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ABSTRACT

The Developmental Neurotoxicity (DNT) in vitro battery (IVB) enables efficient and human-relevant evaluation of chemicals for
DNT potential. To expand its biological applicability domain toward human disease, this study maps neurodevelopmental disorder
(NDD)-relevant signaling pathways to key neurodevelopmental processes (KNDPs) using primary human fetal neural progenitor
cells (NPCs). Using pharmacological intervention, eighteen NDD pathways are assessed for their impact on seven KNDPs, namely
NPC proliferation, radial glia migration, neuronal and oligodendrocyte differentiation and migration, and neurite outgrowth. In
total, modulation of sixteen pathways is associated with changes in at least one KNDP. Oligodendrocyte differentiation shows the
highest sensitivity (13 pathways), followed by radial glia migration (11 pathways) and NPC proliferation (9 pathways), whereas
neuronal migration remains unaffected. Perturbation of the RhoA and mitochondrial complex I pathways is associated with
the broadest phenotypic responses, influencing five KNDPs each, while STAT3- and TrkB-related modulation falls outside the
assay’s applicability domain. Pathway-KNDP associations are integrated into an exemplary interactive physiological map of human
oligodendrocyte development, linking mechanistic perturbations to human-relevant biology. Defining which NDD pathways can
be functionally probed refines the DNT IVB’s biological applicability domain, increases confidence in its protective power, and
supports mechanistic interpretation of new approach methodology-based DNT assessment.

1 | Introduction TG 426 and 443—may be triggered in the European Union

within the plant protection product or the REACH (Registration,
Developmental neurotoxicity (DNT) refers to the harmful effects Evaluation, Authorisation and Restriction of Chemicals) legisla-
of substance exposure on the developing brain. Currently, DNT tion in case of concerns, e.g., adult neurotoxicity or endocrine
assessment is not mandatory for compound registration other disruption [1]. In the United States, the EPA OPPTS 870.630
than biocides, yet the in vivo guideline studies—such as OECD guideline is primarily applied for pesticides, where DNT testing
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can be a data requirement. There are certain issues with these
procedures. First, these triggers might not cover neurodevel-
opmental effects sufficiently [2]. Second, these studies are far
too resource-intensive to be adequate for assessing the potential
DNT hazard of the human exposome [3], i.e., requiring over a
year with a cost of over one million euros/dollars per chemical.
Third, while these studies are valuable for identifying apical
toxicity outcomes, they do not provide mechanistic information,
limiting their usefulness for understanding underlying biological
perturbations [4]. Fourth, the use of animals in toxicity testing
is burdened with ethical issues; in one guideline DNT study, e.g.
OECD TG 443, around 1000 rodent pups are usually sacrificed
[5-7]. Last, DNT in vivo studies are accompanied by a large
number of uncertainties [4] including limited predictivity for
human risk assessment due to challenges in extrapolating animal
data to humans [8]. These limitations arise from interspecies
differences in brain development, including anatomy, kinetics,
metabolism, lipidome, cell-type specification, and molecular
signaling [4, 9-12]. For example, species-specific expression of
receptors such as the aryl hydrocarbon receptor (AhR) can alter
susceptibility to toxicants [9], while the human brain exhibits
a distinct and evolutionarily specialized lipidome compared to
rodents and non-human primates [10]. More broadly, human
neurodevelopment is characterized by prolonged developmen-
tal trajectories, increased cellular and circuit complexity, and
species-specific gene functions [11, 12]. These issues lead to a
large knowledge gap for the DNT potential of most of the at
least 30 000 chemicals of our exposome including environmental
chemicals (estimated based on REACH chemical registration
estimates). Indeed, only approximately 150 chemicals have so far
been assessed in such regulatory DNT in vivo guideline studies
with publicly available data, as compiled in a dedicated repository
in 2024 [13]. Therefore, an urgent need for more reliable, efficient,
and better predictive human-based new approach methodologies
(NAMs) for DNT testing has been voiced by multiple stakeholders
including regulatory scientists [2, 14-16].

To address this need, the DNT in vitro battery (IVB) for haz-
ard identification, characterization, and risk assessment was
assembled [1, 3, 17-19] building on long-standing efforts of the
academic and regulatory DNT community [20-23]. These efforts
culminated in the report for interpreting data from the DNT IVB,
for use in the Integrated Approaches for Testing and Assess-
ment (IATA) [3] and the OECD endorsement via the guidance
document number 377 [1]. The DNT IVB comprises 17 assays
to date (including 3 rat-based assays) covering key neurodevel-
opmental processes (KNDPs) such as human neural progenitor
cell (hNPC) proliferation and apoptosis, migration of radial glia
(RG), neurons, oligodendrocytes, and neural crest cells, as well
as neuronal differentiation, neurite outgrowth, synaptogenesis,
oligodendrocyte differentiation, and neural network formation.
The assays are complemented with viability and/or cytotoxicity
assays and employ different test systems, including human neural
stem cells (NSCs), NPCs, and rat primary cells [3]. Given the
complexity of brain development, the use of multiple assays
enhances physiological coverage across different developmental
windows. For example, the Neurosphere Assay (Figure 1), which
is an integral part of the DNT IVB, models several KNDPs
relevant to fetal brain development using primary hNPCs [24,
25]. The assays within the battery have undergone substantial
fit-for-purpose scientific validation [19, 24] while formal regu-

latory validation, such as inter-laboratory testing, is currently
ongoing.

NAMs enable human-relevant, time- and cost-efficient hazard
assessment, e.g. the assessment of one chemical in the Neu-
rosphere Assay is estimated to take up to 2 months and cost
around 20 thousand euros and the savings associated with
using all the DNT IVB assays were internally calculated to
exceed 90% and take 5 months when compared to traditional
in vivo DNT testing (Extended One-Generation Reproductive
Toxicity Study (TG 443) with DNT-specific cohorts that has been
estimated to cost up to 1.5 million euros per chemical and take
1 year) [5]. However, NAMs also introduce uncertainties into
chemical testing—such as limited representation of anatomical
complexity, restricted biological coverage, and lack of primary
metabolism. Validation of non-animal NAMs therefore requires,
among other essential aspects, comprehensive characterization of
their biological applicability domains [25-27]. While the OECD
guideline documents 211 [28] and 34 [29] outline stringent
validation requirements, recent proposals advocate for flexible,
fit-for-purpose scientific validation of NAMs with a strong focus
on their biological relevance and coverage [15, 30-33]. At the
same time, OECD acknowledges the substantial operational and
financial burden of such validation efforts [34] and continues
to emphasize the importance of robust approaches such as ring
trials to ensure reproducibility and confidence in regulatory
decision-making [35]. One major pillar of the scientific validation
approach concerns the biological relevance of the test method,
i.e., for DNT, the measure of the KNDP [30]. The physiological
coverage of the test method will define its biological applicability
domain [36]. The biological relevance of the DNT in vitro NAMs
has been addressed in in-depth studies previously [1, 24, 37,
38]. For instance, Notch pathway inhibition in hNPCs during
differentiation increases neuronal and reduces oligodendrocyte
differentiation in vitro [24]. This pathway is key during brain
development, as evidenced by in vivo studies [39-42].

