nbd.2014.07.010

Miras-Portugal, M. T., Diaz-Hernandez, J. I, Gomez-Villafuertes, R., Diaz-
Hernandez, M., Artalejo, A. R, and Gualix, J. (2015). Role of P2X7 and
P2Y2 receptors on a-secretase-dependent APP processing: control of
amyloid plaques formation "in vivo" by P2X7 receptor. Comput. Struct.
Biotechnol. J. 13, 176-181. doi:10.1016/j.csbj.2015.02.005

Mutemberezi, V., Buisseret, B., Masquelier, J., Guillemot-Legris, O., Alhouayek, M.,
and Muccioli, G. G. (2018). Oxysterol levels and metabolism in the course of
neuroinflammation: insights from in vitro and in vivo models.
J. Neuroinflammation 15, 74. doi:10.1186/s12974-018-1114-8

Nimmerjahn, A., Kirchhoff, F., and Helmchen, F. (2005). Resting microglial cells
are highly dynamic surveillants of brain parenchyma in vivo. Science 308,
1314-1318. doi:10.1126/science.1110647

Niranjan, R. (2018). Recent advances in the mechanisms of neuroinflammation
and their roles in neurodegeneration. Neurochem. Int. 120, 13-20. doi:10.1016/
jneuint.2018.07.003

Nzou, G., Wicks, R. T., VanOstrand, N. R,, Mekky, G. A,, Seale, S. A., El-Taibany,
A., et al. (2020). Multicellular 3D neurovascular unit model for assessing
hypoxia and neuroinflammation induced blood-brain barrier dysfunction.
Scientific Rep. 10, 9766. doi:10.1038/s41598-020-77348-9

Orihuela, R., McPherson, C. A., and Harry, G. J. (2016). Microglial M1/M2
polarization and metabolic states. Br. J. Pharmacol. 173, 649-665. doi:10.
1111/bph.13139

Paik, D. T,, Tian, L., Lee, J., Sayed, N., Chen, I. Y., Rhee, S., et al. (2018). Large-scale
single-cell RNA-seq reveals molecular signatures of heterogeneous populations
of human induced pluripotent stem cell-derived endothelial cells. Circ. Res. 123,
443-450. doi:10.1161/circresaha.118.312913

Papadimitriou, C., Celikkaya, H., Cosacak, M. I, Mashkaryan, V., Bray, L.,
Bhattarai, P., et al. (2018). 3D culture method for alzheimer’s disease
modeling reveals interleukin-4 rescues apf42-induced loss of human neural
stem cell plasticity. Developmental Cel. 46, 85-101. doi:10.1016/j.devcel.2018.
06.005

Park, J., Wetzel, 1., Marriott, 1., Dréau, D., D’Avanzo, C., Kim, D. Y., et al. (2018). A
3D  human system  modeling neurodegeneration and
neuroinflammation in Alzheimer’s disease. Nat. Neurosci. 21, 941-951.
doi:10.1038/s41.593-018-0175-4

Poon, A, Zhang, Y., Chandrasekaran, A., Phanthong, P., Schmid, B., Nielsen, T. T,
et al. (2017). Modeling neurodegenerative diseases with patient-derived
induced pluripotent cells: possibilities and challenges. New Biotechnol. 39,
190-198. doi:10.1016/j.nbt.2017.05.009

Real, R, Peter, M., Trabalza, A., Khan, S., Smith, M. A., Dopp, J., et al. (2018). In
vivo modeling of human neuron dynamics and Down syndrome. Science 362.
eaaul810. doi:10.1126/science.aaul810

Sances, S., Bruijn, L. I, Chandran, S., Eggan, K., Ho, R,, Klim, J. R, et al. (2016).
Modeling ALS with motor neurons derived from human induced pluripotent
stem cells. Nat. Neurosci. 19, 542-553. doi:10.1038/nn.4273

Sarlus, H., and Heneka, M. T. (2017). Microglia in Alzheimer’s disease. J. Clin.
Invest. 127, 3240-3249. doi:10.1172/jci90606

Schwartz, M. P, Hou, Z., Propson, N. E., Zhang, J., Engstrom, C. J., Costa, V. S.,
et al. (2015). Human pluripotent stem cell-derived neural constructs for
predicting neural toxicity. Proc. Natl. Acad. Sci. USA 112, 12516-12521.
doi:10.1073/pnas.1516645112

Sen, T., Saha, P., Gupta, R,, Foley, L. M., Jiang, T., Abakumova, O. S., et al. (2020).
Aberrant ER stress induced neuronal-ifnp elicits white matter injury due to
microglial activation and T-cell infiltration after TBI. J. Neurosci. 40, 424-446.
doi:10.1523/jneurosci.0718-19.2019

