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Humanized cerebral organoids-based ischemic stroke model
for discovering of potential anti-stroke agents
Shu-na Wang1, Zhi Wang1, Xi-yuan Wang1, Xiu-ping Zhang1, Tian-ying Xu1,2 and Chao-yu Miao1

Establishing a stoke experimental model, which is better in line with the physiology and function of human brain, is the bottleneck
for the development of effective anti-stroke drugs. A three-dimensional cerebral organoids (COs) from human pluripotent stem
cells can mimic cell composition, cortical structure, brain neural connectivity and epigenetic genomics of in-vivo human brain,
which provides a promising application in establishing humanized ischemic stroke model. COs have been used for modeling low
oxygen condition-induced hypoxic injury, but there is no report on the changes of COs in response to in vitro oxygen-glucose
deprivation (OGD)-induced damage of ischemic stroke as well as its application in testing anti-stroke drugs. In this study we
compared the cell composition of COs at different culture time and explored the cell types, cell ratios and volume size of COs at
85 days (85 d-CO). The 85 d-CO with diameter more than 2mm was chosen for establishing humanized ischemic stroke model of
OGD. By determining the time-injury relationship of the model, we observed aggravated ischemic injury of COs with OGD exposure
time, obtaining first-hand evidence for the damage degree of COs under different OGD condition. The sensitivity of the model to
ischemic injury and related treatment was validated by the proven pan-Caspase inhibitor Z-VAD-FMK (20 μM) and Bcl-2 inhibitor
navitoclax (0.5 μM). Neuroprotective agents edaravone, butylphthalide, P7C3-A20 and ZL006 (10 μM for each) exerted similar
beneficial effects in this model. Taken together, this study establishes a humanized ischemic stroke model based on COs, and
provides evidence as a new research platform for anti-stroke drug development.
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INTRODUCTION
Stroke is the second leading cause of death and third leading
cause of disability in adults worldwide, with one in four people
affected over their lifetime, but with few effective therapies [1, 2].
Despite the rate of incidence and mortality is stable or even
declining over decades, the number of stroke patients and
survivors, disability-adjusted life-years lost due to stroke, and
stroke-related deaths are increasing [3, 4]. Tissue plasminogen
activator (tPA) is the only drug approved by FDA for ischemic
stroke and no drug is available for hemorrhagic stroke. And, only
3%–5% stroke patients can receive tPA treatment, due to the
narrow therapeutic window, contraindications and complications.
Hence, it is urgent to develop effective drugs for stroke treatment.
Numerous neuroprotective agents targeting excitotoxicity,

oxidative and nitrosative stress, inflammation or others have
been studied from bench to bedside in the past decades, but
almost all of them are failed or still in the transition of bench to
bedside [5]. Many factors are related to the extremely low success
rate of anti-stroke drug development. One of the major factors is
the species difference between the experimental and clinical
research [6, 7]. It is well-known that anti-stroke neuroprotective
agents in the laboratory are primarily studied in rodent models,
rather than primate or humanized models, which will be inevitable

to misguide the clinical efficacy to some extent. Compared with
human beings, rodents belong to anencephalic animals with
difference in brain anatomy and functional organization, which
determine that they cannot fully mimic the physiological,
pathological and anatomic features of human brain. Although
whether the lissencephalic structure of brain has an impact on the
efficacy of anti-stroke drugs is still under debate, it is certain that
the difference of brain anatomy and functional organization can
affect the infarct localization [8]. Besides, rodent brain has lower
percentage of white matter as compared to human brain. The
percentage of white matter in whole brain accounts for 60% in
humans, 15% in rats, and 10% in mice [7]. And the ischemic
damage degree of white matter not only plays a vital role in the
prognosis of stroke outcome, but also is the major cause of
hemiparesis in stroke.
Compared with rodents, non-human primate animals are the

better research subject for anti-stroke drug development, which
have similar genetic background with human beings. However,
there are disadvantages for non-human primate stroke model [9].
Firstly, the price of non-human primate animals is relatively
expensive. Secondly, the in-vivo stroke model of middle cerebral
artery occlusion surgery in non-human primate requires more
seasoned operational experience and skills. Thirdly, the equipment
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for long-term monitoring of non-human primate not only takes up
space, and also is expensive. More importantly, the extensive use
of non-human primates is contrary to the welfare and ethical
issues of experimental animals, which cannot provide enough
data for the repeatability across different study subgroups. Thus,
how to establish a stoke research model, that is better in line with
the physiology and function of human brain, has been the
bottleneck for effective anti-stroke drug development.
The recent developed method for generating three-dimensional