Physiological maps are valuable tools for summarizing biology
as a basis for understanding the biological applicability of
NAMs. These graphical, interactive, standardized, and machine-
readable representations detail organ function and homeostasis
at molecular and cellular levels [43, 44], integrating expert-
curated knowledge of signaling, metabolic, and gene regulatory
networks [45-47]. Experimental studies with NAMs can map
these pathways to physiology [24]. Physiological maps integrate
state-of-the-art knowledge but also support the development
of Adverse Outcome Pathways (AOP) by enhancing biological
plausibility [48, 49] and serve as frameworks for predictive
in silico toxicology models [50, 51]. This integration reduces
uncertainty in human risk assessment. To ensure that NAMs
protect human health rather than predict animal data [36],
physiological maps must be human-specific due to numerous
species-specificities in physiology and disease [4, 52-57]. While
we learned tremendously from animal studies that provided basic
insights into brain development, the devil lies in the details
and many molecules and pathways function differently across
species. Examples include the N-glycome in brain glycosylation
linked to human neurodevelopmental disorders (NDDs) [58], the
human-specific NOTCH2NL receptor affecting neuronal output
[59, 60], unique thyroid hormone signaling patterns [61], reactive
oxygen species responses [62], and diseases like the Cockayne
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FIGURE 1 | Schematic overview of the human Neurosphere Assay test methods. A The inner ring contains the key neurodevelopmental processes
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modeled in the individual NPC assays. Neurite outgrowth covers two different endpoints: neurite length and area. These key events are complemented by
cell number, viability, and cytotoxicity assays. The middle ring highlight the signaling pathways investigated in this manuscript. The outer ring indicates
examples of neurodevelopmental disorders with impaired key neurodevelopmental events. B Exposure setup of the Neurospheres Assay. Proliferating
hNPC neurospheres were mechanically passaged to reach an average sphere size of 300 pm in diameter on the plating day. hNPCs were subsequently
exposed for 3 days to inhibitors and activators of the selected signaling pathways as free floating neurospheres in a medium supplemented with growth
factors to asses proliferation (NPC1) as shown in purple boxes. In addition, hNPC neurospheres were plated on PDL and laminin matrix and exposed
to the same compounds in a differentiation medium without growth factors (green boxes). After 5 days, cells radially migrated cells out of the sphere
core and immunocytochemical stainings were carried out (neurons are highlighted in red (3(III)tubulin), oligodendrocytes in green (04), and nuclei in
blue (Hoechst33258) to assess the endpoints in NPC2-5 assays. The data were analyzed in an R-based statistical pipeline and benchmark concentrations
were calculated. Abbreviations: hNPC = human neuroprogenitor cells, RG = radial glia, N = neuronal, OL = oligodendrocyte, PDL = Poly-D-lysine,
Al = artificial intelligence, BMP = bone morphogenetic protein, COX-2 = Cyclooxygenase-2, CREB = cAMP response element-binding protein, EGFR
= epidermal growth factor receptor, ETC I = mitochondrial electron transport chain complex 1, mTOR = mammalian target of rapamycin, NO-cGMP
= Nitric oxide-cyclic guanosine 3’,5-monophosphate, PDGF = Platelet-derived growth factor, PI3K = phosphatidylinositide 3-kinase, PKC = protein
kinase C, PLC = phospholipase C, RhoA = Ras homolog family member A, ROCK = Rho-associated protein kinase, STAT3 = Signal transducer and
activator of transcription 3, TrkB = tropomyosin receptor kinase B.

Advanced Science, 2026 30f32

85U801 SUOWIWIOD SA 181D 3|(dedldde 8Ly Ag peuenob ase S9pile O ‘88N J0 S8|nJ 10 A%Iq1T8UIIUQ AB]IM UO (SUONIPUOD-PUR-SLLLIBY WD A8 |1 ARe.q1|BU 1 [UO//:SdNL) SUONIPUOD pue SW | 8U) 88S *[9202/70/22] Uo Ariqiiauliuo Ae|im ‘96e118d s1sienlun Aq 6886TSZ0Z SAPR/Z00T OT/I0P/WO0D A8 |im" Afe.d 1 pul U0 peoueApe//sdny Wwolj papeojumod ‘0 ‘78E86TZ



TABLE 1 | Selected signaling pathways involved in the pathology of human neurodevelopmental disorders.
Signaling pathway Related human neurodevelopmental disorders
BMP CASK-related NDDs such as ASD [236]; FXS [237]; microphthalmia with brain anomalies [238]
COX-2 ASD [239]; neuropsychiatric disorders [239]; perinatal white matter injury [109]
CREB Rubinstein-Taybi syndrome with intellectual disability [132]; Rett Syndrome [240]; learning function
[241]; intellectual disability, ASD, FXS, schizophrenia [242]
EGFR ASD [243, 244]; microcephaly [245, 246
ETC complex I Leigh Syndrome [143]; cavitating leukoencephalopathy [247]
mTOR ASD (248, 249]; tuberous sclerosis complex [250, 251]; mTORopathies [252, 253]; FXS [254]; intellectual
disability with megalencephaly [147]
NO-cGMP ASD [255]; Down Syndrome, FXS, Rett Syndrome, intellectual disability [242]
Notch ASD, intellectual disability [256, 257]; focal cortical dysplasia [258]
PDGF ASD [259-261]
PI3K-AKT ASD [262-265]; brain overgrowth-associated disorders [181]; FXS [177]; malformations of cortical
development (e.g., megalencephaly) [182]; megalencephaly [174]; schizophrenia [266]
PKC ASD [267]; spinocerebellar ataxia [268]; bipolar disorder [269]
PLC ASD, bipolar disorder [194]; schizophrenia [270]; epilepsy [271]
RhoA Intellectual disability [272]; developmental language disorder [273]
ROCK Intellectual disability [272, 274]; motor disorders [275]
SRC Noonan syndrome [276]
STAT3 Hypoxic-ischemic encephalopathy [277]
TrkB Rett syndrome [278]; schizophrenia [279, 280]; bipolar disorder [280, 281]
Wnt ASD [217, 282, 283]; FXS [284]; Miller-Dieker syndrome, lissencephaly [213]

This table provides non-exhaustive examples from peer-reviewed literature where the listed pathways have been implicated in neurodevelopmental disorders
through disruption of key neurodevelopmental processes (KNDPs). The intention is to illustrate the translational plausibility of our pathway selection and to
guide the reader to relevant human-relevant studies, such as those using patient-derived iPSC models. The table does not aim to provide quantitative or causal
assessments of disease mechanisms, nor does it capture the directionality or strength of pathway effects, which are context-dependent and often vary across
developmental stages, cell types, and genetic backgrounds.

Abbreviations: ASD = autism spectrum disorder, FXS = fragile X syndrome, BMP = bone morphogenetic protein, COX-2 = Cyclooxygenase-2, CREB = cAMP
response element-binding protein, EGFR = epidermal growth factor receptor, ETC I = mitochondrial electron transport chain complex 1, mTOR = mammalian
target of rapamycin, NO-cGMP = Nitric oxide-cyclic guanosine 3’,5-monophosphate, PDGF = Platelet-derived growth factor, PI3K = phosphatidylinositide 3-
kinase, PKC = protein kinase C, PLC = phospholipase C, RhoA = Ras homolog family member A, ROCK = Rho-associated protein kinase, STAT3 = Signal
transducer and activator of transcription 3, TrkB = tropomyosin receptor kinase B.

Syndrome B [63]. Species-specificities contribute to the high
attrition rates in drug development for brain-related diseases
indicating the functional relevance of molecular and cellular
species-specificities [64, 65]. Therefore, it is most important to
build physiological maps for human brain development derived
from human data including omics analyses of human fetal tissue
[66-68], human 3D neurospheres [37, 69], BrainSpheres [70, 71],
or organoids [72, 73].

