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Abstract: We used an in vitro model of the human brain immune microenvironment to simulate
hypoxic-ischemic brain injury (HIBI) and treatment with human umbilical cord mesenchymal stem
cells (hUMSCs) to address the transformation barriers of gene differences between animals and
humans in preclinical research. A co-culture system, termed hNAME, consisted of human hip-
pocampal neurons (N), astrocytes (A), microglia (M), and brain microvascular endothelial cells (E).
Flow cytometry measured the apoptosis rates of neurons and endothelial cells. ANAME-neurons
and endothelial cells experienced more severe damage than monolayer cells, particularly after 48 h
and 24 h of reoxygenation (OGD48/R24). Western blotting identified neuroinflammatory response
markers, including HIF-1«, Clq, C3, TNF-«, and iNOS. Inflammatory factors originated from the
glial chamber rather than the neurons and vascular endothelial chambers. A gradual increase in the
release of inflammatory factors was observed as the OGD and reoxygenation times increased, peaking
at OGD48/R24. The hNAME value was confirmed in human umbilical cord mesenchymal stem
cells (hUMSCs). Treatment with hUMSCs resulted in a notable decrease in the severity of neuronal
and endothelial cell damage in hNAME. The hNAME is an ideal in vitro model for simulating the
immune microenvironment of the human brain because of the interactions between neurons, vessels,

astrocytes, and microglia.
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1. Introduction

The causes of various neurological disorders and their treatment remain largely un-
resolved. Direct testing of the human brain is often not feasible owing to ethical consid-
erations; therefore, animal (in vivo) or cellular (in vitro) models are commonly used. The
successful application of animal experiment results to clinical trials proves challenging
because of variations in the subunits and action sites of the same genes among different
species. These differences create obstacles in the clinical translation process. In vitro models
are widely used in basic experiments; however, they present challenges owing to species
differences and difficulties in replicating the in vivo biological characteristics. In addition,
the basic cellular structure is limited by the absence of intercellular communication and
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complex bodily environments. Creating an in vitro model of a multicell co-culture derived
from the human brain is, therefore, imperative.

The brain environment is primarily composed of blood vessels, neurons, astrocytes,
microglia, and oligodendrocytes. The brain utilizes blood vessels to transport and exchange
substances throughout its structure. The central nervous system utilizes neurons with
uniform numbers and blood vessel distribution to transmit information [1]. Establishing
synaptic connections among neurons is crucial for transmitting information. A major
function of oligodendrocytes is the creation of myelin sheaths around neuronal axons. This
sheath safeguards neurons and facilitates the rapid transmission of bioelectrical signals.
Neurons and oligodendrocytes form nerve conduction tracts that convey instructions from
the brain to the periphery.

It was previously believed that the central nervous system is an independent system
protected by the blood-brain barrier, allowing it to be “immune privileged” [2]. This means
that peripheral substances do not enter the brain, and transplants in the brain tend to last
longer than those in the periphery [2]. Recent research has revolutionized our understand-
ing of the brain’s immune privilege. The brain creates lymphatic vessels and immune cells
during development, and innate and adaptive immune cells regulate brain function and
repair damage in the central nervous system during disease [3-6]. The microglia in the
brain may be few; however, they are essential as resident immune cells that immediately
respond to brain injuries. They can change their form, number, and function to adapt
to diseased environments. These cells play a crucial role in initiating the innate immune
response and promoting inflammation in the central nervous system [7]. Astrocytes are not
considered classical immune cells; however, they also play an immunomodulatory role after
brain injury and are often activated after microglia activation, contributing to the central
adaptive immune response [8]. The interaction between microglia and astrocytes has a
significant impact on the progression and prognosis of central nervous system disease [9].
The secretion of complement 1q (C1q), tumor necrosis factor (TNF-«), and interleukin 1
alpha (IL-1cc) by microglia leads to the activation of Al toxic astrocytes. On the other hand,
the production of A2-protected astrocytes is encouraged by IL-10 [10,11]. Astrocyte-derived
IL-3 binds specific receptors on the surface of microglia in Alzheimer’s disease (AD). This
interaction prompts microglia to migrate toward the AD focal A3, where they play a
phagocytic role in clearing the area [12]. Other studies have shown that microglia and
astrocytes are activated in the vicinity of amyloid plaques. Additionally, complement 3 (C3),
originating from astrocytes, interacts with microglia C3a receptors, leading to impaired
phagocytic function of microglia and the further advancement of A3 [13]. Microglia and
astrocytes play a crucial role in maintaining the environmental balance in the brain and are
essential for building in vitro models.

Hypoxic-ischemic brain injury (HIBI) results from the narrowing or blocking of the
arteries of the brain (the carotid and vertebral arteries), leading to brain tissue damage.
Conditions such as adult ischemic stroke (IS) and cerebral palsy (CP), collectively known
as HIBI, are prevalent in neurological clinical practice and have high incidence rates. HIBI
causes significant long-term neurological deficits, including hemiplegia, hemianopsia,
aphasia, and cognitive impairment, which can cause disability and even death. Therefore,
this condition burdens both the family and society [14]. Additionally, individuals who
experience a stroke may also suffer from post-stroke depression, sleep disorders, and
various mental and psychological complications, all of which can significantly impact their
overall quality of life [15]. A Lancet report revealed that HIBI has become the leading cause
of death in China [16]. This study focused on HIBI, a prevalent neurological condition,
as a representative example of neurological disorders. We utilized the classical treatment
for oxygen-glucose deprivation (OGD) in an in vitro model to simulate the pathological
changes associated with HIBI, which involved replacing the sugar-free medium and cultur-
ing cells in an oxygen-free environment. This model provides a more accurate simulation
of central nervous system damage and addresses the issue of gene heterogeneity resulting
from species differences.
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In the last two decades, stem cell therapy has become one of the most promising meth-
ods for repairing CNS nerve injuries, promoting the brain’s natural regenerative potential
to restore lost function after HIBI [17]. Mesenchymal stem cells (MSCs) have functions
in cell migration, angiogenesis, immune regulation, neuroprotection, and neural circuit
reconstruction. MSCs exert neurotrophic effects through paracrine secretion, polarizing
damaged neurons, promoting axonal growth, and repairing myelin sheaths, and their use
is expected to become one of the most effective strategies for the treatment of HIBI [18].
Our team demonstrated that human umbilical cord mesenchymal stem cells (hUMSCs)
can regulate astrocytes, which, in turn, improves brain microenvironment homeostasis.
hUMSC:s alleviate neuroinflammation from astrocytosis and promotes neuronal plasticity
regeneration by inhibiting polypyrimidine tract binding protein-1 (PTBP-1) in HIBI neona-
tal rats [19]. hUMSCs have been found to be effective in treating spinal cord injuries by
reducing tissue cavitation and increasing the number of Nissl bodies in the damaged area.
Additionally, hUMSCs decreased the levels of TNF-o, NF-kB, and PTBP-1, while increasing
the neuronal marker TUJ1 and oligodendrocyte marker Olig2 [20]. These previous results
indicate that hUMSCs may repair nerve injury by regulating the central immune microen-
vironment. To investigate the sensitivity of the HIBI in vitro model to injury and treatment,
we treated the model with hUMSCs in an OGD injury simulation.

