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Chronic haloperidol exposure
Impairs neurodevelopment via
Notch1 signaling in human stem
cell-derived brain organoids

Hyunsu Kang'?, Jae-Hyeok Lee?3, Hana Cho'** & Ki-Suk Kim?%3**

Haloperidol is a typical antipsychotic used to treat schizophrenia and induces dopamine D2 receptor
antagonism. Long-term use of haloperidol can reduce brain size in animals and humans; however, the
underlying mechanism of this effect remains unclear. Notch1 signaling regulates the development
and function of the nervous system by balancing stem cell proliferation and differentiation. Therefore,
we investigated the effects of long-term exposure to haloperidol on human-derived brain organoids,
which served as sophisticated in vitro models of human brain development. Long-term exposure

to haloperidol reduced the size of brain organoids and decreased the ventricular zone and Notchl
signaling. When propionate, which protects against haloperidol-induced toxicity, was combined

with haloperidol, it rescued both the overall size of brain organoids and Notch1 expression levels.
Additionally, treatment with valproic acid, a Notch1 activator, partially restored the size of brain
organoids and the thickness of the ventricular layer. Taken together, these data suggest that long-term
exposure to haloperidol impairs neurodevelopment via Notch1 signaling in brain organoids. These
findings contribute to our understanding of antipsychotic drug safety and provide information for new
neurodevelopmental toxicity assessments.
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Haloperidol is a typical antipsychotic drug, widely used for the treatment of patients with schizophrenia and
commonly used as a control in the development of new antipsychotic drugs!->. Haloperidol antagonizes dopamine
D2 receptors to reduce neurotransmission, alleviating psychotic symptoms*=°. However, haloperidol does not
specifically inhibit dopamine D2 receptors, it also inhibits various other receptors, which can lead to a range of
side effects, such as sedation, weight gain, and QT interval prolongation®’. Haloperidol treatment of the PC12
human-derived neuroblastoma cell line resulted in neurite lesions at low concentrations and induced apoptosis
at high concentrations®. In addition, haloperidol reduced the signaling of phosphorylated cAMP-responsive
element-binding protein (CREB) and neuropeptide Y (NPY) in SH-SY5Y cells’. This signaling pathway is
crucial for neurogenesis, including the maturation, survival, and integration of new neurons in SH-SY5Y cells.
Moreover, long-term administration of haloperidol in both humans and animals has been shown to reduce brain
size, suggesting that haloperidol causes brain tissue loss over time!®!!. Thus, it is essential to carefully determine
the dosage and treatment duration for haloperidol; however, the exact mechanisms underlying the brain size
reduction associated with long-term exposure to haloperidol remain poorly understood.

Current developmental neurotoxicity (DNT) assessments rely on animal behavioral experiments, which
require substantial time and financial resources'?"14. Moreover, comparing data among different studies can be
challenging because of differences in techniques and measurements used for behavioral endpoints!*!>. Therefore,
the Food and Drug Administration has announced the use of in vitro and in silico models as alternatives to
animal models because of ethical concerns regarding animal testing!®!”. Consequently, many researchers have
studied the effects of chemicals on neurite outgrowth using primary rodent neuronal cells and immortalized
human and rodent neuronal cell lines®®. However, the predictive ability of neurotoxicity assessments in humans
is limited by genetic modifications, and interspecific differences. Additionally, cell lines and primary cells do not
accurately mimic the nervous system!31°.
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We differentiated neurons derived from human induced pluripotent stem cell (iPSC). These neurons are more
directly related to the human nervous system than other cell models and can provide rapid and accurate results
as screening tools for drug safety evaluation?’. Furthermore, we differentiated and utilized brain organoids to
assess the effects of long-term exposure to haloperidol. Brain organoids offer a three-dimensional structure that
mimics the complex structure and functionality of the human brain more accurately than neurons derived from
stem cells in traditional two-dimensional cultures, allowing for the study of more complex biological processes,
including tissue development, disease progression, and drug response’?2. Notchl plays a crucial role in
regulating the development and function of the nervous system by controlling self-renewal and differentiation of
neural progenitor cells (NPCs)*-26. It is highly expressed in areas of active neurogenesis in mouse embryos, such
as the diencephalon and mesencephalon®*. Notch1 acts upstream of CREB and regulates CREB phosphorylation
and transcription?’. Recently, valproic acid, a Notch1 activator, was shown to regulate the size of brain organoids
in a dose-dependent manner?®*?. Therefore, the proper regulation of Notchl signaling is crucial for proper
neurodevelopment. Furthermore, Cuprizone induces a useful animal model for schizophrenia research by
decreasing the expression of Notchl signaling in the mouse forebrain®’. Haloperidol also reduced Notchl
protein expression in myofibroblasts®!. Taken together, these results suggest that the Notch1 signaling pathway
plays a role in the development of schizophrenia.