(3D) cerebral organoids (COs) from human pluripotent stem cells
provides a new sight for stroke research. The in-vitro cultured COs
not only have advantages in diverse cell types (including but not
limited to, neural progenitor cells/neural stem cells [NPCs/NSCs],
neurons, and glia cells), easy accessibility of cell resource, enough
cell number for drug screening (more than 106 cells for single CO
at 55 days) [10], and 3D tissue structure (up to 4mm in diameter)
[11, 12], but also show detectable neural connectivity and brain
functionality that can recapitulate features of in-vivo human brain
development and maturation [11, 13–15]. Moreover, the cultured
COs have similar cell composition, cortical structure and
epigenetic genomics as compared to human brain [16]. The COs
contain most neural lineage cells that are expressed in human
brain, and especially have positive expression of outer radial glial
cells that are not expressed in rodent brain [11]. And outer radial
glial cells have a key role in the evolutionary expansion of the
mammalian neocortex. Taken together, from the perspective for
the drug development, the COs have a promising application in
establishing humanized ischemic stroke model, and its unique
features, such as high throughput, good accessibility and 3D
complex structure, make them good alternatives to animal models
for efficacy screening of potential anti-stroke drugs.
Although a most-recent study has subjected human COs to

hypoxic injury to investigate neuronal damage and regeneration
after hypoxic injury [17], the features of COs-based humanized
ischemic stroke model in response to oxygen-glucose deprivation
(OGD) damage and its application in testing anti-stroke drugs are
still unknown. Our group have accumulated a series research
experience in the development of potential anti-stroke drugs and in
the study of NSCs and COs [10, 15, 18–22]. Therefore, this study is
designed to establish humanized ischemic stroke model of OGD
based on COs by exploring the cell type and composition of COs
that is used for model preparation and the time-effect relationship
of the model, and further verifying the feasibility and applicability of
the model in potential anti-stroke drug efficacy testing, hoping to
provide a novel platform for anti-stroke drug translational research.

MATERIALS AND METHODS
Human embryonic stem cell culture
Human embryonic stem cells (hESCs) H1 (passages 45–55) were
cultured as previously described with minor modifications [22, 23].
In feeder-free mTesRTM1 maintenance medium (STEMCELL,
Vancouver, Canada) and hESC-qualified Matrigel (Corning, Corn-
ing, NY, USA) coated plates, hESCs were passaged at a ratio of 1:3
to 1:6 every 4–6 days. When digested into cell suspension by using
TrypLE (Gibco, Carlsbad, CA, USA), the hESCs were collected and
seeded in the Matrigel coated six-well tissue culture plates. And,
10 μM Y-27632 (Sigma-Aldrich, St. Louis, MO, USA) was added into
mTesRTM1 maintenance medium at the first day of passage. The
use of hESCs in this study was complied with Ethical Guiding
Principles for the Research of Human Embryonic Stem Cell.

Cerebral organoids culture
Cerebral organoids (COs) were generated as previously described
[10, 12, 22]. When the cell confluence of hESCs was reached about
80%, single cell suspension (9 × 104 cells/mL) was prepared by
Accutase (Gibco, Carlsbad, CA, USA) and seeded in the ultra-
attachment 96-well plate (Corning, Corning, NY, USA) with low

bFGF medium [DMEM/F12 (Invitrogen, Carlsbad, MA, USA) with
20% KoSR (Invitrogen, Carlsbad, CA, USA), 3% hES-quality FBS
(Gibco, Carlsbad, CA, USA), 1% GlutaMAX (Invitrogen, Carlsbad, CA,
USA), 1% MEM-NEAA (Invitrogen, Carlsbad, CA, USA), 55 μM
2-Mercaptoethanol (Sigma-Aldrich, St. Louis, MO, USA), 4 ng/mL
bFGF (Peprotech, Rocky Hill, NJ, USA) and 50 μM Y-27632]. Twenty-
four hours later, embryonic bodies (EBs) were formed, timing day
1. After 4–5 days, the diameter of single EBs was reached about
350 μm, and the culture medium was changed with hES medium
(low bFGF medium without bFGF and Y-27632). After further
2–3 days, EBs grew larger with a diameter of 500 μm. Here, EBs
were transferred into ultra-attachment 24-well plate with neural
induction medium [DMEM-F12 with 1% N2 supplement (Invitro-
gen, Carlsbad, CA, USA), 1% GlutaMAX supplement, 1% MEM-
NEAA and 1 μg/mL heparin solution (Sigma-Aldrich, St. Louis, MO,
USA)] for 4–5 days. When radial organization of a pseudostratified
epithelium was formed as an indicator of neuroepithelial bud
formation in the plate, the neuroepithelial bud was embedded
into Matrigel droplet with COs differentiation medium [50%
DMEM/F12 and 50% Neurobasal medium with 0.5% N2 supple-
ment, 1% GlutaMAX supplement, 0.5% MEM-NEAA, 2.8 ng/mL
human insulin solution (Sigma-Aldrich, St. Louis, MO, USA) and 1%
B27 supplement without vitamin A] in a stationary culture
condition. After 4–5 days, the cultured tissues were transferred
into spinning bioreactor with COs maintenance medium [COs
differentiation medium with 1 × B27 supplement (with vitamin A)]
in Micro-Stir Slow Speed Magnetic Stirrers (Wheaton, Germany) at
the speed of 85 rpm. Thereafter, the culture medium was changed
every 4–7 days to support the growth, differentiation and
maturation of COs.
Due to the heterogeneity of COs in morphology and size, we set

strict selection criteria for COs that were used for this study. Firstly,
parallel and consistent method for COs culture was strictly
enforced as shown in above. Secondly, all COs used in the study
were well identified with typical and qualified morphology in the
different culture stage. And, the cell composition, cell type and cell
number that indicated the growth, differentiation and maturation
of COs in the different culture stage were examined.