2. Results
2.1. Model Construction and Identification

The lower chamber was plated with 2 x 10°> human hippocampal neurons (N) expressing
the neuron-specific marker NeuN. The medium chamber was plated with 1.2 x 10> human
astrocytes (A) of SVG P12 and 4.5 x 10* human microglia (M) of HMC3, expressing
glial fibrillary acidic protein (GFAP) and the ionic calcium-binding adapter molecule
(IBA1), respectively. The upper chamber was plated with 2 x 10> HCMEC/D3 human
microvascular endothelial cells (E) expressing the vascular-specific protein marker CD31,
as shown in Figure 1a. As shown in Figure 1b, 35% of the total volume was composed
of neurons, followed by 22% astrocytes, 8% microglia, and 35% endothelial cells. These
four cell types were identified as ANAME, using their initials, and constituted a significant
portion of human cells.

We compared the number of cells and their ability to survive in an hNAME culture
with monolayer culture systems at various time intervals (18, 24, 36, 48, 60, and 72 h) in a
standard culture environment (incubator with 95% oxygen and 5% carbon dioxide at 37 °C)
after connecting the plate. Both cultures showed a decline in cell count and viability after
48 h, indicating that the cells were not healthy after the standard 48 h culture period. We
recommend not extending the modeling period beyond 48 h. Notably, the neurons and
vascular endothelial cells in the hNAME group had lower numbers and viability than those
in the monolayer group, as shown in Figure 1c-h.

2.2. Comparison of INAME and Monolayer Culture at Different OGD Time

After the initial experiment, the viability of neurons and the number of living cells
decreased after 60 and 72 h of standard culture, respectively. Cells within the 18-48 h
range were chosen to construct the OGD model. The results showed that the neuronal
apoptosis rates in the OGD 18, 24, 36, and 48 h hNAME models were 3.25 + 0.54%,
3.51 £ 0.57%, 8.17 & 1.98%, and 38.90 £ 4.79%, respectively. The apoptosis rates of the
monolayer neurons were 2.52 & 0.86%, 2.04 & 0.21%, 7.24 &+ 0.54%, and 17.56 + 4.99%,
respectively. The rate of neuronal apoptosis increased significantly as the duration of OGD
increased (p < 0.01). The apoptosis rates of hANAME and monolayer neurons at 36 and 48 h
of OGD were higher than those of the control group (standard culture). This difference
was statistically significant (p < 0.05), with the apoptosis rate being highest at 48 h of OGD
(p < 0.01), as shown in Figure 2a. The hNAME model exhibited more severe apoptosis than
the monolayer culture system (mean difference = 21.34, 95% Cl = 5.06-37.63; p = 0.020)
and cell viability (mean difference = —4.7 X 104, 95% Cl = —84997 to —9003; p = 0.028).
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There were no significant differences at the other OGD durations (p > 0.05), as shown in
Figure 2b,c.

We compared the apoptosis rates of monolayer neurons and hNAME cells at different
reoxygenation time points after 48 h. An ANOVA revealed interactions between the
different reoxygenation times in both groups (p = 0.004). After 48 h of OGD, the neuronal
apoptosis rates at reoxygenation for 0 h (R0), 6 h (R6), 12 h (R12), 18 h (R18), and 24 h (R24)
were 23.1 £ 4.59%, 27.06 &= 4.25%, 31.9 & 6.71%, 36.9 £ 5.46%, and 41.9 £ 4.09%, respectively,
as shown in Figure 2d. Unlike the trend of monolayer neurons, where gradually worsening
damage was observed with increasing reoxygenation time, the apoptosis rate of ANAME
neurons decreased at R6 (24.2 £ 4.21%) compared with RO (37.5 & 6.01%). Subsequently, the
severity of the injury increased with the increase in reoxygenation time (R12 = 27.9 4 5.0%,
R18 =36.0 £ 4.0%, R24 = 50.0 &= 8.70%, p = 0.002). The overall trend presented a biological
characteristic similar to ischemic-reperfusion brain injury, which is first alleviated and then
worsened with oxygenation, as shown in Figure 2e.
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Figure 1. Composition of the micro-organ model (nNAME). (a) Human-derived neurons, astrocytes,
microglia, and cerebral microvascular endothelial cells constitute a micro-organ of the human brain
microenvironment in an in vitro model. (b) Four cell composition ratios. (c-e) Cell counts in the
micro-organ microenvironment model, compared with monolayer culture under standard conditions.
(f-h) Live cell ratio of the micro-organ microenvironment model, compared with that in a monolayer
culture under standard conditions. * p < 0.05.
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Figure 2. Differences in cell injury after oxygen-glucose deprivation (OGD) between the hNAME
model and the monolayer culture. (a) Neuron apoptosis rate in ANAME and monolayer cells under
normal and OGD environments for different durations. (b) Statistical results of neurons in group
differences. (c) Cell counts of neurons in group differences. (d) Differences in neuronal apoptosis
rates between hNAME and monolayer culture at different reoxygenation times after OGD for 48 h.
(e) Statistical results of apoptosis rates in two groups at different reoxygenation times. (f) The
apoptosis rate of microvascular endothelial cells in hNAME and monolayer cells under normal and
OGD environments for different durations. (g) Statistical results of microvascular endothelial cells
in terms of group differences. (h). Cell counts of microvascular endothelial cells in terms of group
differences. (i) Differences in the microvascular endothelial cells apoptosis rates between hNAME
and monolayer culture at different reoxygenation times after OGD for 48 h. (j) Statistical results of
apoptosis rates of microvascular endothelial cells in two groups at different reoxygenation times.
*p<0.05 *p<0.01.