In addition to the biological applicability domain supported by
physiological maps, we believe that elucidating NDD pathways
regulating KNDPs assessed by DNT IVB methods can greatly
enhance their value in understanding how chemicals may con-
tribute to developmental disorders of the human brain. Therefore,
we compiled a non-exhaustive summary of literature exam-
ples containing the known pathophysiological contributions in
which dysregulation of selected signaling pathways has been
associated with altered KNDPs in NDDs, focusing exclusively
on patient and human in vitro studies excluding animal data
(Table 1). In this context, we refer to the pathophysiological

applicability domain as the range of neurodevelopmental disease-
relevant signaling pathways that can be functionally assessed
within the Neurosphere Assay by their measurable impact on
key neurodevelopmental processes (KNDPs). This complements
the biological applicability domain, which defines physiological
coverage of the test method. The main aim was to examine how
modulation of 18 signaling pathways affects the 7 endpoints of
the human Neurosphere Assay (Figure 1). A secondary aim was
to create an exemplary physiological map as a proof-of-concept,
that is centered on oligodendrocyte differentiation, a KNDP that
is highly pathognomonic when disturbed [74]. Ultimately, this
study aims to bolster the regulatory acceptance of DNT NAMs by
increasing confidence in their human-protective potential.

2 | Materials and Methods
2.1 | Basic hNPC Neurosphere Cell Culture

Primary human fetal NPCs (hNPCs), isolated from cortices of
gestational week 16-19 fetuses, were purchased from Lonza
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TABLE 2 | Composition of the proliferation and differentiation culture media used for culturing human neural progenitor cells (hNPCs) in the

Neurosphere Assay.

Concentration

Catalogue number and supplier

Proliferation medium

DMEM and Ham’s F12 media 2:1 ratio (viv)
Penicillin 100 U/mL
Streptomycin 100 pg/mL
B27 supplement 2%
Epidermal growth factor (EGF) 20 ng/mL
Fibroblast growth factor (FGF) 20 ng/mL

Differentiation medium

DMEM and Ham’s F12 media 2:1ratio (viv)
Penicillin 100 U/mL
Streptomycin 100 pg/mL
N2 supplement 1%

#31966-021, Thermo Fisher, US; #31765-027, Thermo
Fisher, US

#P06-07100, Pan-Biotech, Germany
#P06-07100, Pan-Biotech, Germany
#17504044, Thermo Fisher, US
#PHGO0313, Thermo Fisher, US
#233-FB, R&D Systems, US

#31966-021, Thermo Fisher, US; #31765-027, Thermo
Fisher, US

#P06-07100, Pan-Biotech, Germany
#P06-07100, Pan-Biotech, Germany
#17502-048, Thermo Fisher, US

The use of trade names is for identification purposes only and does not constitute endorsement by the authors or their institutions.
Abbreviations: DMEM = Dulbecco’s Modified Eagle Medium, F12 = Ham’s F12 Nutrient Mixture, N2 = N2 Supplement, a chemically defined supplement for
serum-free culture of neural cells, US = United States, U/mL = units per mililiter, yg/mL = micrograms per milliliter, v:v = Volume-to-volume ratio.

Verviers SPRL, Belgium (#PT-2599). They were cultivated as free-
floating 3D neurospheres in proliferation medium (Table 2) at
37 °C and 5% CO, in cell culture dishes coated with poly-2-
hydroxyethyl methacrylate (poly-Hema; #P3932, Merck, United
States (US)) and fed by replacement of half of the media 3 times
per week. Neurospheres were mechanically passaged to 0.2 mm
edge length using a Mcllwain tissue chopper (#TC752, Campden
Instruments, United Kingdom).

2.2 | Neurosphere Assay

The Neurosphere Assay includes 7 different endpoints to investi-
gate NPC proliferation (NPC1), RG migration (NPC2a), neuronal
migration (NPC2b), oligodendrocyte migration (NPC2c), neu-
ronal differentiation (NPC3), neurite outgrowth (NPC4), and
oligodendrocyte differentiation (NPC5), NPC2-5 accompanied by
nuclei count (Figure 1). The assays are described in detail in the
ToxTemps and DB-ALM SOPs annexed to the OECD DNT IVB
document [1]. While the NPC1 assay was conducted over 3 days,
the NPC2-5 assessments were performed as a 5-day multiplexed
evaluation. Proliferating hNPCs were continuously exposed to
the mechanistic tool compounds targeting the selected pathways
for the full 3-day period. In contrast, differentiating hNPCs
were treated with the relevant mechanistic tool compounds over
a 5-day culture period, which included a re-feeding step on
day 3, during which the compound was refreshed. In addition
to the specific endpoints, cell viability (CellTiter-Blue Assay,
#G8081, Promega, Madison, US) and cytotoxicity (CytoTox-ONE
Homogeneous Membrane Integrity Assay; #G7891, Promega,
Madison, US; lysis control: 45 min, 0.2% Triton X-100) were
additionally assessed in both testing schemes (fluorescence was
measured using Tecan infinite M200 Pro reader; ex: 540 nm; em:
590 nm).

Briefly, to assess NPC proliferation (NPC1), neurospheres (300 um
diameter) were exposed to non-cytotoxic concentrations of inves-
tigated mechanistic tool compounds (Table 3) in proliferation
medium containing growth factors (Table 2) in poly-Hema-coated
96-well U-bottom plates for 3 days. Proliferation medium without
growth factors was used as an endpoint-specific positive control.
The proliferation was assessed after 72 h of compound expo-
sure by the incorporation of bromodeoxyuridine (BrdU, NPCI,
#11669915001, Roche, Switzerland) into the DNA by exposing with
BrdU for the last 16 h of the compound treatment [24].

For studying migration and differentiation of hNPCs in the
NPC2-5 assays, neurospheres (300 um diameter) were plated
on 0.1 mg/mL poly-D-lysine (#P0899-50MG, Merck, US) and
12.5 pg/mL laminin (#L2020-IMG, Merck, US) coated 96-well
plates and exposed to non-cytotoxic concentrations of mechanis-
tic tool compounds (Table 3) in differentiation medium (Table 2)
as described previously [24]. Briefly, the migration distance of RG
(NPC2a) from the sphere core was assessed at two time points.
After 72 h bright-field images were taken with an automated
microscope (50-fold magnification, Cellomics ArrayScan) and
analyzed manually with the Fiji Image J software [75]. After
120 h of exposure, migration analysis was multiplexed with
the assessment of nuclei, neurons, and oligodendrocytes using
automatic image analyses of immunocytochemically stained
fluorescent images with the software Omnisphero [76]. The cells
were first fixed using 4% paraformaldehyde for 30 min at 37 °C,
followed by blocking with 10% goat serum (GS; in PBS, 30 min at
37°C; #G9023-10 mL, Merck, US). After fixation and blocking, the
cells were incubated overnight at 4 °C with primary antibodies
(Table 4) in a solution containing 0.01% Triton-X and 2% GS
in PBS. Following PBS washes, the cells were incubated with
secondary antibodies (Table 4; 2% GS in PBS) for 60 min at 37 °C.
Immunocytochemical images of neurons, oligodendrocytes, and
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TABLE 3 | List of mechanistic tool compounds used to activate and inhibit the investigated pathways.