Therefore, in the present study, we aimed to investigate the effect of haloperidol on brain organoids and
identify which signal regulates the chronic application of haloperidol, possibly leading to the impairment of
brain organoids. Our results will provide crucial insights into the long-term effects of haloperidol on brain
development and potential strategies for mitigating its negative side effects.

Results

Generation and characterization of brain organoids

We established a 3D culture system for producing uniform brain organoids to investigate the effects of haloperidol
on brain development. iPSCs were detached using collagenase, and the suspended colonies were transferred to
non-adherent plates for 7 days to form spherical embryoid bodies with dual SMAD inhibitors (Fig. 1a). The cells
were allowed to differentiate for 7 days and then plated onto Matrigel-coated dishes in neural induction medium
and detached on day 10. NPCs were seeded in Aggrewell culture plates on day 18 and transferred to a shaker to
promote the formation of brain organoids on day 19. Upon incubation in a shaker, the size of the brain organoids
increased over time before they reached a consistent size (Fig. 1b, c). By day 63, the brain organoids developed
into multi-layer stratified structures composed of SOX2 + NPCs (ventricular zone marker), TBR2 + intermediate
progenitor cells (subventricular zone marker), and CTIP2+neurons (cortical plate marker) (Fig. 1d).
Furthermore we confirmed that positive staining for the forebrain marker FOXG1, which regions displaying
forebrain, EMX1 (dorsal forebrain marker) but not NKX2.1 (ventral forebrain marker) (Supplementary Fig. 1).
These results indicated self-organization and expression of classic characteristics of brain organoids, which
demonstrated that the system was sufficiently optimized for use in toxicity evaluation studies.

Chronic exposure of haloperidol on brain organoids

A previous study reported that long-term administration of haloperidol reduced brain volume!!. Therefore,
we chronically exposed brain organoids to haloperidol from day 21 to day 63 to determine whether long-term
haloperidol exposure had similar effects on brain organoids. We found that the size of the brain organoids
reduced in a dose-dependent manner when compared with that of the control (Fig. 2a, b). Subsequently, we
measured the neuronal layers and ventricular zone (VZ) to examine the detailed characteristics of the brain
organoids. Brain organoids treated with haloperidol for 42 days showed a dose-dependent decrease in the VZ
and neuronal layer thickness (Fig. 2¢, d). Furthermore, to determine whether haloperidol affects phenotype
by inducing apoptosis, we assessed cell death using cleaved-caspase-3 immunostaining. The proportion of
cleaved caspase-3-positive cells did not differ significantly any haloperidol concentration compared to the
control group (Supplementary Fig. 2). It suggests that long-term haloperidol exposure affects the proliferation
of NPCs and cortical development without apoptosis. Sodium propionate prevents haloperidol-induced neurite
lesions’®. Therefore, we treated brain organoids with haloperidol and sodium propionate for 42 days to confirm
whether propionate could restore the development of brain organoids treated with haloperidol. We observed
that propionate prevented the haloperidol-induced reduction in the size of the brain organoids and the thickness
of the VZ (Fig. 3a-d). These results suggest that sodium propionate protects against haloperidol-induced
neurodevelopmental impairment.