Cryo-section and immunofluorescence staining of cerebral
organoids
After fixation in 4% (wt/vol) PFA for 15 min and dehydration in
30% (wt/vol) sucrose solution at 4 °C overnight, COs were
embedded into O.C.T. tissue freezing reagent (Leica, Heidelberg,
Germany) and sectioned into cryosections (10 μm thickness) in the
freezing microtome (Leica CM3050S, Heidelberg, Germany). In the
process of immunofluorescence staining, 10% normal donkey
serum (Jackson Immuno Research, West Grove, PA, USA) was used
to block non-specific binding sites for 2 h at room temperature.
Then, the slice was incubated with primary antibodies (Table 1) at
4 °C overnight. After washing by 1 × PBS, the slice was incubated
with corresponding secondary antibodies (Alexa 488/594-conju-
gated, Table 1) for 2 h at room temperature under dark condition.
And cell nuclei were stained with DAPI for 10 min at room
temperature. The confocal laser scanning microscope (Olympus
FV1000, Japan) was used to capture images. The quantitation of
positive expression of immunostaining was counted by ImageJ
1.5 software (NIH, Bethesda, MD, USA, USA).

Flow cytometry
Single cell suspensions of COs were harvested by gentle cell
dissociation reagent (STEMCELL, Vancouver, Canada). For cell
surface flow cytometry staining, the cells were blocked with Fc
Receptor Blocking Solution human TruStain FcXTM (BioLegend, San
Diego, CA, USA) for 10 min, and then incubated with specific
fluorescence-labeled antibodies (Table 1). For intracellular and
cytoplasmic staining, the cells should be fixed and permeabilized
by fixation buffer (BioLegend, San Diego, CA, USA) and
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intracellular staining permeabilization wash buffer (BioLegend,
San Diego, CA, USA) successively. Then, the cells were incubated
with specific fluorescence-labeled antibodies (Table 1) prepared
by intracellular staining permeabilization wash buffer for 20 min.
After setting compensation and quadrant markers based on
blocking controls, isotype controls and unstained cells, all samples
went proper flow cytometric analysis in BD FACS Calibur (BD,
Franklin Lakes, NJ, USA).

Oxygen-glucose deprivation model
Oxygen-glucose deprivation (OGD) condition was prepared as
described previously [24]. For the OGD model, COs were
replenished with glucose-free Earle’s balanced salt solution (EBSS)
after washing by 1 × PBS, and incubated in the oxygen
controllable CO2 incubator (95% N2, 5% CO2, ≤1% O2, 37 °C,
Thermo Scientific, Carlsbad, CA, USA). For the control group, COs
were cultured in the normal CO2 incubator (5% CO2, 37 °C) with
EBSS containing glucose (25 mM). After OGD exposure ended, COs
in the normal or OGD condition were taken out immediately for
the following experimental testing.

Compound preparation and treatment
Compounds Z-VAD-FMK (Topscience, Shanghai, China), navitoclax
(Topscience, Shanghai, China), edaravone (Selleck, Shanghai,

China), butylphthalide (Selleck, Shanghai, China), P7C3-A20
(Shanghai Technology Yi Biotechnology Co. Ltd, Shanghai, China)
and ZL006 (Sigma-Aldrich, St. Louis, MO, USA) were prepared in
DMSO. The final concentration of 20 μM Z-VAD-FMK, 0.5 μM
navitoclax, 10 μM edaravone, 10 μM butylphthalide, 10 μM P7C3-
A20 and 10 μM ZL006 were given to COs during OGD exposure
respectively. The final concentration of DMSO ≤ 0.1%.

Caspase 3 activity assay
Cell apoptosis was evaluated by Caspase 3 Activity Assay Kit
(Beyotime, Shanghai, China) and Bradford Protein Assay Kit
(Beyotime, Shanghai, China). Briefly, the protein concentration
and Caspase 3 activity of each sample were detected by
absorbance value (OD595 nm and OD405 nm respectively) in
microplate reader (Tecan, Switzerland) according to the operat-
ing procedure. Caspase 3 activity per unit of protein concentra-
tion in each sample was used to indicate the degree of cell
apoptosis.

LDH release assay
Cytotoxicity was evaluated by Cytotoxicity LDH Assay Kit-WST
(Dojindo, Japan). According to the operating procedure, 100 μL
culture supernatants were collected immediately into 96-well
plate after experimental treatment, and incubated with 100 μL
working solution. After 0–30min incubation under dark condition,
absorbance value (OD490 nm) was detected in the microplate
reader (Tecan, Switzerland) to indicate the degree of cytotoxicity.