Activator/ Catalog Tested range of
Reagent Pathway Inhibitor Source number Solvent Purity concentrations
PGE2 COX-2 Act. SA P5640 H,0 99% 0.03-20 uM
Celecoxib COX-2 Inh. SA PZ0008 DMSO >98% 0.04-30 uyM
db-cAMP CREB Act. SA D0260 H,0 99% 13.72-10 000 uM
KG-501 CREB Inh. SE S8409 DMSO 99.8% 0.004-3 uM
Rotenone ETCI Inh. SA R8875 DMSO 96.4% 0.01-10 uM
MHY1485 mTOR Act. SE S7811 DMSO 99.9% 0.03-20 uM
Everolimus mTOR Inh. SA SML2282 DMSO 98.6% 0.04-30 uM
Reelin Notch Act. R&D 8546-MR PBS >90% 0.034-24.5 nM
DAPT Notch Inh. SA D5942 DMSO 100% 0.01-10 uM
hPDGF PDGFR Act. B-T 221-AA HCI/H,0 >97% 0.0047-3.4 nM
CP-673451 PDGFR Inh. SE S1536 DMSO 99.7% 0.01-10 uM
SC79 PI3K-Akt Act. ME 123871 DMSO >98% 0.01-10 uM
LY294002 PI3K-Akt Inh. AB A10547 DMSO >98% 0.01-10 uM
m-3M3FBS PLC Act. SA T5699 DMSO 99.9% 0.04-30 uM
U73122 PLC Inh. MCE HY-13419 DMSO 98% 0.007-5 uM
Colivelin STAT3 Act. TO 3945 EtOH/H,0 96% 0.1-94.5 nM
Limonin STAT3 Inh. SA L9647 DMSO 99.9% 0.03-20 uM
BDNF TrkB Act. TF 10908010 BSA/PBS 96% 0.02551-18.6 uM
ANA-12 TrkB Inh. SA SML0209 DMSO 99% 0.04-30 uM
CHIR WNT Act. B-T 4423 DMSO >98% 0.01-10 uM
IWP2 WNT Inh. B-T 3533 DMSO >98% 0.007-5 uM

Abbreviations: Act. = activator, AB = AdooQ Bioscience, BDNF = brain-derived neurotrophic factor, B-T = Bio-Techne, BMP = bone morphogenetic protein, db-
cAMP = dibutyryl cyclic adenosine monophosphate, COX-2 = Cyclooxygenase-2, CREB = cAMP response element-binding protein, EGFR = epidermal growth
factor receptor, ETC I = mitochondrial electron transport chain complex 1, Inh. = inhibitor, ME = Merck, MCE = MedChemExpress, mTOR = mammalian

target of rapamycin, NO-cGMP = Nitric oxide-cyclic guanosine 3’,5’-monophosphate, PDGF = Platelet-derived growth factor, PGE2 = prostaglandin E2, PI3K

= phosphatidylinositide 3-kinase, PKC = protein kinase C, PLC = phospholipase C, RhoA = Ras homolog family member A, ROCK = Rho-associated protein
kinase, R&D = R&D Systems, SA = Sigma Aldrich, SE = Selleckchem, STAT3 = Signal transducer and activator of transcription 3, TF = Thermo Fisher, TrkB =

tropomyosin receptor kinase B, TO = Tocris, UK = United Kingdom, US = United States.

TABLE 4 | Antibodies and dyes used for immunocytochemical staining in NPC2-5 assays.

Primary antibody Secondary antibody

Target Antibody Dilution Source Antibody/Dye Dilution Source
Neurons rabbit 1:400 #ab190575, / / /

anti-f(IID)tubulin Abcam, UK

[EP1569Y |-Alexa

Fluor 647
Oligodendrocytes mouse anti-O4 1:400 #MABI326, goat anti-mouse 1:400 #A-21042, Thermo
IgM R&D systems, IgM-Alexa Fluor 488 Fisher, US
us

Nuclei / / / Hoechst33258 1:100 #94403-1ML, Merck,

Us

Abbreviations: UK = United Kingdom, US = United States.
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nuclei were then captured using the High Content Analysis plat-
form Cellomics ArrayScan (200-fold magnification, resolution
552 x 552 pixel) and the provided HCS Studio Cellomics software
(version 6.6.0; Thermo Fisher Scientific).

Neuronal (NPC3) and oligodendrocyte (NPC5) differentiation
is determined as the percentage of all f(III)tubulin and O4
positive cells, respectively, in percent of the amount of Hoechst
positive nuclei in the migration area. Neurite outgrowth (NPC4)
was assessed by analyzing the neurite area (NPC4a) and length
(NPC4b). Neurite length is the total length in um of all neurons
and the area is the mean area in pixel (without nuclei) of all
neurons that are identified by the skeletonization algorithm in
Omnisphero (https://omnisphero.com). The stained neurons and
oligodendrocytes are identified using two convolutional neural
networks based on the Keras architecture implemented in Python
3, which were trained by historical manually analyzed data [77].
The number of nuclei was determined using the SpotDetector
(V4.1) bio-application of the HCS Studio Cellomics software
(version 6.6.0, Thermo Fisher Scientific).

Additionally, assay performance of the NPC2-NPC5 endpoints
was verified using a set of endpoint-specific positive controls
applied on dedicated validation plates: 10 uM PP2 for radial glia
migration (NPC2a), 20 ng/mL EGF for inhibition of neuronal
differentiation (NPC3), and 100 ng/mL BMP?7 for inhibition of
oligodendrocyte differentiation (NPC5).

2.3 | Mechanistic Tool Compounds Inhibiting and
Activating the Investigated Signaling Pathways

All compounds used to inhibit or activate the investigated sig-
naling pathways in the present study are summarized in Table 3
including their source, solvent, substance purity, and stock con-
centrations. All compounds used to inhibit or activate additional
signaling pathways in our previous studies that are discussed
in this publication are available in Table S1. Pathways selected
for modulation were based on their established involvement in
KNDPs and their relevance to DNT, as outlined in the report
of the OECD/EFSA workshop on DNT [78]. Pathways primarily
related to endocrine disruption, including thyroid hormone
signaling, were excluded from this study because they were
comprehensively addressed in a parallel study [79]. Compounds
were selected for their documented ability to activate or inhibit
the respective pathways, as described in peer-reviewed literature
and summarized in Table S3. The selected concentrations were
empirically determined to avoid cytotoxicity while ensuring
robust modulation of the targeted pathway. Importantly, the aim
was not to simulate environmentally or physiologically relevant
exposure scenarios, but rather to functionally characterize the
responsiveness of the assay system in a pathway-specific context.

2.4 | Microarray Data of Human NPCs and Brain
Fetal Samples

The expression of relevant proteins in the selected signaling
pathways in proliferating and differentiating (60 h) human NPCs
was summarized based on our previously published microarray
dataset [80]. The analysis is described in the mentioned pub-

lication. These results were furthermore complemented with
gene expression observed in fetal cortical tissue (postconceptional
weeks (pcw) 16 and 21) that are publicly available in the BrainSpan
database (https://brainspan.org/) [81]. Expression was averaged
for available cerebral cortex regions and different donors (pcw
16—1 donor; pcw 21—2 donors). The BrainSpan raw data are
available in Excel Tables S1-S3.

2.5 | Data Analysis and Statistics

Results are presented as mean =+ standard error of the mean
(SEM) of 3-4 independent biological replicates represented by
hNPCs issued from 3 different individuals (hNPC donors of 16—
19 gestational weeks), except for ANA-12, celecoxib, everolimus,
CHIR, KG-501, limonin, and LY294002 in endpoints NPC2-
NPC5, where only two donors of different passages have been
used. Passages 1 to 5 were used for the NPCl experiments,
while NPC2-5 experiments were limited to passages 1 to 4
due to a lower oligodendrocyte differentiation rate in higher
passages. The majority of experiments were conducted using
male donor cells. Both male and female donor cells were used
for NPC1 experiments with BDNF, CHIR, KG-501, limonin, and
rotenone, and for NPC2-5 experiments with BDNF, colivelin,
CP-673451, DAPT, db-cAMP, LY294002, PGE2, SC79, U73122,
and rotenone. Assessing the inter-individual variability of the
donors was not practically feasible within the scope of the
current experimental design. Similar constraints apply to iPSC-
based models, where variability arises not only from donor
differences (e.g., sex, genotype) but also from different neural
inductions.