Role of Notch1 signaling in brain organoid neurodevelopment

Previous studies showed that Notchl signaling plays a crucial role in neurodevelopment by regulating the
maintenance and self-renewal of NPCs and differentiation?*2¢?°, Therefore, we performed immunoblotting to
examine whether haloperidol can impair neurodevelopment via the regulation of Notch1. Quantitative analysis
revealed that Notchl protein levels decreased in brain organoids treated with 1 M and 3 uM haloperidol, but
Notchl protein levels were restored in brain organoids treated with both haloperidol and sodium propionate.
(Fig. 4a). These results suggest that sodium propionate may protect the neurodevelopment of brain organoids by
preventing the haloperidol-induced reduction via Notch1 signaling.

Conversely, a recent study reported that the treatment of brain organoids with valproic acid (VPA), a Notch1
activator, increased the mRNA expression levels of Sox2 and altered neuronal differentiation and maturation?®.
This result suggests that Notch1 signaling is involved in the self-renewal of neural progenitor cells by inhibiting
neural differentiation. Therefore, we treated brain organoids with 100 uM and 300 M VPA alone to determine
whether Notch1 signaling regulates neurodevelopment in brain organoids. As a result, we observed that the
Notchl protein level increased in brain organoids treated with 300 pM VPA compared to the control group
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Fig. 1. Generation and characterization of brain organoids (a) Schematic diagram of the brain organoid
protocol. (b) Light microscope images of brain organoids from 35 d - 63 d. Scale bars, 200 pm. (c)
Quantification of brain organoid size from 35 d - 63 d using diameter and surface area measurements. Values
represent mean +IQR (n=10). (d) Immunostaining for DAPI (blue), SOX2 (red), TBR2 (purple), and CTIP2
(green) of brain organoids on 63 d. Scale bars, 50 um. ##:p <0.0001.
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Fig. 2. Effect of haloperidol on human brain organoids treated with haloperidol (a) Schematic diagram of
haloperidol (HAL) exposure time on brain organoids (upper). Light microscope images of brain organoids
treated with HAL from 35 d - 63 d. Scale bars, 200 um. (b) Quantification of brain organoid size with or
without HAL treatment from 35 d - 63 d using surface area and diameter measurements. Values represent
mean+IQR (n26). (¢) Immunostaining for DAPI (blue), SOX2 (red) and TU]J1 (green) of brain organoids
treated with HAL at 63 d. Scale bars, 50 um. (d) Quantification of the thickness of VZ-like regions and
neuronal layers of organoids treated with HAL on 63 d. Values represent mean + IQR (n=5 cortical structures
from three organoids). *p <0.05, #:#p <0.005 #s:p <0.0001.
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Fig. 3. Effect of haloperidol on human brain organoids treated with haloperidol and sodium propionate (a)
Light microscope images of brain organoids treated with haloperidol (HAL) and sodium propionate (PRO)
from 35 d - 63 d. Scale bars, 200 pm. (b) Quantification for brain organoid size after HAL and PRO treatment
from 35 d - 63 d using surface area and diameter measurements. Values represent mean + IQR (126). (c)
Immunostaining for DAPI (blue), SOX2 (red) and TU]J1 (green) of brain organoids treated with HAL and
PRO (300uM) on 63 d. Scale bars, 50 um. (d) Quantification of the thickness of VZ-like regions and neuronal
layers of organoids treated with HAL and PRO (300uM) on 63 d. Values represent mean+IQR (n=5 cortical
structures from three organoids). ns; non-significant. #p <0.05.

(Fig. 4b). Additionally, while 300 uM VPA treatment reduced the size of brain organoids, it significantly increased
the thickness of the VZ thickness (Fig. 4c-f). Collectively, these results suggest that haloperidol impairs the
neurodevelopment of brain organoids by inhibiting Notchl signaling, which regulates the self-renewal and
differentiation of NPC.