Immunohistochemistry staining
Immunohistochemistry staining was performed as previously
described [22, 25]. After deparaffinating and rehydration, the
paraffin-coated slice was soaked in citric acid buffer (pH 6.0) to
enhance antigen exposure. Non-specific binding site was blocked
by 8% donkey serum incubation for 2 h at room temperature.
Then, the slice was incubated with primary antibodies (4 °C,
overnight) (Table 1) and HRP-conjugated secondary antibody
(room temperature, 2 h) sequentially. Then, fresh chromogenic
substrate DAB was used to visualize the staining. Images were
captured by digital microscope (Leica, Heidelberg, Germany). The
quantitation of positive expression of immunostaining was
counted by ImageJ 1.5 software.

Haematoxylin and eosin (HE) staining
COs in 4% paraformaldehyde were dehydrated with 30% sucrose
in formalin (pH= 7.4), embedded in paraffin, and cut into slices
(10 μm thickness). The slices were deparaffinized and stained with
HE, and examined under a light microscope (Leica, Heidelberg,
Germany).

Nissl’s staining
Nissl’s staining was performed as previous described [22]. After
deparaffinating and rehydration, the paraffin-coated slice was
incubated with toluidine blue and glacial acetic acid sequentially.
After drying in the constant temperature oven, the slice was
hyalinized with xylene. Images were captured by digital micro-
scope. The quantitation of positive expression was counted by
ImageJ 1.5 software.

Statistical analysis
Data were analyzed by using GraphPad Prism 8 software
(GraphPad, San Diego, CA, USA). Statistical analyses were
performed in the SPSS 11.0 software (SPSS Inc., Chicago, IL,
USA). All data were presented as the normalized mean ± standard
error of mean (SEM). Statistical differences were determined using
two-tailed Student’s t test in comparison between two groups.
One-way ANOVA followed by post-hoc Tukey-Kramer tests was
used in comparison among groups. P values < 0.05 were
considered statistically significant.

Table 1. Antibodies used in this study.

Antibodies Cat. No.

SOX2 Abcam (ab97959)

Nestin Abcam (ab6142)

Tuj1 Cell Signaling Technology
(5568s)
Abcam (ab78078)
Abcam (ab7751)

NeuN Abcam (ab177487)

GFAP Abcam (ab7260)

Foxg1 Abcam (ab18259)

TTR Abcam (ab9015)

VGAT Santa Cruz (sc-393373)

VGlut Abcam (ab227805)

BRN2 Santa Cruz (sc-393324)

POMC Abcam (ab254257)

Calretin Abcam (ab92341)

PSD-95 Cell Signaling Technology
(2507s)

synaptophysin Abcam (ab52636)

Cleaved-Caspase3 Cell Signaling Technology
(9661S)

LC3B Abcam (ab192890)

Phospho-RIP3 Abcam (ab195117)

GPX4 Abcam (ab125066)

FITC anti-human CD45 Antibody Biolegend (304006)

PE anti-SOX2 Antibody Biolegend (656104)

Alexa Fluor® 647 anti-Tuj1 Antibody Biolegend (801210)

PE anti-Nestin Antibody Biolegend (656806)

eFluor 660 anti-GFAP Antibody eBioscience (50-9892-80)

Alexa Fluor® 594 Goat anti-Rabbit
Secondary Antibody

Jackson (111-585-144)

Alexa Fluor® 488 Donkey anti-Mouse
Secondary Antibody

Invitrogen (A-21202)

Alexa Fluor® 594 Donkey anti-Sheep
Secondary Antibody

Abcam (ab150180)
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RESULTS
The in-vitro culture and identification of cerebral organoids (COs)
As shown in Fig. 1a, hESCs underwent EB formation (Day 2), germ
layer differentiation (Day 4), neuroectoderm induction (Day 9) in
the low-attachment culture plate, and polarized neuroepithelium-
like structures with characteristics of fluid-filled cavity in the
Matrigel droplets (Day 14) successively. Then, the cultured tissues
were transferred into the spinning bioreactor (Day 17) for further
differentiation and maturation of COs. During the initial induction
period, the EBs were gradually differentiated into NPCs/NSCs
(SOX2 and Nestin, respectively), as shown in COs at 15 days (15 d-
CO) (Fig. 1b). With the prolongation of induction time, the cultured
COs gradually displayed positive expression of terminal differ-
entiated neural cells (neurons, Tuj-1; astrocytes, GFAP) (Fig. 1b).
And, expression of neurons and astrocytes in 75 d-CO was more
than that in 35 d-CO (Fig. 1b), indicating continuously neural
differentiation and maturation of in-vitro COs. Besides, 75 d-CO
showed brain-region specific identities with positive expression of
forebrain (Foxg1) and choroid plexus (TTR) (Fig. 1c), indicating the
successful generation of COs. With further prolongation of culture
time, the volume size of COs gradually increased and the center of
the tissue may form apoptotic cavity structure due to insufficient
nutrition. In order to explore whether there was formation of
apoptotic cavity structure for the long-term cultured COs, we
introduced apoptotic cell marker Cleaved-Caspase 3 and found
the formation of apoptotic cavity in tissue center of 140 d-CO
(Fig. 1d).