Shi, Y., Yamada, K., Yamada, K., Liddelow, S. A., Smith, S. T., Zhao, L., et al.
(2017). ApoE4 markedly exacerbates tau-mediated neurodegeneration in
a mouse model of tauopathy. Nature 549, 523-527. doi:10.1038/
nature24016

Simdo, D, Silva, M. M., Terrasso, A. P., Arez, F., Sousa, M. F. Q., Mehrjardi, N. Z.,
et al. (2018). Recapitulation of human neural microenvironment signatures in

triculture

Review of Inflammation Cell Models

iPSC-derived NPC 3D differentiation. Stem Cel. Rep. 11, 552-564. d0i:10.1016/
j.stemcr.2018.06.020

Sivandzade, F., and Cucullo, L. (2018). In-vitro blood-brain barrier modeling: a
review of modern and fast-advancing technologies. J. Cereb. Blood Flow Metab.
38, 1667-1681. doi:10.1177/0271678x18788769

Sonar, S. A., and Lal, G. (2018). Blood-brain barrier and its function during
inflammation and autoimmunity. J. Leukoc. Biol. 103, 839-853. doi:10.1002/jlb.
1rull17-428r

Sperldgh, B., and Illes, P. (2014). P2X7 receptor: an emerging target in central
nervous system diseases. Trends Pharmacological Sciences 35, 537-547. doi:10.
1016/j.tips.2014.08.002

Stansley, B., Post, J., and Hensley, K. (2012). A comparative review of cell culture
systems for the study of microglial biology in Alzheimer’s disease.
J. Neuroinflammation 9, 115. doi:10.1186/1742-2094-9-115

Stebbins, M. J., Gastfriend, B. D., Canfield, S. G., Lee, M. S., Richards, D.,
Faubion, M. G., et al. (2019). Human pluripotent stem cell-derived brain
pericyte-like cells induce blood-brain barrier properties. Sci. Adv. 5,
eaau7375. doi:10.1126/sciadv.aau7375

Stefanescu, R., Stanciu, G. D., Luca, A., Caba, I. C., Tamba, B. I, and Mihai, C. T.
(2019). Contributions of mass spectrometry to the identification of low
molecular weight molecules able to reduce the toxicity of amyloid-p peptide
to cell cultures and transgenic mouse models of alzheimer’s disease. Molecules
(Basel, Switzerland) 24, 1167. doi:10.3390/molecules24061167

Tack, P., Victor, J., Gemmel, P., and Annemans, L. (2016). 3D-printing techniques
in a medical setting: a systematic literature review. Biomed. Eng. Online 15, 115.
doi:10.1186/s12938-016-0236-4

Tang, X.-p., Guo, X.-h., Geng, D., and Weng, L.-J. (2019). d-Limonene protects
PC12 cells against corticosterone-induced neurotoxicity by activating the
AMPK pathway. Environ. Toxicol. Pharmacol. 70, 103192. doi:10.1016/j.
etap.2019.05.001

Thiel, G., Ekici, M., and Réssler, O. G. (2015). RE-1 silencing transcription factor
(REST): a regulator of neuronal development and neuronal/endocrine function.
Cell Tissue Res 359, 99-109. doi:10.1007/s00441-014-1963-0

Ting, S.-M., Zhao, X., Zheng, X., and Aronowski, J. (2020). Excitatory pathway
engaging glutamate, calcineurin, and NFAT upregulates IL-4 in ischemic
neurons to polarize microglia. J. Cereb. Blood Flow Metab. 40, 513-527.
doi:10.1177/0271678x19838189

Tu, D, Gao, Y., Yang, R., Guan, T., Hong, J. S., and Gao, H. M. (2019). The pentose
phosphate pathway regulates chronic neuroinflammation and dopaminergic
neurodegeneration. J. Neuroinflammation 16, 255. doi:10.1186/s12974-019-
1659-1

Uwamori, H., Higuchi, T., Arai, K, and Sudo, R. (2017). Integration of
neurogenesis and angiogenesis models for constructing a neurovascular
tissue. Scientific Rep. 7, 17349. doi:10.1038/541598-017-17411-0

Vaudry, D,, Stork, P. J., Lazarovici, P., and Eiden, L. E. (2002). Signaling pathways
for PC12 cell differentiation: making the right connections. Science 296,
1648-1649. doi:10.1126/science.1071552

Vaz, A. R, Pinto, S., Ezequiel, C., Cunha, C., Carvalho, L. A., Moreira, R,,
etal. (2019). Phenotypic effects of wild-type and mutant SOD1 expression
in N9 murine microglia at steady state, inflammatory and
immunomodulatory conditions. Front. Cell. Neurosci. 13, 109. doi:10.
3389/fncel.2019.00109