Interaction between haloperidol and valproic acid in brain organoids

We evaluated whether the neurodevelopmental impairment caused by haloperidol through the reduction of
Notch1 signaling in brain organoids could be restored by treatment with VPA. We found that Notch1 expression
was restored to the vehicle level with 1 uM or 3 uM haloperidol and 300 uM VPA combination treatment (Fig. 5a).
Although the size of brain organoids treated with 1 uM haloperidol and 300 uM VPA showed no difference
compared to those treated with 1 uM haloperidol alone (Fig. 5b, c), the size of brain organoids treated with 3
uM haloperidol and 300 pM VPA was significantly restored compared to those treated with 3 pM haloperidol
alone (***, p<0.0001) (Fig. 5b, d). Additionally, compared to the control group, the brain organoids co-treated
with VPA exhibited a significantly increased size (**, p=0.0021) compared to those treated with haloperidol
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Fig. 4. Effect of haloperidol on human brain organoids treated with haloperidol and sodium propionate or
valproic acid (a) Immunoblots illustrating the protein expression levels of Notch1 and quantification of Notchl
expression normalized to f-actin in brain organoids treated with and without sodium propionate (PRO) and
haloperidol (HAL) on 63 d. Values represent mean + IQR (n=5). (b) Immunoblots illustrating the protein
expression levels of Notch1 and quantification of Notchl expression normalized to -actin in brain organoids
treated with valproic acid (VPA) at 63 d. Values represent mean £ IQR (n=5). (¢) Light micrographs of brain
organoids treated with VPA from 35 d - 63 d. Scale bars, 200 pm. (d) Quantification of brain organoid size
after treatment with VPA from 35 d - 63 d using surface area and diameter measurements. Values represent
mean +IQR (n26). (¢) Immunostaining for DAPI (blue), SOX2 (red) and TUJ1 (green) of brain organoids
treated with VPA at 63 d. Scale bars, 50 um. (f) Quantification of the thickness of VZ-like regions and neuronal
layers of organoids treated with VPA at 63 d. Values represent mean + IQR (n=5 cortical structures from three
organoids). ns; non-significant. ##p <0.005 #s:p <0.0001.
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Fig. 5. Effect of neurodevelopment on human brain organoids treated with haloperidol and valproic acid (a)
Protein expression levels of Notch1 were visualized and quantified using immunoblotting. Notch1 expression
levels were normalized to B-actin in brain organoids treated with HAL and VPA at 63 d. Values represent
mean+IQR (n=5). (b) Light micrographs of brain organoids treated with HAL and VPA from 35d - 63 d.
Scale bars, 200 pum. (c) The size for brain organoids treated with 1 uM HAL and 300 uM VPA from 35 d - 63
d was quantified using surface area and diameter measurements. Values represent mean +IQR (n>=6). (d)
The size for brain organoids treated with 3 uM HAL and 300 uM VPA from 35 d - 63 d was quantified using
surface area and diameter measurements. Values represent mean +IQR (12 6). (e) Immunostaining for DAPI
(blue), SOX2 (red) and TU]J1 (green) of brain organoids treated with HAL and VPA at 63 d. Scale bars, 50 um.
(f) Quantification of the thickness of VZ-like regions and neuronal layers of organoids treated with 1 uM HAL
and 300 uM VPA on 63 d. Values represent mean + IQR (n =5 cortical structures from three organoids). (g)
Quantification of the thickness of VZ-like regions and neuronal layers of organoids treated with 3 uM HAL
and 300 uM VPA on 63 d. Values represent mean + IQR (n =5 cortical structures from three organoids). ns;
non-significant. #p <0.05, ##p <0.005 #:p <0.0001.
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alone (***, p<0.0001). The immunohistological analysis also showed that the combined treatment of 1 pM
haloperidol and 300 uM VPA caused no changes in the thickness of the VZ or the neuronal layer compared to
the 1 uM haloperidol treatment alone (Fig. 5e, f). After treatment with 3 uM haloperidol and 300 pM VPA, the
thickness of the VZ was significantly restored compared to that of brain organoids treated with 3 pM haloperidol
alone, but it did not affect the thickness of the neuronal layer (Fig. 5e, g). These results showed that while VPA
treatment restored the haloperidol-induced reduction in Notch1 signaling, the neurodevelopmental impairment
caused by haloperidol was only partially recovered in the ventricular zone, suggesting that haloperidol inhibits
neurodevelopment through pathways other than Notchl signaling. Furthermore, effective combination
treatment with VPA indicates that the neurodevelopmental impairment caused by haloperidol can be partially
mitigated.