Choosing COs with culture time of about 85 days for establishing
humanized ischemic stroke model
COs at different in-vitro culture time had different cell composi-
tion. The formation of brain-region specific forebrain (Foxg1) and
choroid plexus (TTR) in 75 d-CO is an important characteristic for
successful generation of relatively matured COs. Compared with
75 d-CO, the degree of cell differentiation and maturation in 85
d-CO further increased with positive expression NSCs (Nestin),
neurons (Tuj-1), mature neurons (NeuN), astrocytes (GFAP),
forebrain (Foxg1) and choroid plexus (TTR) (Fig. 2a). And the cell
composition in 85 d-CO was mainly consisted of terminal neural
cell types, including positive expression of inhibitory neurons
(VGAT), excitatory glutamatergic neurons (VGlut), upper-layer
neurons of cortical layers (BRN2), peptidergic neurons (POMC)
and interneurons (Calretin) (Fig. 2a). Especially, many neurons in
85 d-CO had positive co-expression of presynaptic protein
synaptophysin (Tuj1/SYN) and postsynaptic protein postsynaptic
density 95 (Tuj1/PSD-95) (Fig. 2a), suggesting the higher cell
maturation degree in 85 d-CO.
It is well-known that terminal neural cell types, especially

neurons, are the main cell composition of ischemic damage in
human brain. Further flow cytometry also demonstrated the main
cell composition of neurons in 85 d-CO, as indicated 73.6% Tuj1+

Neurons, 13.4% GFAP+ astrocytes and 14.5% Nestin+ NSCs in total
(Fig. 2b1–3). Notably, the cell proportion of SOX2+ cells was up to
21.2% (Fig. 2b4). It is well-known that SOX2 functions are critical
for stem cells of embryonic, neural, and others to preserve
stemness [26], and mediate the reprogramming of differentiated
cells to stem cells [27]. However, in differentiated neurons, glia
and other neural cell types, SOX2 is either not expressed, or
important for very specific cell types. For example, a recent study
reported SOX2 was strongly expressed in mouse postmitotic
thalamic projection neurons [28]. Thus, the high cell proportion of
SOX2+ cells made us have to wonder whether there was Tuj1+/
SOX2+ neurons in cultured 85 d-CO. Further flow cytometry
confirmed our hypothesis and found there was about 16.3%
Tuj1+/SOX+ cells in 85 d-CO, providing more evidence for the
higher similarity between 85 d-CO and in-vivo brain (Fig. 2b5).
Besides, we previously demonstrated that the cell number in
single 85 d-CO was more than 2 × 106 cells [22], which also

provides evidence for the enough cell number in single CO for
drug efficacy testing. Moreover, many studies already demon-
strated COs can faithfully model the gene expression, proteomic
expression, functional performance and other features of in vivo
human brain, including 85 d-CO [16, 29, 30]. Thus, 85 d-CO was
chosen for establishing humanized ischemic stroke model in
this study.
In addition to controlling the morphology and culture time of

COs that were used for model preparation, we also explored the
selection criteria for the size of COs. By measuring the size of 134
COs with 85 days culture time from five culture batches, and
found the majority of them were more than 2.00 mm in diameter
(2.38 ± 0.03 mm, n= 98, moderate size group), and a small part
had a relatively smaller diameter (1.82 ± 0.01 mm, n= 36, small
size group) (Fig. 3a, b). And, with introduction of OGD model (a
classical in-vitro model of ischemic stroke), we further examined
the injury degree of the COs from the two groups. As shown in
Fig. 3c, d, the cell cytotoxicity of LDH release and cell apoptosis of
Caspase 3 activity in moderate size group were about half the
levels of those in small size group, indicating the different
sensitivity to OGD injury for the two groups. In order to keep the
experimental study as parallel as possible, COs in moderate and
small size groups are suggested not to be used together for
establishing model and drug efficacy testing. In our following
study, 85 d-CO with diameter more than 2.00 mm was chosen for
establishing humanized ischemic stroke model.