All NPC1 experiments were performed with N = 3 independent
experiments while for NPC2-5, most compounds were tested
with N = 3 independent experiments, except for CP-673451,
DAPT, MHY1485, and PGE2, where N = 4 experiments were
conducted. Each biological replicate corresponds to a median of
five technical replicates being one neurosphere each. In excep-
tional cases, the number of technical replicates was not lower
than n = 3. Concentration-response data were modeled using the
Benchmark Concentration (BMC) approach, as recommended
by the EFSA Scientific Committee and the OECD guidance for
DNT in vitro testing [1, 82]. This approach defines the BMC
as the concentration associated with a predefined Benchmark
Response (BMR), allowing biologically meaningful effect levels to
be compared across assays. BMR thresholds were selected based
on established practices in DNT NAMs to reflect varying assay
sensitivities and to ensure robust curve fitting across endpoint
types. They are based on the inter-experiment variability of the
lowest compound concentration of the entire dataset of this
study, i.e., 63 experiments for each endpoint. Thus, the following
BMRs have been selected for the individual assays: BMR15: NPC1;
BMR10: NPC2a; BMR30: NPC2b; BMR20: NPC2c, NPC4ab;
BMR35: NPC3, NPC5. After determination of the BMC, the upper
(BMCU) and lower limit (BMCL) of its 95% confidence interval
are calculated using the delta method and the t-distribution
via the “predict” function within the established R package drc
[83]. Table containing all BMCUs and BMCLs is available in
Table S2. The effect was considered “a hit” when either both
BMCL and BMCU intersected the BMR threshold or when the
concentration-response curve and one of the confidence intervals

Advanced Science, 2026

7 of 32

5801 SUOLLIWIOD SAIEBID) 3|ed! (e U AQ PeuLRA0B 8.2 SSPILE YO 88N JO'S3INI 10§ AXRIq1T 8UIIUO A3|IM UO (SUOTIPUOD-PUE-SWLIBIWIOD" A3 1M AReIq 1 [Bu1[UO//:Sc1IL) SUORIPUOD PUE SWi 1 au) 885 *[9Z02/v0/2z] U0 AXeiqiauluo Ao1iM ‘9891790 91SAIIN Ad 68B6TSZOZ SAPR/ZOOT OT/I0P/LI0Y B IMIed PUIIUO PoUeApe//SANY W1} papeoumoa ‘0 ‘vv8E86TZ


https://omnisphero.com
https://brainspan.org/

Data analysis workilow

Raw data

o]

o

o

criterium (AIC).
| |

o

marks the extent of response considered to be out of noise.
| |

o

package drc.7s
I I

N B U D WN

o]

€9

150

100

Pre-processing of the data where required by the definitions of the assay endpoints.

Determination of the BMC at which the concentration-response curve intersects the pre-defined BMR on the
10% extended concentration range. The BMRs were specifically defined for each assay endpoint based on the
inter-experiment variability of the lowest compound concentration. The BMR is an assay-specific invariant and

For instance, the background signal is subtracted
from all other data points for the viability assay.

Calculation of the median of the technical replicates for each experimental condition.

Normalization of the median of the test compound replicate values to the median of the solvent control.

Concentration-response curve fitting of the data for each compound. The best-fitting model was chosen from a
large pool of 12 mathematical concentration-response functions mainly based on the AKAIKE information

BMR is based on the entire dataset
of this study i.e. 63 experiments for
each endpoint.

After determination of the BMC, the upper (BMCU) and lower limit (BMCL) of its 95% confidence interval are
calculated using the delta method and the t-distribution via the ‘predict’ function within the established R

Statistical significance compared to the lowest concentration was calculated using adjusted p-values following
the step-down multiple-test procedure of Dunnett and Tamhane.?’*
Concentrations with adjusted p-values p < 0.05 were considered significant.

The effect was considered “a hit” when either both BMCL and BMCU intersected the BMR threshold or when
the concentration-response curve and one of the confidence intervals intersected the BMR threshold and the
change in response at the tested concentration was statistically significant.®

Mathematical concentration-response functions

« general logistic model
3-parameter log-logistic model

4-parameter log-logistic model
5-parameter log-logistic model @
Q

2-parameter exponential model

3-parameter exponential model
3-parameter Weibull model

BMR35
50

Oligodendrocyte differentiation
[% of solvent control]

Compound X [nM]

.
.
¢ 4-parameter Weibull model

« 5-parameter Brain-Cousens hormesis model
¢ 4-parameter Brain-Cousens hormesis model
* linear model

¢ 1-parameter model

FIGURE 2 | Data analysis strategy carried out in the CRStats biostatistical tool. Sources used in the figure: R package [83], procedure of Dunnet

and Tamhane [285], hit classification [19]. Abbreviations: BMC = benchmark concentration, BMR = benchmark response, BMCU/L = upper and lower

confidence interval of the BMC.

intersected the BMR threshold and the change in response at a
tested concentration was statistically significant using the step-
down multiple test procedure of Dunnett and Tamhane (p < 0.05)
[19]. The BMR calculations and biostatistical pipeline have
been discussed in our previous publications [19, 84, 85]. and is
described as well in the ToxTemps for the Neurosphere Assay pub-
lished as annexes to the OECD guidance document [1]. To ensure
the specificity of the effects on the studied endpoints, only mech-
anistic tool compounds concentrations that induced less than 10%
cytotoxicity were considered (no thresholds have been applied for
viability and cell number endpoints). Consequently, benchmark
concentration (BMC) BMC10 was determined for the non-specific
cytotoxicity endpoint, and all exposure concentrations above
this BMCI10 (cytotoxicity) were excluded from the subsequent
analysis of the NPCI-5 endpoints. The specific endpoint and
viability data were normalized to their respective solvent controls,

while the cytotoxicity data were normalized using dynamic range
normalization, with the solvent control and lysis control as
references. Additionally, rotenone data, that were tested in the
framework of another project in a blinded manner, were further
renormalized so that the upper asymptote of the selected curve
fit was at 100% [86, 87]. In the renormalization procedure, first,
the initial control normalization was carried out, a regression
analysis was performed, and the data were fitted. The best-
fitting model was then used to estimate the predicted response at
the lowest tested concentration (renormalization coefficient). To
account for potential systematic deviations at low concentrations,
the control-normalized data were then adjusted once more by
dividing all data points by the renormalization coefficient. A
second regression analysis was subsequently performed on the
renormalized data, yielding the final concentration-response
curve.
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Concentration-response analysis from the experimental data is
performed with CRStats, a biostatistical tool for concentration—
response analysis  (https://crstats.github.io/;github.com/iuf-
duesseldorf/koch-lab-CRStats). CRStats is a Shiny-based
application developed from the R package drc [83] in
collaboration with biostatisticians at the IUF and Brunel
University London. The tool provides an interactive environment
for nonlinear regression, model comparisons, and concentration—
response data management, ensuring data accessibility in line
with FAIR principles. The implementation is based on the
developed and established workflow [19, 38, 84] and includes
the steps and outputs listed in Figure 2. In short, it includes a
pre-processing of data as required, calculation of the median of
technical replicates per condition, normalization of treatment
medians to solvent controls, renormalization where appropriate
[86, 87], calculation of the mean of biological replicates, curve
fitting using best-fit model selection based on the Akaike
information criterion (AIC), and determination of the BMC
corresponding to a pre-defined BMR as well as 95% confidence
interval (BMCL, BMCU) around the BMC [88]. The graphs and
overview figures were created in GraphPad Prism 10 and Adobe
Ilustrator 2023 software. The CRStats files as well as the raw
data are available in the Biostudies repository complying with
the FAIR principles of data sharing [89].