Discussion

Developmental neurotoxicity (DNT) can be caused by commercially available biochemicals to which humans
are exposed, including industrial chemicals and drugs®*-3. Current DNT tests are primarily conducted in
animals and are only performed when there are specific concerns regarding neurotoxicity. However, these
animal-based methods pose ethical concerns, are time-consuming, and incur high costs**-*%. Among alternative
models to overcome these problems, human induced pluripotent stem cell (iPSC)-derived neurons are a useful
alternative animal model to animal cells or cell lines because they better reflect the human nervous system!819:40,
However, in vitro models using human iPSC-derived neurons in 2D culture are limited in their ability to reflect
the complexity of the human central nervous system®”!. Therefore, current researchers are focusing on utilizing
3D organoids, which more accurately and comprehensively replicate the complexity of the human nervous
system compared to 2D neural models, to establish precise platforms for neurotoxicity assessment??2. In this
study, we used human iPSC-derived brain organoids, representing a relevant model for examining human brain
development. We differentiated brain organoids from iPSCs and demonstrated that these organoids exhibited
molecular characteristics reminiscent of the developing human brain (Fig. 1¢, d). Haloperidol is an antipsychotic
medication used to treat schizophrenia and is often prescribed over prolonged periods to patients of various age
groups*2. We decided to treat brain organoids with haloperidol between days 21 and 63 to align with their critical
neurodevelopmental timeline. During this period, neural progenitor cells (NPCs) actively proliferate,
differentiate, and establish major cortical structures, making this time frame ideal for investigating the
developmental impact of haloperidol®®. Moreover, haloperidol can cross the placental barrier and potentially
affect fetal neurodevelopment, including withdrawal symptoms and other adverse events*>#457:5%, By selecting
this period, we aimed to capture the essential phases of NPC proliferation and differentiation when the developing
brain is particularly vulnerable to damage. Our intervention studies support the key role of Notchl in
neurodevelopment. In the present study, we found that chronic exposure to haloperidol significantly impaired
neurodevelopment in human stem cell-derived brain organoids (Fig. 2b). This is consistent with previous studies
indicating that haloperidol reduces brain size in animals and humans through mechanisms that are not yet fully
understood!®!!. Notch1 signaling plays a critical role in regulating the balance between NPC proliferation and
differentiation, which is crucial for proper neurodevelopment®>*. In 2D models, DAPT, a known Notchl
inhibitor, is commonly used to suppress the self-renewal ability of NPCs and promote neural differentiation®4.
In contrast, activation of Notchl signaling in neural progenitor cells (NPCs) induces self-renewal and inhibits
neurogenesis®”. However, the human brain forms complex structures, including the ventricular zone and cortical
areas, making the maintenance of these regions critical®. In E10.5 mouse embryos, Notch1 is highly expressed
in regions where neurogenesis is actively occurring, such as the diencephalon and mesencephalon, whereas
neuronal expression (TuJ1+) is lower in these areas?!. We observed that long-term haloperidol exposure reduced
brain organoid size and significantly decreased the ventricular zone and Notch1 signaling (Figs. 2c and 4a). Also,
as shown in Fig. 4f, while the size of brain organoids treated with Valproic acid (VPA), a known Notch1 activator,
decreases, the VZ thickness increases, suggesting that this thickening is due to the overexpression of Notchl
signaling, which inhibits asymmetric division during neurodevelopment. These findings suggest that this
pathway is involved in haloperidol-induced neurodevelopmental toxicity. These results indicate that the Notchl
pathway is involved in haloperidol-induced neurodevelopmental toxicity, and Notch1 signaling likely regulates
the maintenance of NPC populations, potentially leading to impaired neurogenesis and a reduction in brain
organoid size. Our intervention studies with sodium propionate, and VPA provides promising insights into
potential therapeutic strategies for mitigating the adverse effects of haloperidol. Sodium propionate protected
against haloperidol-induced neuronal lesions and effectively rescued both the overall size of the brain organoids
(Fig. 3b) and Notch1 expression (Fig. 4a). This finding suggests sodium propionate may counteract haloperidol’s
inhibitory effect on Notch1 signaling. Additionally, we observed that the size and ventricular zone (VZ) of brain
organoids treated with haloperidol and VPA improved compared to those treated with haloperidol alone. This
indicates that VPA mitigates haloperidol-induced neurodevelopmental impairments by restoring Notchl
signaling, which increases the VZ size reduced by haloperidol (Figs. 5d, g). Dopamine D2 receptor expression is
limited during the early stage, which we are conducting, as dopamine signaling pathways become more
prominent in later stages of brain maturation®>2. While we have not specifically quantified D2 receptor