The time-effect relationship of COs-based humanized ischemic
stroke model
Time-effect relationship is an important reference for establishing
a novel research model. After separating 85 d-CO into 0 h (control
group, under normal culture condition), 2 h, 4 h, 8 h, 12 h OGD
exposure groups randomly, we explored the injury degree of COs
(Fig. 4). H&E staining showed that the cell density in the tissue
section of COs gradually decreased with the prolonged OGD
exposure time (Fig. 4a). Compared with control group, the cell
cytotoxicity of LDH release and cell apoptosis of Caspase 3 activity
in 2 h, 4 h, 8 h, 12 h OGD exposure groups gradually increased
with significant difference (Fig. 4b, c). Moreover, further examina-
tion for the expression of apoptotic cells by immunohistochemical
staining Cleaved-Caspase 3, a marker of cell apoptosis, confirmed
the result (Fig. 4d, e). The number of apoptotic cells gradually
increased in the 0 h, 2 h, 4 h, 8 h and 12 h OGD exposure groups
by quantification of Cleaved-Caspase 3+ cells in each group
(Fig. 4d, e). Taken together, the ischemic injury degree of COs is
gradually increased along the OGD exposure time. The establish-
ment of the time-effect relationship of COs-based humanized
ischemic stroke model provides an experimental reference for
selecting proper OGD exposure time or ischemic injury degree for
drug testing.

The feasibility and validity of COs-based humanized ischemic
stroke model in drug testing
Whether the model is feasible for drug testing is still a question
due to it is the first study to focus on the preparation of COs-based
humanized ischemic stroke model. In order to validate the
sensitivity of the model for drug efficacy testing, the proven
anti-apoptotic and pro-apoptotic compounds pan-Caspase inhi-
bitor Z-VAD-FMK (20 μM) and Bcl-2 inhibitor navitoclax (0.5 μM)
were given during OGD exposure to explore their effect on OGD
injury (Fig. 5). As shown in Fig. 5a, b, treatment of Z-VAD-FMK or
navitoclax significantly alleviated or aggravated ischemic injury
respectively, as compared to vehicle control group under OGD
condition. Besides, TUNEL staining for apoptotic cells and Nissl’s
staining for survival neurons further confirmed the anti-apoptotic
effect of Z-VAD-FMK and pro-apoptotic effect of navitoclax in the
humanized COs ischemic stroke model (Fig. 5c–f). As shown in
Fig. 5c, d for TUNEL staining, compared to control group, the
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vehicle group had more expression of TUNEL positive cells. And
Z-VAD-FMK treatment significantly decreased the expression of
TUNEL+ cells as compared to vehicle group, and showed no
difference with control group; navitoclax treatment significantly
increased the expression of TUNEL+ cells as compared to vehicle
group (Fig. 5c, d). Moreover, Nissl’s staining for survival neurons

showed the vehicle group had less expression of Nissl’s positive
cells than control group (Fig. 5e, f). And Z-VAD-FMK treatment
significantly increased the expression of Nissl’s positive cells as
compared to vehicle group and had no difference with control
group, and navitoclax treatment significantly decreased the
expression of Nissl’s positive cells as compared to vehicle group

Fig. 1 The culture and identification of cerebral organoids (COs) at different culture time. a Schematic diagram for the culture process of
COs. Human embryonic stem cells (hESCs, Day 0) underwent embryonic body formation (Day 2), germ layer differentiation (Day 4),
neuroectoderm induction (Day 9) and neuroepithelial bud expansion (Day 14) in the low-attachment plate, and further developed into COs in
the spinning bioreactor (after Day 17). b Immunostaining of COs at 15, 35 and 75 days with neural cell markers (SOX2, neural progenitor cell;
Nestin, neural stem cell; Tuj-1, neuron; GFAP, astrocyte). c Immunostaining of COs at 75 days with brain region specific markers (Foxg1,
forebrain; TTR, choroid plexus). d Immunostaining of COs at 140 days with apoptotic cell marker Cleaved-Caspase 3. DAPI labels nuclei (blue).
All scale bars are as shown.
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(Fig. 5e, f). Therefore, the COs-based humanized ischemic stroke
model was sensitive to cerebral ischemic injury, and the
ischemic injury can be changed with the treatment of anti-
apoptotic or pro-apoptotic compounds, proving evidence for
the feasibility of the model in drug efficacy testing. In addition
to apoptosis, we explored the involved cell death manners in

COs under OGD condition. As shown in Fig. 5g, there were
positive expressions of Cleaved-Caspase 3+ apoptotic cells,
Phosphor-RIP3+ necroptotic cells, LC3B+ autophagic cells and
GPX4+ ferroptotic cells in the groups of control and vehicle
groups, suggesting that there may be multiple cell death
manners in COs induced by OGD injury.

Fig. 2 The cell composition and cell ratio of COs at 85 days. a Immunostaining of COs at 85 days (85 d-CO) with neural stem cell marker
Nestin, neuron marker Tuj1, mature neuron marker NeuN, astrocyte marker GFAP, forebrain marker Foxg1, choroid plexus marker TTR,
inhibitory neuron marker VGAT, excitatory glutamatergic neuron marker VGlut, upper-layer neuron marker BRN2, peptidergic neuron marker
POMC, interneuron marker Calretin, postsynaptic marker PSD-95 and presynaptic marker synaptophysin (SYN). DAPI labels nuclei (blue). All
scale bars are as shown. b Representative image of Tuj1, GFAP, Nestin, SOX2 and Tuj1/SOX2 positive staining in 85 d-CO by flow cytometry.
FITC-CD45 is used as negative control. Data are shown as mean ± SEM, and are representative of three independent experiments.
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The sensitivity of COs-based humanized ischemic stroke model for
neuroprotective compounds
The efficacies of four neuroprotective compounds (edaravone,
butylphthalide, P7C3-A20, and ZL006) were tested in the
humanized COs ischemic stroke model (Fig. 6a). According to
the result of cell cytotoxicity of LDH release and cell apoptosis of
Caspase 3 activity as shown in Fig. 6b, c, 10 μM edaravone, 10 μM
butylphthalide, 10 μM P7C3-A20 and 10 μM ZL006 protected COs
from ischemic injury under 8 h OGD condition. Therefore, the COs-
based humanized ischemic stroke model can be also used for
potential neuroprotective anti-stroke drug efficacy testing.