2.6 | Physiological Map

A physiological map focused on oligodendrocyte differentiation
was constructed using a bottom-up approach, following the
Disease Maps workflow [44, 46, 47]. The literature curation
process for constructing the physiological map of oligodendrocyte
development followed a targeted, manual, non-systematic review
of primary research articles identified via PubMed. The included
publications were not quantitatively scored for relevance; rather,
inclusion decisions were based on expert evaluation by the
authors, guided by defined biological criteria aligned with DNT
relevance. To ensure the representation of human-relevant physi-
ological processes, only original research publications employing
non-animal, human sample-derived methods (human cell lines,
human fetal brain tissue) were considered eligible for inclu-
sion. Inclusion criteria required the use of healthy human cells
derived from the central nervous system (CNS), specifically the
brain. Studies involving spinal cord tissue, peripheral nervous
system, retinal or other specialized CNS cells were excluded.
Only data from non-malignant, healthy CNS cell types were
considered. To ensure developmental relevance, we included
only studies focused on developmental stages beyond neural
tube closure (which is addressed in a separate physiological
map) [50]. and excluded adult cell types, even if these retained
proliferative capacity (e.g., adult progenitors). Mechanistic rela-
tionships extracted from the curated literature were visually
depicted using the Systems Biology Graphical Notation [90].
in the CellDesigner software [91]. Every entity on the map
was systematically annotated with specific identifiers, including
HUGO Gene Nomenclature Committee symbols for genes, RNAs,
and proteins, UniProt IDs for proteins, ChEBI IDs for chemicals
and metabolites, Gene Ontology IDs for phenotypes, and Cell
Ontology IDs for cell types. To further enhance the map’s
transparency and accessibility, each entity was also linked to the
respective PubMed IDs or DOIs of the literature sources where the

relationships were mentioned. The completed physiological map
has been made accessible and interactive through the MINERVA
platform [92], providing a powerful tool for visualization and data
exploration. To reduce the impact of bias in the construction
of the physiological map, we employed several precautionary
measures. First, the curation process was conducted by domain
experts in DNT, ensuring that inclusion decisions were bio-
logically grounded and consistent with human developmental
neurobiology. Second, multiple rounds of expert review were con-
ducted during the construction and annotation of the map, with
feedback-driven revisions enabled through the interactive and
version-controlled MINERVA platform. The map is intentionally
designed as a living document, subject to continuous updates
as new data emerges. This iterative approach—combined with
open access and transparent annotation—helps mitigate static or
outdated interpretations.

2.7 | Use of AI Tools

Language editing support was provided using an Al-based writing
assistant (ChatGPT, Grammarly), which was used to improve
clarity, shorten text passages, and refine phrasing; no content or
data interpretation was generated by Al.

3 | Results

3.1 | Pathophysiological Applicability Domain of
the Neurosphere Assay

In an effort to map the signaling pathways involved in NDDs to
the neurodevelopmental key events of the Neurosphere Assay,
we exposed primary fetal hNPCs under proliferating (NPC1
assay) and differentiating (NPC2-5) conditions to increasing
concentrations of specific activators and inhibitors of selected
11 signaling pathways complemented by 7 additional pathways
from our previous studies. Concentration-response curves of
individual substances with effects on studied endpoints are
shown in Figures 3-7, whereas no-effect results are available
in Supporting Information file 1. To ensure that only pathway-
specific results were observed, cytotoxic concentrations were
excluded from the analyses. Graphs showing the accompanying
viability (mitochondrial activity) and nuclei number results are
also presented in Supporting Information file 1. In order to
visualize all so far investigated pathways guiding the individual
KNDPs of the Neurosphere Assay, we included the results of
our previous studies concerning the 7 additional pathways in the
overview Figures 3-7A and Figure S1. Figures 3-7 provide respec-
tive summaries of how each KNDP is affected by mechanistic tool
compounds, including concentration-response graphs and tables
listing the corresponding BMC values.