Next, we observed the differences between hNAME- and monolayer-cultured human
microvascular endothelial cells. The apoptosis rates of HCMEC/D3 in hNAME with OGD
at 18, 24, 36, and 48 h were 20.83 =+ 2.54%, 50.72 £ 0.83%, 75.4 = 2.83%, and 95.1 £ 2.56%,
respectively. The HCMEC/D3 monolayer exhibited apoptosis rates of 19.28 £ 3.12%,
33.4 +£2.21%, 57.6 &+ 2.65%, and 89.3 £ 3.98%. All apoptosis rates in the OGD groups
were significantly higher than those in the control groups (p < 0.05). The rates increased
with longer OGD durations (p < 0.01), a trend consistent with that observed in neurons,
as shown in Figure 2f. However, unlike neurons, HCMEC /D3 cells were more prone to
damage than HPPNCS. After 18 h of OGD, the apoptotic rate of HCMEC/D3 cells was
over 20%, whereas the neurons remained mostly unaffected. During a stroke, vessels are
the first to undergo necrosis and find it difficult to recover, this being followed by neuronal
apoptosis. This is consistent with our results that HCMEC /D3 apoptosis occurs first and
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is worse than in hNAME neurons, similar to the previous report [18]. We found that the
HCMEC/D3 apoptosis rate in the hNAME group was higher than that in the monolayer
group after comparing both OGD groups. However, the difference between the hNAME
groups was significantly higher than that between the monolayer groups after 48 h (mean
difference = 35.64, 95% Cl = 19.8-51.48; p = 0.0028), as shown in Figure 2g. The viability
of HCMEC /D3 cells was also significantly different between the hNAME and monolayer
groups at 48 h (mean difference = —5.6 x 10%, 95% Cl = —1.05 x 10° to —0.79 x 10%
p = 0.037), as shown in Figure 2h.

We also observed changes in the HCMEC /D3 cells at different reoxygenation times.
The difference between the monolayer culture and hNAME also existed in the upper
chamber of endothelial cells, as shown in Figure 2i,j. The monolayer HCMEC /D3 sus-
tained increasing damage over time following OGD for 48 h and reoxygenation. However,
HCMEC/D3 cells in the hNAME group did not experience the same worsening. There
was no significant increase in the rate of apoptosis at the Réh time point after OGD for 48
h compared to ROh in the hNAME group. HCMEC /D3 exhibited relief at OGD48/R6h,
similar to that seen in the HPPNCS of hNAME.

2.3. The Difference in Inflammatory Factors between hNAME and Monolayer Culture

In addition to checking for cell apoptosis, we examined the levels of inflammatory
markers such as Clq, C3, TNF-«, and the inducible nitric oxide synthase (iNOS). These
markers are associated with pro-inflammatory microglia and astrocytes. These factors were
mainly present in the microglia and astrocyte chambers of the hNAME group; however,
there were no notable differences in the neurons located in the hNAME monolayer, as
shown in Figure 3a,b. In addition, the levels of inflammatory factors increased with
the duration of OGD and reoxygenation. This indicated that the inflammatory response
worsened with prolonged hypoxia and deteriorated more with longer reoxygenation times,
as shown in Figure 3¢,d.
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Figure 3. Quantitative results of inflammatory factors. (a,b) Clq, C3, TNF-«, and iNOS are highly
expressed in the glial cell layer of ANAME rather than in monolayer cells. (c) Representatives of the
inflammatory factors, iNOS and C1q, had the highest expression at OGD 48 h and reoxygenation at
24 h. (d) Statistical results of c. ** p < 0.01.
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2.4. Characterizations of hUMSCs

The hUMSCs grew into the shape of a long spindle, and the vortex was in good growth
condition. The flow cytometry characterization of the hUMSCs showed that the cells were
positive for CD73, CD105, and CD90 at 99.9%, 99.7%, and 99.8%, respectively. The HLA-DR,
CD34, CD45, CD19, and CD11b antibodies showed negative expressions at 1.03%, 1.39%,
1.89%, 1.24%, and 1.90%, respectively, as shown in Figure 4a.
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Figure 4. Flow cytometry and the differentiation ability of hUMSCs. (a) CD73, CD105, and CD90
stainings were positive, HLA-DR, CD34, CD45, CD11b, and CD90 stainings were negative. (b) The
stemness ability of hUMSCs and the cell morphology and differentiation of HUMSCs into fat, bone,
and cartilage. The scale bar is 100 um.

The hUMSCs showed positive staining characteristics of adipogenic, osteogenic, and
chondrogenic differentiation (lipid droplets, calcium nodules, and cartilage polysaccha-
rides), as shown in Figure 4b.

2.5. Effect of h(UMSCs on hNAME and Monolayer Culture

These results demonstrated that the hNAME model can simulate the pathophysiologi-
cal characteristics of HIBI through OGD, including cell apoptosis and inflammatory factor
release. Furthermore, we evaluated the value of ANAME in stem cell therapy.