DISCUSSION
It is well-known that a good experimental model should be
reliable and effective, which can not only produce consistent and
reproducible results, but also predict clinical drug efficacy. At
present, numerous in-vivo stroke research is mostly carried out in
rodent animals, wherein stroke models in mouse and rat account
for 27% and 66% of total in-vivo stroke model respectively [31].
And the OGD model is usually used as in-vitro stroke model to
explore the effect of potential drug on the specific brain cell types,
such as neurons, glial cells, etc., for efficacy evaluation and target
validation at the molecular level [31]. Although almost all potential
neuroprotective drugs have been studied for pharmacodynamics
and mechanisms in the in-vitro and in-vivo models of stroke, all of
them are still in the clinical translational research stage and few
effective neuroprotective drug is available for stroke treatment so
far [5]. Besides, although mouse or rat brain slices have been widely
used as 3D model to study the role of different neural cell types in
stroke, there are many disadvantages for the model, including
additional mechanical injury during cutting, severed neural
connections or loss of connections from distant brain areas to the
area of interest, limited in-vitro culture time and so on [32–34]. The

cultured COs not only have advantage in human species, but also
show advantage in its 3D tissue structure, diverse cell types,
detectable neural connectivity and projection that recapitulate
features of in-vivo human brain. Therefore, we proposed whether it
is possible to establish a humanized stroke model based on COs to
provide a novel platform for anti-stroke drug efficacy testing and
pathophysiological mechanism research. A most-recent study
exposed COs to low-oxygen concentrations to model hypoxic
injury [17], but the features of COs-based humanized ischemic
stroke model in response to OGD damage and its application in
testing anti-stroke drugs are still not explored. Thus, this study
planned to establish an in-vitro humanized ischemic stroke model
of OGD and explored its application in testing anti-stroke drugs
(Fig. 7).
How to standardize the process of model preparation is the key

problem to be solved for a new model. Due to the heterogeneity
of COs in morphology and volume, we explored the selection
criteria of COs for ischemic stroke model preparation. Firstly, we
examined the cell type and composition of COs at different time.
With the prolongation of culture time, expression of neural stem
cells in COs gradually decreased and the terminally differentiated
neurons and astrocytes gradually increased. And, there was the
formation of forebrain and choroid plexus in 75 d-CO, indicating
the successful generation of COs. Thus, we further prolonged the
culture time of COs and employed 85 d-CO for model preparation,
which had higher cell maturation degree and more expression of
terminal differentiated neural cells than 75 d-CO. Although we
found the formation of apoptotic cavity in tissue center of 140 d-
CO, whether COs with longer culture time are suitable for OGD
model preparation remains to be further verified. After measuring
the diameter of 85 d-CO from different culture batch, we found
that most COs were more than 2mm in diameter and a small part
of COs was <2mm in diameter. Therefore, we grouped COs from
same culture batch into moderate size group and small size group

Fig. 3 The volume size of COs at 85 days. a The morphology and volume size of COs at 85 days in moderate and small size groups. b The
diameter of COs at 85 days in moderate and small size groups (2.38 ± 0.03 vs. 1.82 ± 0.01mm, n= 98 and 36 respectively). c, d The LDH release
and Caspase 3 activity of COs at 85 days in moderate and small size groups after 8 h oxygen-glucose deprivation (OGD) exposure. Data
are shown as mean ± SEM, and are representative of three independent experiments. *P < 0.05, **P < 0.01. All scale bars are as shown.
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respectively. Due to the different injury degree of COs between
moderate and small size groups under OGD condition, we set the
selection criteria of COs for establishing humanized stroke model,
that is, in our study only employing COs with diameter more than
2mm for the model preparation. As for a new research model, it is
important to establish the time-effect relationship of the model.
Thus, we explored the time-effect relationship of COs-based
humanized stroke model, and found the ischemic injury degree of
COs gradually aggravated with the extension of OGD time,
providing an experimental reference for selecting the proper OGD
time and ischemic injury degree during drug testing.
Ischemia would initiate the ischemic cascade which involves a