Concentration-response data revealed that NPC proliferation
increased following treatment with compounds targeting
Cyclooxygenase-2 (COX-2) activation (*) by PGE2 and PDGFR
inhibition (') by CP-673451 and decreased following exposure to
compounds associated with inhibition or activation of several
pathways, including COX-2' (celecoxib), db-cAMP response
element-binding protein (CREB)! (KG-501), mitochondrial
electron transport chain complex 1 (ETC complex I)' (rotenone),
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FIGURE 3 | Pathway-related mechanistic tool compounds regulate human neural progenitor cell (hNPC) proliferation. The NPC1 assay assesses
NPC proliferation. Primary hNPCs were exposed for 3 days to increasing concentrations of activators and inhibitors of the selected signaling pathways
in a proliferation medium containing growth factors EGF and FGF. Proliferation was assessed by BrdU incorporation into the DNA and shown as
a percentage compared to the solvent control. A Nine signaling pathways (COX-2, CREB, EGFR, ETC complex I, mTOR, Notch, PDGFR, PKC, and
RhoA) regulated the NPC proliferation, four pathways were not assessed (BMP, NO-cGMP, ROCK, SRC), and five (PI3K-AKT, PLC, STAT3, TrkB, and
Wnt) had no effect on the endpoint. B PGE2-COX-2 activator increased NPC proliferation following a non-monotonic U-shaped curve compared to the
solvent control. C Celecoxib—COX-2 inhibitor, D KG-501-CREB inhibitor, E Rotenone-ETC complex I, F MHY1485-mTOR activator, G Everolimus—
mTOR inhibitor, H DAPT-Notch inhibitor, and I CP-673451-PDGFR inhibitor all dose-dependently reduced NPC proliferation compared to the solvent
control except for CP-673451 which followed a non-monotonic U-shaped curve. J Benchmark concentrations (BMCs) which caused a 15% reduction or
induction in NPC proliferation according to the benchmark response (BMR15) specific for the NPC1 assay. Data are presented as mean of 3 independent
experiments (N = 3; all experiments have been conducted in n = 5; in exceptional cases n = 3-4) + SEM with dotted lines representing the lower and
upper limit confidence intervals. BMCUs (upper) and BMCLs (lower) confidence intervals for all the compounds are listed in Table S2. *Significant
(p-value < 0.05) compared to the respective solvent control calculated using the step-down multiple test procedure of Dunnett and Tamhane. No-effect
results are shown in the Supporting Information File. Sources for results obtained in our previous publications for the following pathways: EGFR [24],
PKC [38], RhoA [19]. Results from previously published studies are included only in the overview illustration (panel A) for completeness of pathway
coverage; concentration-response graphs and BMC analyses shown in the remaining panels correspond exclusively to experiments performed in the
present study. Abbreviations: act. = activation, inh. = inhibition, BMP = bone morphogenetic protein, COX-2 = Cyclooxygenase-2, CREB = cAMP
response element-binding protein, EGFR = epidermal growth factor receptor, ETC I = mitochondrial electron transport chain complex 1, mTOR =
mammalian target of rapamycin, NO-cGMP = Nitric oxide-cyclic guanosine 3’,5'-monophosphate, PDGF = Platelet-derived growth factor, PI3K =
phosphatidylinositide 3-kinase, PKC = protein kinase C, PLC = phospholipase C, RhoA = Ras homolog family member A, ROCK = Rho-associated
protein kinase, STAT3 = Signal transducer and activator of transcription 3, TrkB = tropomyosin receptor kinase B.
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FIGURE 4 | Pathway-related mechanistic tool compounds regulate radial glia (RG) migration. The NPC2a assay assesses RG migration. Primary
hNPCs were exposed for 5 days to increasing concentrations of activators and inhibitors of the selected signaling pathways in a differentiation medium
without growth factors on PDL-laminin-coated plates. RG migration was assessed by defining the area of Hoechst33258-stained nuclei of the radially
migrated cells out of the sphere core as a percentage compared to the solvent control migration area. A Eleven signaling pathways (CREB, EGFR, ETC
complex I, mTOR, NO-cGMP, PDGFR, PKC, PLC, ROCK, SRC, and Wnt) regulated the RG migration and seven (BMP, COX-2, Notch, PI3K-AKT, RhoA,
STAT3, and TrkB) had no effect on the endpoint. B db-cAMP-CREB activator, C rotenone-ETC complex I inhibitor, D MHY1485-mTOR activator, E
CP-673451-PDGFR inhibitor, F m-3M3FBS-PLC activator, and G CHIR99021-Wnt activator dose-dependently decreased RG migration compared to the
solvent control. H Benchmark concentrations (BMCs) which caused a 10% reduction in RG migration according to the benchmark response (BMR10)
specific for the NPC2a assay. Data are presented as mean of 3-4 independent experiments (N = 3 except for N = 4 in the case of CP-673451 and MHY1485;
all experiments have been conducted in n = 5; in exceptional cases n = 3-4) + SEM with dotted lines representing the lower and upper limit confidence
intervals. BMCUs (upper) and BMCLs (lower) confidence intervals for all the compounds are listed in Table S2. *Significant (p-value < 0.05) compared
to the respective solvent control calculated using the step-down multiple test procedure of Dunnett and Tamhane. No-effect results are shown in the
Supporting Information File. Sources for results obtained in our previous publications for the following pathways: EGFR [24], NO-cGMP [94], PKC
[38], ROCK [94], and SRC [24]. Results from previously published studies are included only in the overview illustration (panel A) for completeness of
pathway coverage; concentration-response graphs and BMC analyses shown in the remaining panels correspond exclusively to experiments performed
in the present study. Abbreviations: act. = activation, inh. = inhibition, BMP = bone morphogenetic protein, COX-2 = Cyclooxygenase-2, CREB =
cAMP response element-binding protein, EGFR = epidermal growth factor receptor, ETC I = mitochondrial electron transport chain complex 1, mTOR
= mammalian target of rapamycin, NO-cGMP = Nitric oxide-cyclic guanosine 3’,5’-monophosphate, PDGF = Platelet-derived growth factor, PI3K =
phosphatidylinositide 3-kinase, PKC = protein kinase C, PLC = phospholipase C, RhoA = Ras homolog family member A, ROCK = Rho-associated
protein kinase, STAT3 = Signal transducer and activator of transcription 3, TrkB = tropomyosin receptor kinase B.
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FIGURE 5 | Pathway-related mechanistic tool compounds regulate neuronal differentiation. The NPC3 assay assesses neuronal differentiation.
Primary hNPCs were exposed for 5 days to increasing concentrations of activators and inhibitors of the selected signaling pathways in a differentiation
medium without growth factors on PDL-laminin-coated plates. Neuronal differentiation was assessed as the percentage of S(III)tubulin-positive neurons
compared to the total nuclei count within the migration area. A Seven signaling pathways (COX-2, CREB, EGFR, ETC complex I, Notch, RhoA, and Wnt)
regulated the neuronal differentiation, one pathway was not assessed (ROCK), and nine (BMP, mTOR, NO-cGMP, PDGFR, PI3K-AKT, PKC, PLC, SRC,
STAT3, and TrkB) had no effect on the endpoint. B PGE2-COX-2 activator and C rotenone-ETC complex I inhibitor reduced neuronal differentiation
compared to the solvent control whereas D db-cAMP-CREB activator increased neuronal differentiation following a hormesis curve compared to the
solvent control, and E DAPT-Notch inhibitor and F CHIR99021-Wnt activator dose-dependently increased neuronal differentiation compared to the
solvent control. G Benchmark concentrations (BMCs) which caused a 35% reduction or induction in neuronal differentiation according to the benchmark
response (BMR35) specific for the NPC3 assay. Data are presented as mean of 3-4 independent experiments (N = 3 except for N = 4 in the case of PGE2
and DAPT; all experiments have been conducted in n = 5; in exceptional cases n = 3-4) + SEM with dotted lines representing the lower and upper limit
confidence intervals. BMCUs (upper) and BMCLs (lower) confidence intervals for all the compounds are listed in Table S2. *Significant (p-value < 0.05)
compared to the respective solvent control calculated using the step-down multiple test procedure of Dunnett and Tamhane. No-effect results are shown
in the Supporting Information File. Sources for results obtained in our previous publications for the following pathways: EGFR [37], RhoA [19]. Results
from previously published studies are included only in the overview illustration (panel A) for completeness of pathway coverage; concentration-response
graphs and BMC analyses shown in the remaining panels correspond exclusively to experiments performed in the present study. Abbreviations: act. =
activation, inh. = inhibition, BMP = bone morphogenetic protein, COX-2 = Cyclooxygenase-2, CREB = cAMP response element-binding protein, EGFR
= epidermal growth factor receptor, ETC I = mitochondrial electron transport chain complex 1, mMTOR = mammalian target of rapamycin, NO-cGMP
= Nitric oxide-cyclic guanosine 3’,5-monophosphate, PDGF = Platelet-derived growth factor, PI3K = phosphatidylinositide 3-kinase, PKC = protein
kinase C, PLC = phospholipase C, RhoA = Ras homolog family member A, ROCK = Rho-associated protein kinase, STAT3 = Signal transducer and
activator of transcription 3, TrkB = tropomyosin receptor kinase B.

mammalian target of rapamycin (mTOR)?, (MHY1485), mTOR!
(everolimus), Notch' (DAPT), and Platelet-derived growth
factor (PDGFR)! (CP-673451; Figure 3B-I). Thereby, PGE2 and
CP-673451 exposure resulted in a non-monotonic U-shaped
concentration-response curve (Figure 3B-I). For prostaglandins,
U-shaped responses have been reported previously [93].
(Figure 3B) while, to the best of our knowledge, this is a novel
finding for the PDGFR pathway. All other treatments follow