expression in our organoids, Previous studies have shown that haloperidol can cause off-target effects on other
signaling pathways by inhibiting Notch1 signaling in myofibroblasts®!. These findings indicate that the effects of
haloperidol in our model are likely mediated through pathways beyond D2 receptor activity and demonstrate
the possibility that haloperidol induces deleterious effects not only by inhibiting dopamine D2 receptors but also
by disrupting other signaling cascades or receptors. Also, it suggests that the significance of Notch1 signaling in
maintaining the structural integrity of brain regions. It indicates that brain organoids, as a robust model for
studying neurodevelopment, provide valuable insights into this process. Moreover, a previous randomized
placebo-controlled study investigating the adjunctive use of divalproex, a form of valproic acid, with haloperidol
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demonstrated significantly greater improvements in baseline measures of Clinical Global Impression (CGI),
Brief Psychiatric Rating Scale (BPRS) and Scale for the Assessment of Negative Symptoms (SANS) compared to
haloperidol monotherapy?*’. Similarly, in clinical trials, the group treated with divalproex in combination with
atypical antipsychotics such as olanzapine or risperidone showed an improvement in the total Positive and
Negative Syndrome Scale (PANSS) score over the 28-day treatment period®. Furthermore, a recent study
indicated that quetiapine, an antipsychotic drug, also relieved schizophrenia via its effects on Notch1 signaling.
Quetiapine has been shown to rescue the cuprizone-induced reduction in the expression of Notchl in a mouse
model of schizophrenia, thereby improving schizophrenia-like behaviors®. Based on these findings, we propose
that VPA or sodium propionate may alleviate the side effects of haloperidol. Furthermore, the consistency of our
results with clinical observations strengthens the case for brain organoids as a preclinical model for
neurodevelopmental studies. Thus, combining haloperidol with VPA or sodium propionate may not only confer
clinical benefits but also reduce the risk of antipsychotic-induced neurodevelopmental toxicity. However, in the
rescue experiment, when VPA was co-administered with haloperidol, the restoration of Notch1 expression led
to recovery of the VZ compared to haloperidol treatment alone. Nevertheless, the VZ was still not fully restored
compared to the control group (Fig. 5aand d). This finding suggests that haloperidol mayimpair neurodevelopment
through an additional off-target mechanism beyond the Notchl pathway, also requiring further molecular
studies to elucidate the precise pathways affected by haloperidol and the interactions of sodium propionate or
VPA with these pathways. In addition, a limitation of the present study is the use of a single dermal-fibroblast-
derived iPSC line. Previous reports show that line-specific genetic and epigenetic backgrounds can modulate
organoid cell-type composition and even alter drug sensitivity®>®!. Moreover, although the dorsal forebrain
model we generated is useful for evaluating haloperidol’s off-target effects beyond its dopamine D2 action, the
drug should also be tested in midbrain or ventral forebrain models, where D2 receptors are more abundant®. To
better capture inter-individual variability and enhance clinical relevance, we plan to employ multiple, genetically
diverse iPSC lines and to differentiate additional midbrain or ventral forebrain organoid models in future studies.
Specifically, brain organoids treated with a combination of 1 uM haloperidol and VPA showed no changes in
organoid size, ventricular zone, or neuronal layer compared to brain organoids treated with haloperidol alone
(Fig. 5c¢, f). This suggests that investigating other signaling pathways related to neuronal differentiation and
neurogenesisiscrucial for fullyunderstanding the complete spectrum ofhaloperidol-induced neurodevelopmental
toxicity. To develop safer therapeutic strategies for managing schizophrenia and other neuropsychiatric
disorders, toxicity assessments using midbrain organoids through dopamine D2 receptors, the primary targets
of haloperidol, are necessary in conjunction with in vivo studies. In conclusion, our findings highlight the critical
role of Notch1 signaling in neurodevelopment and emphasize its vulnerability to pharmacological disruption by
haloperidol. We demonstrated that long-term haloperidol exposure reduces the size of human iPSC-derived
brain organoids and diminishes the VZ, accompanied by decreased Notchl signaling. Sodium propionate
successfully restored both organoid size and Notch1 expression, and VPA partially alleviated the impairment of
neurodevelopmental processes. Taken together, these results indicate that Notchl is pivotal for maintaining
normal neurogenesis and suggest that targeting Notchl may help mitigate the adverse effects of long-term
antipsychotic use. Moreover, these findings also imply that alterations in Notchl signaling could underlie
neurodevelopmental toxicity triggered by various exogenous agents. Collectively, these findings suggest a
preliminary mechanistic framework for haloperidol-induced neurodevelopmental toxicity and offer an initial
basis for future studies aimed at developing strategies to safeguard early brain development during long-term
antipsychotic therapy.