series of biochemical events, including energy failure, ion
imbalance and excitotoxicity, oxidative stress, cell death, comple-
ment system activation, initiation of the inflammation and
immune response [35]. And increasing evidence proves that
multiple cell death pathways are persistently present in the
ischemic core and penumbral area, which play either beneficial,
deleterious or dual roles in the progression of post-stroke brain
damage [35]. The final death or survival state of ischemic injured
cells is directly correlated with the prognosis after stroke. In order
to validate the feasibility and applicability of the model for
potential drug testing, this study introduced the proven anti-
apoptotic and pro-apoptotic compounds pan-Caspase inhibitor Z-
VAD-FMK and Bcl-2 inhibitor navitoclax as positive control to
demonstrate that the model was sensitive to ischemic apoptotic
injury and related treatment. In addition to apoptosis, this study
provided early evidence that the cell death manners in COs
induced by OGD injury may involve apoptosis, necroptosis,
autophagy and ferroptosis. Future study needs to provide more

evidence for the involved cell death manners of the model, and
explore the vulnerability of different cell types and their sites
inside the sphere of COs to different cell death manners under
OGD condition.
Besides, four neuroprotective compounds (edaravone,

butylphthalide, P7C3-A20 and ZL006) were introduced for further
efficacy testing in the humanized COs ischemic stroke model.
Thereinto, edaravone, a free radical scavenger, has been first
approved in Japan by the Ministry of Health, Labour and Welfare
for the treatment of ischemic stroke within 24 h of onset, and now
is widely used for acute ischemic stroke within 24 h of onset
following the guidelines for stroke management [36, 37];
butylphthalide is an anti-cerebral-ischemia drug which has been
approved for ischemic stroke treatment by China Food and Drug
Administration in 2002 [38]; P7C3-A20 has been demonstrated
with neuroprotection in rodent model of ischemic stroke by our
group [24] and of other disease models by several research groups
[20]; ZL006, a small-molecular inhibitor of nNOS-PSD-95 interac-
tion, has been demonstrated with neuroprotection in rodent
model of ischemic stroke [39]. Here, we demonstrated that
treatment of edaravone, butylphthalide, P7C3-A20 and ZL006 can
protect COs from OGD injury. Therefore, COs-based humanized
ischemic stroke model can be used for potential neuroprotectant
efficacy testing.
Although this study explored the feasibility and applicability of

the COs-based humanized ischemic stroke model in testing anti-
stroke drugs, there are still many questions need to be answered.
One of those major questions is lack of compounds as negative
control to compare the difference of its efficacy in this model from
that in clinical trial. It is known that numerous neuroprotective

Fig. 4 The time-effect relationship of COs-based humanized ischemic stroke model. a The H&E staining of COs in 0 h, 2 h, 4 h, 8 h and 12 h
OGD groups. b, c The LDH release and Caspase 3 activity of COs in 0 h, 2 h, 4 h, 8 h and 12 h OGD groups. d, e Immunostaining and
quantification of Cleaved-Caspase 3 positive cells in COs of 0 h, 2 h, 4 h, 8 h and 12 h OGD groups. Data are shown as mean ± SEM, and are
representative of three independent experiments. **P < 0.01 vs. control. All scale bars are as shown.
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compounds have failed in clinical trials. However, until now, most
of these compounds have failed due to safety or failure to show
significant protection, and there are few reports on whether they
failed due to differences in action targets caused by species
difference between preclinical experiments and clinical trials.
Future study needs to provide answer for the question. Besides,
blood vessel unit, blood brain barrier and immune cells play
crucial role in human ischemic stroke, but are absent in COs, which

hamper the application of the model [40, 41]. Although many
works have been done to resolve the problems in recent years
[42, 43], there is still a long way to obtain an ideal COs containing
vascular network, blood brain barrier and immune cells to achieve
high-throughput screening in drug development. Thus, the
culture method of COs needs to be further optimized to
achieve better bioequivalence in the 3D spatial structure and cell
tissue composition as compared to human brain.

Fig. 5 The effect of anti-apoptotic and pro-apoptotic compounds in COs-based humanized ischemic stroke model. a The LDH release, b
Caspase 3 activity, c the representative image of TUNEL staining, d quantification of the percentage of TUNEL+ cells, e the representative
image of Nissl’s staining and f quantification of the percentage of Nissl’s cells per field in humanized COs ischemic stroke model under normal
or under 8 h OGD condition with or without treatment of pan-Caspase inhibitor Z-VAD-FMK (20 μM) and Bcl-2 inhibitor navitoclax (0.5 μM).
g Immunostaining for the expression of Cleaved-Caspase 3, Phopho-RIP3, LC3B and GPX4 in the control and vehicle groups of COs. DAPI
labels nuclei (blue). Data are shown as mean ± SEM, and are representative of three independent experiments. **P < 0.01 vs. control; #P < 0.05,
##P < 0.01 vs. vehicle. All scale bars are as shown.
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In summary, the study establishes a humanized ischemic stroke
model based on COs, and validates the feasibility and applicability
of the model in studying anti-stroke drugs, providing a new
research platform for anti-stroke drug development.
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