Vucicevic, L., Misirkic, M., Ciric, D., Martinovic, T., Jovanovic, M., Isakovic, A.,
et al. (2020). Transcriptional block of AMPK-induced autophagy promotes
glutamate excitotoxicity in nutrient-deprived SH-SY5Y neuroblastoma cells.
Cell. Mol. Life Sci. 77, 3383-3399. doi:10.1007/s00018-019-03356-2

Wan, T., Wang, Z., Luo, Y., Zhang, Y., He, W., Mei, Y., et al. (2019). FA-97, a new
synthetic caffeic acid phenethyl ester derivative, protects against oxidative
stress-mediated neuronal cell apoptosis and scopolamine-induced cognitive
impairment by activating Nrf2/HO-1 signaling. Oxid Med. Cel Longev 2019,
8239642. doi:10.1155/2019/8239642

Wang, S, Xia, B, Qiao, Z., Duan, L, Wang, G., Meng, W., et al. (2019).
Tetramethylpyrazine attenuated bupivacaine-induced neurotoxicity in SH-
SY5Y cells through regulating apoptosis, autophagy and oxidative damage.
Dddt Vol. 13, 1187-1196. doi:10.2147/dddt.s196172

Westerink, R. H., and Ewing, A. G. (2008). The PC12 cell as model for
neurosecretion. Acta Physiol. (Oxf) 192, 273-285. doi:10.1111/j.1748-1716.
2007.01805.x

Frontiers in Pharmacology | www.frontiersin.org

12

April 2021 | Volume 12 | Article 671734


https://doi.org/10.1083/jcb.85.3.890
https://doi.org/10.1016/j.nbd.2014.07.010
https://doi.org/10.1016/j.csbj.2015.02.005
https://doi.org/10.1186/s12974-018-1114-8
https://doi.org/10.1126/science.1110647
https://doi.org/10.1016/j.neuint.2018.07.003
https://doi.org/10.1016/j.neuint.2018.07.003
https://doi.org/10.1038/s41598-020-77348-9
https://doi.org/10.1111/bph.13139
https://doi.org/10.1111/bph.13139
https://doi.org/10.1161/circresaha.118.312913
https://doi.org/10.1016/j.devcel.2018.06.005
https://doi.org/10.1016/j.devcel.2018.06.005
https://doi.org/10.1038/s41.593-018-0175-4
https://doi.org/10.1016/j.nbt.2017.05.009
https://doi.org/10.1126/science.aau1810
https://doi.org/10.1038/nn.4273
https://doi.org/10.1172/jci90606
https://doi.org/10.1073/pnas.1516645112
https://doi.org/10.1523/jneurosci.0718-19.2019
https://doi.org/10.1038/nature24016
https://doi.org/10.1038/nature24016
https://doi.org/10.1016/j.stemcr.2018.06.020
https://doi.org/10.1016/j.stemcr.2018.06.020
https://doi.org/10.1177/0271678x18788769
https://doi.org/10.1002/jlb.1ru1117-428r
https://doi.org/10.1002/jlb.1ru1117-428r
https://doi.org/10.1016/j.tips.2014.08.002
https://doi.org/10.1016/j.tips.2014.08.002
https://doi.org/10.1186/1742-2094-9-115
https://doi.org/10.1126/sciadv.aau7375
https://doi.org/10.3390/molecules24061167
https://doi.org/10.1186/s12938-016-0236-4
https://doi.org/10.1016/j.etap.2019.05.001
https://doi.org/10.1016/j.etap.2019.05.001
https://doi.org/10.1007/s00441-014-1963-0
https://doi.org/10.1177/0271678x19838189
https://doi.org/10.1186/s12974-019-1659-1
https://doi.org/10.1186/s12974-019-1659-1
https://doi.org/10.1038/s41598-017-17411-0
https://doi.org/10.1126/science.1071552
https://doi.org/10.3389/fncel.2019.00109
https://doi.org/10.3389/fncel.2019.00109
https://doi.org/10.1007/s00018-019-03356-2
https://doi.org/10.1155/2019/8239642
https://doi.org/10.2147/dddt.s196172
https://doi.org/10.1111/j.1748-1716.2007.01805.x
https://doi.org/10.1111/j.1748-1716.2007.01805.x
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Peng et al.