Materials and methods

HiPSC culture and generation of NPCs

hFSiPS3-1, a human stem cell line derived from dermal fibroblast was obtained from the Korea Stem Cell Bank
(National Institute of Health of Korea) and cultured using TeSR-E8 culture medium (Stem cell Technologies) on
vitronectin (Stem cell Technologies) coated culture dishes and passaged every 4-5 days. To generation of neural
progenitor cell, we followed the protocol described*. Briefly, hFSiPS3-1 was treated with collagenase type IV
(Stem cell Technologies) for 30 min and suspended to induce cell neuroectoderm from the embryoid body. The
suspended stem cells were cultured in the neural induction medium (DMEM/F12 (Gibco) supplemented with
20% knockout serum replacement (Thermo Fisher Scientific), 55 pM/ml p-mercaptoethanol (Sigma-Aldrich),
1X MEM-NEAA (Thermo Fisher Scientific), 10 uM/ml SB431542 (Tocris), 5 pM/ml dorsomorphin (Tocris),
and 1% penicillin/streptomycin (Thermo Fisher Scientific). Cells were grown in Petri dishes (SPL) for 7 days
(days 0-7). On the 7th day, embryoid bodies induced to differentiate into neuroectoderm were attached to a
Matrigel-coated culture dish and incubated in rosette culture medium (DMEM/F12 with 1X N2 supplement
(Thermo Fisher Scientific), 20 ng bFGF (Peprotech)) for 3 days. On days 7-10, 2.5 pl/ml insulin (Thermo Fisher
Scientific) and 1% penicillin/streptomycin were added. On the 10th day, the central part was separated using
a glass rod and placed in a Matrigel-coated culture dish containing NPC medium (DMEM/F12 with 1X N2
supplement, 1X B27 supplement (Thermo Fisher Scientific) with bFGE, 20 ng/ml EGF (Peprotech), and 1%
penicillin/streptomycin and was passaged every 2-3 days (days 10-18).

Formation of brain organoids

To generation of brain organoids, we followd the protocol with slight modifications, as originally described by
Kim?*. AggreWell”800 (Stem cell Technologies) plates containing 300 microwells were used to obtain uniformly-
sized brain organoids. Approximately 3 x 10° single NPC cells (Day 18) were added per AggreWell"800 well in
neural differentiation medium (mixed 1: 1 DMEM/F12 and Neurobasal (Gibco) with 1X N2 supplement, 1X
B27 supplement and BDNF, 20 ng/ml GDNF (Peprotech), 200 nM/ml ascorbic acid (Sigma-Aldrich), 100 pM/
ml dibutyryl cyclic adenosine monophosphate (Sigma-Aldrich), 1% penicillin/streptomycin), centrifuged at 100
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x g for 3 min to capture the cells in the microwells and incubated at 37 °C with 5% CO,. After 24 h, organoids
from each microwell were harvested using a serological pipette and transferred into 100 mm plastic petri dishes
on a 60 rpm orbital shaker. The brain organoids were cultured at approximately 15-20 per dish and medium
changed every 2-3 days.