The apoptosis rate at post-treatment (14.4 & 4.6%) in the hNAME model was greatly
reduced compared to that at pretreatment (45.0 & 7.4%). The apoptosis rate of monolayer
neurons was also significantly reduced (28.3 + 4.0% in the OGD group, 17.1 & 3.1% in the
hUMSC group), as shown in Figure 5a. The GLM results showed that the post-treatment
apoptosis rate differed significantly between the hNAME and monolayer groups when
the apoptosis rate was corrected (adjusted mean difference = —13.45, p = 0.04), as shown
in Figure 5b. However, the improvement of neuronal apoptosis in ANAME (29.3 £ 3.5%)
was higher than that in the monolayer neuron (11.2 £ 1.7%) post-treatment, as shown in
Figure 5c.
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Figure 5. (a) Comparison of apoptosis rates between hNAME neurons and monolayer neurons
after hUMSC treatment. (b) Line graph of the apoptosis rate change between hNAME neurons
and monolayer cultured neurons. (c¢) Comparison of the nerve injury improvement between the
hNAME and monolayer neurons after hUMSC treatment. (d) Comparison of apoptosis rates between
hNAME and monolayer brain microvascular endothelial cells after hUMSC treatment. (e) Line graph
of apoptosis rate changes between hNAME and monolayer cultured brain microvascular endothelial
cells. (f) Comparison of the nerve injury improvement between the hNAME and monolayer brain
microvascular endothelial cells after hUMSC treatment. * p < 0.05.

The apoptosis rate of HCMEC/D3 cells in hNAME was higher than that in the mono-
layer at pretreatment; however, there was no difference between the groups after treatment.
The GLM results showed that the post-treatment apoptosis rate was significantly differ-
ent after collecting the model (adjusted mean difference = —19.38, 95% Cl = —38.2-—0.5,
p = 0.04), as shown in Figure 5d,e. The improvement of apoptosis in ANAME was also
superior to that in the monolayer group (mean difference = 15.23, 95% Cl = 0.66—29.80,
p = 0.04), as shown in Figure 5f.

3. Discussion

Our study utilized immortalized human hippocampal neurons, astrocytes, microglia,
and vascular endothelial cell lines to create in vitro models that mimic central nervous
system diseases, using a three-layer stereo structural culture system. This model is advan-
tageous owing to its ease of use, quick setup time, and consistent results. Additionally, this
study addresses the issue of species differences that arise in experimental studies. This
model is stable and is appropriate for studying various neurological disorders.
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Although primary cells can represent more in vivo biological characteristics than
immortalized cell lines, they require more time to grow and culture. On the one hand,
even under optimal growth conditions, their growth potential is limited. On the other
hand, primary cells from different donors have different inflammatory responses and
metabolic abilities, and their biological characteristics may change with wear, resulting in
poor experimental repeatability. Most importantly, the separation of primary cells in the
human body is ethically limited, and the possibility of access is minimal. The multiple-
culture model has more advantages than other models that are used to study neurological
disorders in vitro. The most obvious benefit is the presence of neurons, astrocytes, microglia,
and vascular endothelial cells in the same cell culture medium, allowing researchers to
investigate the cell-to-cell interactions. Although many in vitro models exist, such as
organoids [21,22], 3D scaffolds [23], and microfluidics [24], our co-culture system is simple
to construct, with an easy cell culture workflow. The hNAME device is convenient for
separation and arbitrary combination, and the cells are layered for bulk RNA sequencing,
similar to the process used in single-cell RNA sequencing. In addition, the ANAME system
provides enough cells to complete Western blotting, flow cytometry, and other experiments
at the same time. More importantly, this in vitro model has a stable cell state, ensuring
good repeatability of the experimental results.

Monolayer-cultured cells are generally inexpensive and are easy to create; however, it
is impossible to use them to replicate the complexity of the in vivo system, which limits
their biological relevance. Organoids and neurospheres are examples of in vitro models
that rely on the growth of stem cells or differentiated cells, which naturally form a complex,
multicellular environment [25]. Nonetheless, limitations may arise due to the high variabil-
ity and ease with which necrotic cores can form [26]. An important factor to consider is
that brain-like organs grown from stem cells originate from neuroectodermal cells, which
lack microglia of mesodermal origin [27-29]. This can pose a challenge when studying the
interactions between neurons, astroglia, and microglia in the environment. Our ANAME
model offers a significant advantage as it includes microglia and simulates the immune
microenvironment of the brain, based on the proportion of human brain cells. Notably,
there were no significant differences in the number and quality of ANAME neurons and
monolayer neurons under standard culture conditions. However, the damage inflicted on
hNAME neurons and vascular endothelial cells during modeling was considerably more se-
vere than that experienced by monolayer neurons and vascular endothelial cells. Research
has shown that astrocytes and microglia in low-oxygen environments release substances
that cause inflammation, which can exacerbate the damage to neurons and blood vessels.
Interestingly, the severity of injury decreased in the early stage of reoxygenation (6 h) after
48 h, which may be explained by microglial autophagy. Autophagy, when appropriate, can
have a protective effect on ischemic nerve tissue. However, excessive autophagy can also
lead to cell death [30,31].

The repair levels of ANAME neurons and microvascular endothelial cells were higher
than those in the monolayer after hUMSC treatment, which may be due to the participation
of microglia in neurogenesis. Studies have shown that microglia in the dentate gyrus alter
their phenotype and transcription levels to release factors related to neurogenesis and
vascular endothelial growth factors [32]. Furthermore, the suppression of microglial gene
expression reduced the survival of neuroblasts in the adult hippocampus [32]. Previous
studies suggest that MSC exosomes and their vesicles may have the ability to alleviate
cerebral ischemic-reperfusion injury, regulate neuroinflammation, prevent cell death, and
modify microglial behavior and astrocyte alterations [33-35]. In this study, thehUMSCs
caused damage to neurons, and cerebral microvascular endothelial cells in the hNAME
model greatly improved compared to the monolayer cultures. The types of microglia
and astrocytes modulated by hUMSCs may be the primary mechanism underlying the
beneficial recovery effect. Our model demonstrated the importance of cell interactions
between microglia and astrocytes in an in vitro brain model.
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This model may be applicable to other models of central nervous system diseases.
This study selected only the most common cerebrovascular diseases and stem cells for
intervention to demonstrate that hNAME is an ideal in vitro model that simulates the
central immune microenvironment.