Wiatrak, B., Kubis-Kubiak, A., Piwowar, A., and Barg, E.. 2020. PC12 cell line: cell
types, coating of culture vessels, differentiation and other culture conditions.
Cells. 9, 958. doi:10.3390/cells9040958

Wimmer, I, Tietz, S., Nishihara, H., Deutsch, U., Sallusto, F., Gosselet, F., et al.
(2019). PECAM-1 stabilizes blood-brain barrier integrity and favors
paracellular T-cell diapedesis across the blood-brain barrier during
neuroinflammation. Front. Immunol. 10, 711. doi:10.3389/fimmu.2019.00711

Xiao, M, Li, X, Song, Q., Zhang, Q., Lazzarino, M., Cheng, G, et al. (2018). A fully
3D interconnected graphene-carbon nanotube web allows the study of glioma
infiltration in bioengineered 3D cortex-like networks. Adv. Mater. (Deerfield
Beach, Fla 30, e1806132. doi:10.1002/adma.201870397

Xicoy, H., Wieringa, B., and Martens, G. J. (2017). The SH-SY5Y cell line in
Parkinson’s disease research: a systematic review. Mol. neurodegeneration 12,
10. doi:10.1186/s13024-017-0149-0

Yamasaki, R, Lu, H., Butovsky, O., Ohno, N, Rietsch, A. M., Cialic, R,, et al. (2014).
Differential roles of microglia and monocytes in the inflamed central nervous
system. J. Exp. Med. 211, 1533-1549. doi:10.1084/jem.20132477

Yang, Q. Q., and Zhou, J. W. (2019). Neuroinflammation in the central nervous system:
symphony of glial cells. Glia 67, 1017-1035. doi:10.1002/glia.23571

Yin, P., Wang, S., Wei, Y., Wang, X,, Zhang, J., Yin, X, et al. (2020a). Maresinl
decreased microglial chemotaxis and ameliorated inflammation induced by
amyloid-B42 in neuron-microglia Co-culture models. Jad 73, 503-515. doi:10.
3233/jad-190682

Yin, Z., Han, Z., Hu, T., Zhang, S., Ge, X., Huang, S., et al. (2020b). Neuron-derived
exosomes with high miR-21-5p expression promoted polarization of M1
microglia in culture. Brain Behav. Immun. 83, 270-282. doi:10.1016/j.bbi.
2019.11.004

Review of Inflammation Cell Models

Zhang, K., Wang, H., Xu, M., Frank, J. A,, and Luo, J. (2018a). Role of MCP-1 and
CCR2 in ethanol-induced neuroinflammation and neurodegeneration in the
developing brain. J. Neuroinflammation 15, 197. doi:10.1186/s12974-018-
1241-2

Zhang, Z. T., Zhang, X. G., Yu, H. Y., and Xu, Z. T. (2018b). MicroRNA-490-3p
inhibits inflammation and apoptosis induced by spinal cord injury via targeting
MK2. Eur. Rev. Med. Pharmacol. Sci. 22, 8849-8856. doi:10.26355/
eurrev_201812_16653

Zheng, Y. F., Zhou, X., Chang, D., Bhuyan, D. J., Zhang, J. P., Yu, W. Z,, et al.
(2021). A novel tri-culture model for neuroinflammation. J. Neurochem. 156,
249-261. doi:10.1111/jnc.15171

Zhu, Q., Enkhjargal, B., Huang, L., Zhang, T., Sun, C,, Xie, Z,, et al. (2018). Aggfl
attenuates neuroinflammation and BBB disruption via PI3K/Akt/NF-kB
pathway after subarachnoid hemorrhage in rats. J. Neuroinflammation 15,
178. doi:10.1186/s12974-018-1211-8

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Peng, Chu, Yang, Zhang, Pang and Chen. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Pharmacology | www.frontiersin.org

13

April 2021 | Volume 12 | Article 671734


https://doi.org/10.3390/cells9040958
https://doi.org/10.3389/fimmu.2019.00711
https://doi.org/10.1002/adma.201870397
https://doi.org/10.1186/s13024-017-0149-0
https://doi.org/10.1084/jem.20132477
https://doi.org/10.1002/glia.23571
https://doi.org/10.3233/jad-190682
https://doi.org/10.3233/jad-190682
https://doi.org/10.1016/j.bbi.2019.11.004
https://doi.org/10.1016/j.bbi.2019.11.004
https://doi.org/10.1186/s12974-018-1241-2
https://doi.org/10.1186/s12974-018-1241-2
https://doi.org/10.26355/eurrev_201812_16653
https://doi.org/10.26355/eurrev_201812_16653
https://doi.org/10.1111/jnc.15171
https://doi.org/10.1186/s12974-018-1211-8
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	Neuroinflammatory In Vitro Cell Culture Models and the Potential Applications for Neurological Disorders
	Introduction
	Features of Healthy and Inflamed Blood-Brain Barrier
	Single-Cell Model of Neurological Disorders
	Main Intestinal Cell Lines
	PC12 Cell Lines
	SH-SY5Y Cell Lines
	N2a Cell Lines
	Microglia
	Astrocytes
	Endothelial Cells
	Induced Pluripotent Stem Cells

	2D Co-Culture Model
	3D Co-Culture Model
	3D Model of the BBB
	Commonly Used 3D Cell Culture Biomaterials

	Conclusion and Perspectives
	Author Contributions
	Funding
	References