Exposure of brain organoids to chemicals

The brain organoids were treated with various concentrations of haloperidol (0.1, 1, 3 uM) (Sigma-Aldrich)
with or without propionate (300 uM) (Sigma-Aldrich) or different concentrations of valproic acid (100, 300 uM)
(Sigma-Aldrich). In particular, we differentiated brain organoids in two batches to minimize variability across
organoid cultures and generated all the brain organoids during drug testing at the same time. We treated them
in parallel under different conditions. All chemicals were administered to the brain organoids for 42 days, from
day 21 to day 63. All chemical quantitative analyses were conducted on randomly picked cortical structures. The
thickness of the VZ and neuronal layer of the brain organoids were measured as reported previously™ at 0, 45,
and 90 degrees. All parameters were measured using Image] software.

Immunoblotting

Cellular lysates were obtained using RIPA buffer (Thermo Fisher Scientific). The lysates were centrifuged at
10,000 g for 15 min at 4 °C, and the supernatant fractions were collected. Proteins were separated by sodium
dodecyl sulfate polyacrylamide gel electrophoresis. The proteins were electro transferred using the iBlot 2 Gel
Transfer Device (Thermo Fisher Scientific). The membranes were incubated in blocking buffer (0.05% Tween
20 with 5% bovine serum albumin in TBS) for 1 h. After washing three times with TBST, the membranes were
incubated with primary antibody overnight. Detection of specific proteins was carried out with an ECL Western
blotting kit (Thermo Fisher Scientific) according to the manufacturer’s instructions. Signal intensity was analyzed
using the iBright Analysis Software (Thermo Fisher Scientific).

Cryosection and Immunofluorescence

The brain organoids were retrieved from the dish on day 63 to precisely identify the detailed characterizations
of brain organoids exposed to chemicals by immunohistochemical staining. Brain organoids were fixed in 4%
paraformaldehyde (PFA) and incubated at 4 °C overnight. The fixed organoids were washed three times in
PBS, transferred to a 30% sucrose solution, and incubated at 4 °C overnight. After dehydration, the tissues
were embedded in O.C.T. compound (SAKURA) and stored at —80 °C. For immunofluorescence staining,
10 pm thick sections were obtained using a cryostat (Leica, Germany). Cryosections on adhesive slides were
washed in PBS to remove excess O.C.T. and permeabilized with 0.5% Triton X-100 in PBS for 10 min at room
temperature. The sections were then blocked with 5% bovine serum albumin for 1 h. Subsequently, the sections
were incubated overnight at 4 °C with a primary antibody diluent. The following primary antibodies were used
for immunohistochemistry: TUJ1 antibody-conjugated to Alexa Fluor 488 (1:200, Santa Cruz, USA), SOX2
antibody-conjugated to Alexa Fluor’ 647(1:200, Cell signaling, USA), TBR2 antibody-conjugated to Alexa
Fluor’ 568 (1:200, Abcam), CTIP2 antibody-conjugated to FITC (1:200 Abcam) and cleaved-caspse3 (1:200,
Cell signaling, USA). The samples were washed three times with PBS to remove excess antibodies. Nuclei were
counterstained with Mounting Medium containing DAPI (Abcam) for 15 min. All images were captured using
a Zeiss LSM700 confocal microscope using ZEN software (Zeiss).

Statistical analysis

All data analysis was performed using GraphPad Prism (GraphPad Software). The results are expressed as
medians + interquartile range (IQR). A two-tailed Mann-Whitney U test was used for statistical significance,
and the P values are reported in the figure legends.

Data availability

All the raw data supporting this study’s results are available from the corresponding author upon request.
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