4. Materials and Methods
4.1. hNAME Model Preparation

A three-layer, three-dimensional co-culture system was created by connecting a six-
well Transwell cell culture plate to a 12-well Transwell membrane. First, 2 x 10> human
cerebral microvascular endothelial cells (HCMEC /D3, Jennio Biotech Co., Ltd., Guangzhou,
China) were seeded in the upper 12-well Transwell membrane (upper chamber) and
cultured in a routine incubator at 37 °C for two days until tight junctions between the cells
were formed, to obtain a blood-brain barrier. On the second day, 1.2 x 10° astrocytes (SVG
P12, BLUEFBIO™, Shanghai, China) and 4.5 x 10* human microglia (HMC3, BLUEFBIO™,
Shanghai, China) were seeded in the medium layer of a six-well Transwell membrane
(medium chamber), and 2 x 10°> human hippocampal neurons (HPPNCS, BLUEFBIO™,
Shanghai, China) were seeded in the bottom layer (lower chamber). All four cell types were
inoculated into high-glucose Dulbecco’s Modified Eagle Medium (DMEM), containing 10%
fetal bovine serum (Procell Life Science&Technology Co., Ltd., China) with 1% penicillin
and streptomycin (Procell Life Science&Technology Co., Ltd., China, China), for 2024 h to
achieve normal cell morphology. The three-dimensional multicell co-culture model was
subjected to OGD on the third day.

4.2. Monolayer Cell Culture

Consistent with the plating time of the hNAME model, the single-layer culture system
only seeded 2 x 10° HPPNCS in a six-well plate as a monolayer neuron culture, with
another six-well dish seeding 2 x 10° HCMEC/D3 as a monolayer vascular endothelial
cell culture. The media used was high-glucose DMEM, same as that in the hANAME model.

4.3. Oxygen-Glucose Deprivation

hNAME model cells and monolayer cultured cells were removed from the conven-
tional incubator, then the medium was replaced with Earle’s Balanced Salt Solution (EBSS)
sugar-free medium, and the cell model was placed at 37 °C, 95% N2, and 5% CO; hypoxic
incubators for 18, 24, 36, 48, and 60 h. After OGD, the two models were removed, and
the medium was replaced with DMEM high-sugar medium for reoxygenation in a con-
ventional incubator for 6, 12, 18, or 24 h. Cells were collected at different time points for
subsequent testing.

4.4. Preparation of hUMSCs

hUMSCs were extracted using the tissue block culture attachment method, as previ-
ously reported [19,20]. The preparation of P5 hUMSCs was conducted in a GMP facility
following good clinical practice (GCP) guidelines. The identification of hUMSCs was
detected by flow cytometry (BD Biosciences, FACSAria2, USA). The antibodies used in
this experiment included CD73-BV421 (cat.562430, BD Biosciences, USA), CD105-APC
(cat. 562408, BD Biosciences, USA), CD90-FITC (cat.555595, BD Biosciences, USA), HLA-
DR-PE (cat. 555812, BD Biosciences, USA), CD34-PerCP-Cy™5.5 (cat. 347203; BD Bio-
sciences, USA), and CD45-FITC (cat.555482; BD Biosciences, USA). Osteogenic differentia-
tion medium (catalog#05465, STEMCELL Technologies, China), adipogenic differentiation
medium (catalog#05412, STEMCELL Technologies, China), and chondrogenic differenti-
ation medium (catalog#05455, STEMCELL Technologies, China) were used to assess the
osteogenic, adipogenic, and chondrogenic differentiation potential of hUMSCs, follow-
ing the manufacturer’s instructions. Oil Red O solution (01391, Sigma-Aldrich, USA),
Alizarin Red S (A5533, Sigma-Aldrich, USA), and Alcian Blue staining solution (TMS-010-C,
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Sigma-Aldrich, USA) were used for adipogenic, osteogenic, and chondrogenic staining,
respectively, according to the manufacturer’s instructions.

4.5. Flow Cytometry

The cells were detached from the plate by an ethylenediaminetetraacetic acid-free
trypsin solution, and the supernatant was discarded after centrifugation. The cells of
different groups were collected into the flow tube and resuspended with 100 uL. Annexin V
binding buffer. Next, 5 uL. Annexin V reagent and 10 pL Propidium Iodide solution were
added, and the cells were incubated at room temperature for 15 min away from light. After
the dyeing step, 200 uL. Annexin V binding buffer was added and diluted before testing.
The early and late apoptosis rates were determined by measuring the number of positive
cells in the APC and PI channels.

4.6. Western Blot

Protein extraction: (1) The cells were centrifuged, the supernatant was discarded, RIPA
lysis buffer was added, and the mixture was cracked on ice for 30 min and centrifuged
at 4 °C 13,000rpm for 15 min. (2) The supernatant (protein solution) was put into the EP
tube, and 4 pL was taken for BCA quantitative analysis. (3) A loading buffer of 1/3 of
the supernatant volume was added into the EP tube, placed in a metal bath at 85 °C, and
incubated for 10 min. Finally, BCA quantitative analysis of the sample protein concentration
was performed.

Western blotting: (1) The running and trans buffers were configured. (2) The sample
amount was calculated according to the protein concentration and was not less than 10 ug
per well. (3) The following settings were applied: 80 V, 300 mA, 15 min; 150 V, 300 mA,
60 min constant pressure running. (4) The PVDF membrane was cut according to the size
of the internal parameters and target proteins. (5) The glue was cut according to the size of
the internal parameters and target proteins. (6) The transfer box was installed according
to the principle of “glue against black, PVDF membrane against white”. (7) The settings
were set at 600 V and 300 mA, the transfer time was determined according to the protein
molecular weight size, and the sample was cooled down in the ice box. (8) The sample
was sealed with 40 ml milk for 2 h. (9) Briefly, 1 x TBST film washing was performed
for 5 min. (10) The sample was diluted with an antibody diluent in accordance with the
dilution ratio of the antibody instructions at 4 °C overnight. (11) Then, 1 x TBST film
washing was performed three times for 10 min each time. (12) The secondary antibody
was diluted in accordance with the antibody instructions and incubated for 2 h at room
temperature and away from light. (13) The film was washed with TBST three times for
10 min each time. (14) Finally, the luminescent liquid was configured, and photos were
taken using an imaging device.

4.7. Immunostaining

After collection, the cell culture medium was discarded, and the cells were fixed with
paraformaldehyde (PFA). Then, the cells were washed three times with PBS. Next, the cells
were treated with an immunostaining permeable solution (Triton X-100) for 10-15 min and
washed thrice with PBS. Finally, the cells were sealed for 10-15 min.

The corresponding proportion of antibodies was mixed with the primary antibody
diluent to prepare the primary antibody dye and then kept in the refrigerator at 4 °C
overnight. The primary antibody was retrieved the following day, and the cells were
washed three times with PBS. The secondary antibody diluent was used to proportionally
dilute the corresponding secondary antibodies, which were incubated at room temperature
in the dark for 1.5 h, followed by five washes with PBS. Finally, DAPI (Abcam 104139) was
added and incubated at room temperature for 5 min. A CQ1 dual-rotary high-resolution
imaging system was used to complete this process. The following antibodies were used:
GFAP (CST 3670), anti-NeuN (CST 24307), IBA-1 (Abcam EPR16588), and CD31 (Abcam
EPR3094).
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4.8. Cell Count and Viability

A cell suspension was prepared by removing the hNAME and monolayer cultured
cells from the well plate, discarding the medium, washing the cells once with PBS, and
adding 500 pL of trypsin for digestion. The well plate was placed into a cell incubator at
37 °C to aid digestion and removed after 2-3 min. Two times the medium volume (1 mL)
was added to neutralize the digestion for both hANAME and monolayer cultured cells. The
cell suspension was transferred into separate 15 mL centrifuge tubes and centrifuged at
1000 rpm for 5 min. After centrifugation, the supernatant was discarded, and the cell
sediment was retained. Then, 1 mL of DMEM medium containing 10% fetal bovine serum
was added to resuspend the cells evenly. A sample of cell stock (10 pL) was taken from
both hNAME and monolayer cultured cell systems and mixed with Trypan Blue stain
(Invitrogen T10282, Thermo Fisher Scientific, USA). The suspension was mixed by pipetting
slowly up and down ten times before slowly dropping the resulting cell suspension from
the edge of a counting slide (Invitrogen C10312, Thermo Fisher Scientific, USA), ensuring
that the gap between the mounting plate and the cover plate was filled. An automated
cell counter (Invitrogen Countess 3 AMQAX2000, Thermo Fisher Scientific, USA) was
used to count the live cells and viability. These measurements were integrated over three
repetitions to calculate an average value.

4.9. Statistical Analysis

Each experiment was conducted with at least three biological replicates to ensure
accuracy, and each biological replicate had a minimum of three technical replicates. We
utilized SPSS 23.0 (SPSS Inc., Chicago, IL, USA) and set the significance threshold at
o = 0.05. A generalized linear model (GLM) was employed to analyze the continuous and
categorical variables. We tested for differences between the groups using the main effects if
the outcomes did not show a significant interaction.

5. Conclusions

In this study, we provide an in vitro cell model that is easy to construct, low in
cost, is less time-consuming, stable, and can highly simulate the human brain immune
microenvironment. Taking common hypoxic-ischemic brain injury as an example, we
demonstrate the value of the micro-organ of the human brain model because of microglia
and astrocyte participation, showing that the OGD injury was more severe compared with
general culture, while the stem cells treatment was better.

Author Contributions: Conceptualization, J.L. (Jing Liu) and W.Z.; methodology, X.L. and C.H.;
validation, X.G., ].W,, and X.L.; formal analysis, H.L. and ]J.L. (Jianglin Luo); investigation, X.L.;
data curation, H.L., J.L. (Jianglin Luo), and X.L.; writing—original draft preparation, X.L. and H.L.;
writing—review and editing, H.P., LW, and Y.L.; supervision, J.L. (Jing Liu); project administration,
W.Z., H.P,; funding acquisition, J.L. (Jing Liu). All authors have read and agreed to the published
version of the manuscript.

Funding: National Defense Science and Technology Innovation Zon (19-163-00-kx-003-001-01); the
Liaoning Directed Project for the Planning of Science and Technology (Grant 2021JH2/10300135);
the Liaoning Province Excellent Talent Program Project (xlyc1902031); the Dalian High-level Talent
Team Project (2022RG18); National Health and Family Planning Commission and Food and Drug
Administration (CMR-20161129-1003); the Dalian Science and Technology Innovation Fund Plan
(2022]J13SN064).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Please contact the corresponding author to get data.

Conflicts of Interest: The authors declare no conflict of interest.



Int. . Mol. Sci. 2023, 24, 14208 13 of 14

References

1.  Hughes, C.C; Lantos, PL. A morphometric study of blood vessel, neuron and glial cell distribution in young and old rat brain. J.
Neurol. Sci. 1987, 79, 101-110. [CrossRef] [PubMed]

2. Engelhardt, B.; Vajkoczy, P.; Weller, R.O. The movers and shapers in immune privilege of the CNS. Nat. Immunol. 2017, 18,
123-131. [CrossRef] [PubMed]

3. Castellani, G.; Croese, T.; Peralta Ramos, ].M.; Schwartz, M. Transforming the understanding of brain immunity. Science 2023, 380,
eabo7649. [CrossRef]

4. Nguyen, P.T.; Dorman, L.C.; Pan, S.; Vainchtein, I.D.; Han, R.T.; Nakao-Inoue, H.; Taloma, S.E.; Barron, ].J.; Molofsky, A.B.;
Kheirbek, M. A ; et al. Microglial Remodeling of the Extracellular Matrix Promotes Synapse Plasticity. Cell 2020, 182, 388-403.e15.
[CrossRef] [PubMed]

5. Badimon, A.; Strasburger, H.]J.; Ayata, P.; Chen, X.; Nair, A ; Ikegami, A.; Hwang, P.; Chan, A.T.; Graves, S.M.; Uweruy, ].O,; et al.
Negative feedback control of neuronal activity by microglia. Nature 2020, 586, 417-423. [CrossRef] [PubMed]

6. Yshii, L.; Pasciuto, E.; Bielefeld, P.; Mascali, L.; Lemaitre, P.; Marino, M.; Dooley, J.; Kouser, L.; Verschoren, S.; Lagou, V.; et al.
Astrocyte-targeted gene delivery of interleukin 2 specifically increases brain-resident regulatory T cell numbers and protects
against pathological neuroinflammation. Nat. Immunol. 2022, 23, 878-891. [CrossRef] [PubMed]

7. Endo, F; Kasai, A.; Soto, ].S.; Yu, X.; Qu, Z.; Hashimoto, H.; Gradinaru, V.; Kawaguchi, R.; Khakh, B.S. Molecular basis of astrocyte
diversity and morphology across the CNS in health and disease. Science 2022, 378, eadc9020. [CrossRef]

8.  Prinz, M,; Jung, S.; Priller, . Microglia Biology: One Century of Evolving Concepts. Cell 2019, 179, 292-311. [CrossRef]

9. Kwon, HS.; Koh, S.H. Neuroinflammation in neurodegenerative disorders: The roles of microglia and astrocytes. Transl.
Neurodegener. 2020, 9, 42. [CrossRef]

10. Sacristan, C. Microglia and Astrocyte Crosstalk in Immunity. Trends Immunol. 2020, 41, 747-748. [CrossRef]

11. Liu, L.R;; Liu, J.C,; Bao, J.S.; Bai, Q.Q.; Wang, G.Q. Interaction of Microglia and Astrocytes in the Neurovascular Unit. Front.
Immunol. 2020, 11, 1024. [CrossRef] [PubMed]

12.  Jha, M.K; Jo, M.; Kim, ].H.; Suk, K. Microglia-Astrocyte Crosstalk: An Intimate Molecular Conversation. Neuroscientist 2019, 25,
227-240. [CrossRef] [PubMed]

13. McAlpine, C.S,; Park, J.; Griciuc, A.; Kim, E.; Choi, S.H.; Iwamoto, Y.; Kiss, M.G.; Christie, K.A.; Vinegoni, C.; Poller, W.C.; et al.
Astrocytic interleukin-3 programs microglia and limits Alzheimer’s disease. Nature 2021, 595, 701-706. [CrossRef] [PubMed]

14. Lian, H.; Zheng, H. Signaling pathways regulating neuron-glia interaction and their implications in Alzheimer’s disease. .
Neurochem. 2016, 136, 475-491. [CrossRef] [PubMed]

15.  GBD 2019 Stroke Collaborators. Global, regional, and national burden of stroke and its risk factors, 1990-2019: A systematic
analysis for the Global Burden of Disease Study 2019. Lancet Neurol. 2021, 20, 795-820. [CrossRef]

16. Walter, K. What Is Acute Ischemic Stroke? JAMA 2022, 327, 885. [CrossRef]

17.  Zhao, L.R,; Willing, A. Enhancing endogenous capacity to repair a stroke-damaged brain: An evolving field for stroke research.
Prog. Neurobiol. 2018, 163-164, 5-26. [CrossRef]

18. Asgari Taei, A.; Khodabakhsh, P.; Nasoohi, S.; Farahmandfar, M.; Dargahi, L. Paracrine Effects of Mesenchymal Stem Cells in
Ischemic Stroke: Opportunities and Challenges. Mol. Neurobiol. 2022, 59, 6281-6306. [CrossRef]

19. Zou, W,; Liu, J; Jiao, Y.; Sun, Y.-T.; Chen, N.-E; Zhou, L.-N.; Guan, X.; Wang, ].-Y.; Wei, W.-].; Han, C.; et al. Human umbilical
cord-derived mesenchymal stem cells promote repair of neonatal brain injury caused by hypoxia/ischemia in rats. Neural Regen.
Res. 2022, 17,2518-2525. [CrossRef]

20. Cao, H.Ji, X.; Wang, Q.; Guan, X.; Wei, W,; Li, Y.; Zou, W,; Liu, J. PTBP-1 and TNF-«/NF-«kB are involved in repair mechanisms
of human umbilical cord mesenchymal stem cell transplantation in mice with spinal cord injury. Am. J. Transl. Res. 2022, 14,
4443-4456.

21. Lancaster, M.A.; Renner, M.; Martin, C.-A.; Wenzel, D.; Bicknell, L.S.; Hurles, M.E.; Homfray, T.; Penninger, ].M.; Jackson, A.P.;
Knoblich, J.A. Cerebral organoids model human brain development and microcephaly. Nature 2013, 501, 373-379. [CrossRef]
[PubMed]

22. Ravi, M.; Paramesh, V,; Kaviya, S.R.; Anuradha, E.; Solomon, ED. 3D cell culture systems: Advantages and applications. J. Cell
Physiol. 2015, 230, 16-26. [CrossRef] [PubMed]

23. Diaz-Gomez, L.; Gonzalez-Prada, I.; Millan, R.; Da Silva-Candal, A.; Bugallo-Casal, A.; Campos, F; Concheiro, A.; Alvarez-
Lorenzo, C. 3D printed carboxymethyl cellulose scaffolds for autologous growth factors delivery in wound healing. Carbohydr.
Polym. 2022, 278, 118924. [CrossRef] [PubMed]

24. Cho, A--N,;Jin, Y,; An, Y.; Kim, J.; Choi, Y.S.; Lee, J.S.; Kim, J.; Choi, W.-Y.; Koo, D.-].; Yu, W,; et al. Microfluidic device with brain
extracellular matrix promotes structural and functional maturation of human brain organoids. Nat. Commun. 2021, 12, 4730.
[CrossRef] [PubMed]

25. Hopkins, A.M.; DeSimone, E.; Chwalek, K.; Kaplan, D.L. 3D in vitro modeling of the central nervous system. Prog. Neurobiol.
2015, 125, 1-25. [CrossRef]

26. Jubelin, C.; Mufioz-Garcia, J.; Griscom, L.; Cochonneau, D.; Ollivier, E.; Heymann, M.-E; Vallette, EM.; Oliver, L.; Heymann, D.
Three-dimensional in vitro culture models in oncology research. Cell Biosci. 2022, 12, 155. [CrossRef]

27. Ryu, N.E; Lee, S.H.; Park, H. Spheroid Culture System Methods and Applications for Mesenchymal Stem Cells. Cells 2019, 8, 1620.

[CrossRef]


https://doi.org/10.1016/0022-510X(87)90264-4
https://www.ncbi.nlm.nih.gov/pubmed/3612167
https://doi.org/10.1038/ni.3666
https://www.ncbi.nlm.nih.gov/pubmed/28092374
https://doi.org/10.1126/science.abo7649
https://doi.org/10.1016/j.cell.2020.05.050
https://www.ncbi.nlm.nih.gov/pubmed/32615087
https://doi.org/10.1038/s41586-020-2777-8
https://www.ncbi.nlm.nih.gov/pubmed/32999463
https://doi.org/10.1038/s41590-022-01208-z
https://www.ncbi.nlm.nih.gov/pubmed/35618831
https://doi.org/10.1126/science.adc9020
https://doi.org/10.1016/j.cell.2019.08.053
https://doi.org/10.1186/s40035-020-00221-2
https://doi.org/10.1016/j.it.2020.07.009
https://doi.org/10.3389/fimmu.2020.01024
https://www.ncbi.nlm.nih.gov/pubmed/32733433
https://doi.org/10.1177/1073858418783959
https://www.ncbi.nlm.nih.gov/pubmed/29931997
https://doi.org/10.1038/s41586-021-03734-6
https://www.ncbi.nlm.nih.gov/pubmed/34262178
https://doi.org/10.1111/jnc.13424
https://www.ncbi.nlm.nih.gov/pubmed/26546579
https://doi.org/10.1016/S1474-4422(21)00252-0
https://doi.org/10.1001/jama.2022.1420
https://doi.org/10.1016/j.pneurobio.2018.01.004
https://doi.org/10.1007/s12035-022-02967-4
https://doi.org/10.4103/1673-5374.339002
https://doi.org/10.1038/nature12517
https://www.ncbi.nlm.nih.gov/pubmed/23995685
https://doi.org/10.1002/jcp.24683
https://www.ncbi.nlm.nih.gov/pubmed/24912145
https://doi.org/10.1016/j.carbpol.2021.118924
https://www.ncbi.nlm.nih.gov/pubmed/34973742
https://doi.org/10.1038/s41467-021-24775-5
https://www.ncbi.nlm.nih.gov/pubmed/34354063
https://doi.org/10.1016/j.pneurobio.2014.11.003
https://doi.org/10.1186/s13578-022-00887-3
https://doi.org/10.3390/cells8121620

Int. . Mol. Sci. 2023, 24, 14208 14 of 14

28.

29.

30.
31.

32.

33.

34.

35.

Fatehullah, A.; Tan, S.H.; Barker, N. Organoids as an in vitro model of human development and disease. Nat. Cell Biol. 2016, 18,
246-254. [CrossRef]

Dutta, D.; Heo, I; Clevers, H. Disease Modeling in Stem Cell-Derived 3D Organoid Systems. Trends Mol. Med. 2017, 23, 393—410.
[CrossRef]

Mo, Y.; Sun, Y.Y,; Liu, K.Y. Autophagy and inflammation in ischemic stroke. Neural Regen. Res. 2020, 15, 1388-1396.

Peng, L.; Hu, G.; Yao, Q.; Wu, J.; He, Z,; Law, B.Y.-K.; Hu, G.; Zhou, X; Du, J.; Wu, A; et al. Microglia autophagy in ischemic
stroke: A double-edged sword. Front. Immunol. 2022, 13, 1013311. [CrossRef]

Kreisel, T.; Wolf, B.; Keshet, E.; Licht, T. Unique role for dentate gyrus microglia in neuroblast survival and in VEGF-induced
activation. Glia 2019, 67, 594-618. [CrossRef] [PubMed]

Thomi, G.; Surbek, D.; Haesler, V.; Joerger-Messerli, M.; Schoeberlein, A. Exosomes derived from umbilical cord mesenchymal
stem cells reduce microglia-mediated neuroinflammation in perinatal brain injury. Stem Cell Res. Ther. 2019, 10, 105, Correction
appears in Stem Cell Res. Ther. 2022, 13, 364. [CrossRef] [PubMed]

Liu, X.; Zhang, M.; Liu, H.; Zhu, R.; He, H.; Zhou, Y.; Zhang, Y; Li, C.; Liang, D.; Zeng, Q.; et al. Bone marrow mesenchymal stem
cell-derived exosomes attenuate cerebral ischemia-reperfusion injury-induced neuroinflammation and pyroptosis by modulating
microglia M1/M2 phenotypes. Exp. Neurol. 2021, 341, 113700. [CrossRef]

Xian, P.; Hei, Y.; Wang, R.; Wang, T.; Yang, J.; Li, J.; Di, Z,; Liu, Z.; Baskys, A.; Liu, W.; et al. Mesenchymal stem cell-derived
exosomes as a nanotherapeutic agent for amelioration of inflammation-induced astrocyte alterations in mice. Theranostics 2019, 9,
5956-5975. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1038/ncb3312
https://doi.org/10.1016/j.molmed.2017.02.007
https://doi.org/10.3389/fimmu.2022.1013311
https://doi.org/10.1002/glia.23505
https://www.ncbi.nlm.nih.gov/pubmed/30453385
https://doi.org/10.1186/s13287-019-1207-z
https://www.ncbi.nlm.nih.gov/pubmed/30898154
https://doi.org/10.1016/j.expneurol.2021.113700
https://doi.org/10.7150/thno.33872
https://www.ncbi.nlm.nih.gov/pubmed/31534531

	Introduction 
	Results 
	Model Construction and Identification 
	Comparison of hNAME and Monolayer Culture at Different OGD Time 
	The Difference in Inflammatory Factors between hNAME and Monolayer Culture 
	Characterizations of hUMSCs 
	Effect of hUMSCs on hNAME and Monolayer Culture 

	Discussion 
	Materials and Methods 
	hNAME Model Preparation 
	Monolayer Cell Culture 
	Oxygen-Glucose Deprivation 
	Preparation of hUMSCs 
	Flow Cytometry 
	Western Blot 
	Immunostaining 
	Cell Count and Viability 
	Statistical Analysis 

	Conclusions 
	References