monotonic concentration-response relationships. From these
curves, BMC;; values were calculated, i.e., 0.138 uM (PGE2),
0.299 uM (Celecoxib), 5.036 uM (KG-501), 0.031 uM (rotenone),
4.317 uM (MHY1485), 0.005 uM (everolimus), 0.551 upM (DAPT),
and 2.568 uM (CP-673451). Uncertainties of the curves were
described by confidence bands accompanying the curves. Data
on the additional pathways indicated in Figure 3A, i.e., epidermal
growth factor receptor (EGFR)* [24], protein kinase C (PKC)!
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FIGURE 6 | Pathway-related mechanistic tool compounds regulate neurite outgrowth. The NPC4 assay assesses neurite outgrowth. Primary hNPCs
were exposed for 5 days to increasing concentrations of activators and inhibitors of the selected signaling pathways in a differentiation medium without
growth factors on PDL-laminin-coated plates. Neurite outgrowth was assessed as neurite length (um) and neurite area (pixel) of all S(III)tubulin-positive
neurons. A Six signaling pathways (ETC complex I, Notch, PI3K-AKT, PKC, RhoA, and Wnt) regulated the neurite outgrowth, five pathways were not
assessed (BMP, EGFR, NO-cGMP, ROCK, and SRC), and seven (COX-2, CREB, mTOR, PDGFR, PLC, STAT3, and TrkB) had no effect on the endpoint.
B,C rotenone-ETC complex I inhibitor and D,E LY294002-PI3K-AKT inhibitor dose-dependently reduced both neurite area (B,D) and length (C,E)
compared to the solvent control. F Reelin-Notch activator dose-dependently decreased neurite area compared to the solvent control. G CHIR99021-
‘Wnt activator dose-dependently reduced neurite length. H Benchmark concentrations (BMCs) which caused a 20% reduction in neurite outgrowth
according to the benchmark response (BMR20) specific for the NPC4 assay. Data are presented as mean of 3 independent experiments (N = 3; all
experiments have been conducted in n = 5; in exceptional cases n = 3-4) + SEM with dotted lines representing the lower and upper limit confidence
intervals. BMCUs (upper) and BMCLs (lower) confidence intervals for all the compounds are listed in Table S2. *significant (p-value < 0.05) compared
to the respective solvent control calculated using the step-down multiple test procedure of Dunnett and Tamhane. No-effect results are shown in the
Supporting Information File. Sources for results obtained in our previous publications for the following pathways: PKC [38], and RhoA [19]. Results from
previously published studies are included only in the overview illustration (panel A) for completeness of pathway coverage; concentration-response
graphs and BMC analyses shown in the remaining panels correspond exclusively to experiments performed in the present study. Abbreviations: act. =
activation, inh. = inhibition, BMP = bone morphogenetic protein, COX-2 = Cyclooxygenase-2, CREB = cAMP response element-binding protein, EGFR
= epidermal growth factor receptor, ETC I = mitochondrial electron transport chain complex 1, mTOR = mammalian target of rapamycin, NO-cGMP
= Nitric oxide-cyclic guanosine 3’,5-monophosphate, PDGF = Platelet-derived growth factor, PI3K = phosphatidylinositide 3-kinase, PKC = protein
kinase C, PLC = phospholipase C, RhoA = Ras homolog family member A, ROCK = Rho-associated protein kinase, STAT3 = Signal transducer and
activator of transcription 3, TrkB = tropomyosin receptor kinase B.

[38], and Ras homolog family member A (RhoA)! [19] were taken
from previous publications.

RG migration was found to be a highly regulated process
consistent with the following pathway modulations: CREB? (db-

CAMP), ETC complex I (rotenone), mnTOR? (MHY1485), PDGFR!
(CP-673451), phospholipase C (PLC)* (m-3M3FBS), and Wnt*
(CHIR99021) with BMC,, values 52.997 uM, 0.123 uM, 18.097 uM,
0.296 uM, 5.430 uM, and 0.108 uM, respectively (Figure 4B-
G), in addition to our previous studies on the pathways EGFR
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FIGURE 7 | Pathway-related mechanistic tool compounds regulate oligodendrocyte differentiation (OL). The NPC5 assay assesses OL differen-
tiation. Primary hNPCs were exposed for 5 days to increasing concentrations of activators and inhibitors of the selected signaling pathways in a
differentiation medium without growth factors on PDL-laminin-coated plates. OL differentiation was assessed as the percentage of O4-positive OLs
compared to the total nuclei count within the migration area. A Thirteen signaling pathways (BMP, COX-2, CREB, EGFR, ETC complex I, mTOR,
Notch, PDGFR, PI3K-AKT, PKC, PLC, RhoA, and Wnt) regulated the OL differentiation, three pathways were not assessed (NO-cGMP, ROCK, SRC),
and two (STAT3, TrkB) did not affect the endpoint. B Celecoxib—~COX-2 inhibitor, C db-cAMP-CREB activator, D rotenone-ETC complex I inhibitor,
E MHY1485-mTOR activator, F DAPT-Notch inhibitor, G CP-673451-PDGFR inhibitor, H LY294002-PI3K-AKT inhibitor, I m-3M3FBS-PLC activator,
J CHIR99021-Wnt activator, and K IWP2-Wnt inhibitor all dose-dependently reduced oligodendrocyte differentiation compared to the solvent control.
L Benchmark concentrations (BMCs) which caused a 35% reduction in OL differentiation according to the benchmark response (BMR35) specific for
the NPC5 assay. No BMC is shown for IWP2 (K) due to the lowest concentration being below the BMR thus not allowing for BMC calculation. Data are
presented as mean of 3-4 independent experiments (N = 3 except for N = 4 in the case of MHY1485, DAPT, and CP-673451; all experiments have been
conducted in n = 5; in exceptional cases n = 3-4) + SEM with dotted lines representing the lower and upper limit confidence intervals. BMCUs (upper)
and BMCLs (lower) confidence intervals for all the compounds are listed in Table S2. *Significant (p-value < 0.05) compared to the respective solvent
control calculated using the step-down multiple test procedure of Dunnett and Tamhane. AN = 2 (H). No-effect results are shown in the Supporting
Information File. Sources for results obtained in our previous publication for the following pathways: BMP [37], EGFR [37], PKC [38], RhoA [19]. Results
from previously published studies are included only in the overview illustration (panel A) for completeness of pathway coverage; concentration-response
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[24], Nitric oxide-cyclic guanosine 3’,5’-monophosphate (NO-
cGMP) [94], PKC [38], Rho-associated protein kinase (ROCK)
[94], and SRC [24, 95] (Figure 4A). In contrast, neuronal (NPC2b)
and oligodendrocyte migration (NPC2c) were the least regulated
KNDPs of the Neurosphere Assay with the first not affected by
any of the tested molecules (Supporting Information File) and the
latter solely inhibited by narciclasine associated with RhoAl [19]
(Figure S1).

Neuronal differentiation (BMR 35%) reduction was indicative of
the following pathways’ involvement: COX-2* (PGE2; 19.092 pM)
and ETC complex I' (rotenone; 0.037 pM) and induction was
associated with modulation of CREB* (db-cAMP; 44.628 uM),
Notch! (DAPT; 0.034 uM), and Wnt* (CHIR99021; 0.068 uM). Pre-
vious studies also identified compounds modulating EGFR [37]
and RhoA [19] to increase and decrease neuronal differentiation,
respectively (Figure 5).

Differentiated neurons in the neurosphere migration area form
neurites whose lengths and areas were assessed. This neurite
outgrowth was reduced (BMR20) by compounds modulating
the ETC complex I' (rotenone; neurite length and neurite area
0.046 uM and 0.068 uM, respectively), Notch® (reelin; neu-
rite area 0.021 uM), phosphatidylinositide 3-kinase (PI3K)-AKT!
(LY294002; neurite length 4.020 uM, neurite area 5.465 uM), and
Wnt* (CHIR99021; neurite length 0.347 uM; Figure 6B-G) adding
to the historical neurite outgrowth inhibition of PKC [38], and
RhoA [19] (Figure 6A). No pathway modulation was associated
with increased neurite outgrowth.

Finally, the most regulated KNDP within the Neurosphere Assay
was oligodendrocyte differentiation, whose inhibition (BMR35)
was associated with COX-2! (celecoxib; 2.883 uM), CREB? (db-
cAMP; 506.060 uM), ETC complex I' (rotenone; 0.078 uM),
mTOR? (MHY1485; 1.612 uM), Notch! (DAPT; 0.057 uM), PDGFR!
(CP-673451; 0.209 uM), and PI3K-AKT' (LY294002; 2.958 uM;
Figure 7B-K), PLC?* (m-3M3FBS; 0.730 uM), Wnt* (CHIR99021;
0.143 pM), and Wnt' (IWP2; BMC unavailable due to shifted dose-
response curve, which most likely resulted from data limitations
at lower concentrations). In addition, inhibition of oligodendro-
cyte differentiation by compounds targeting bone morphogenetic
protein (BMP) [37], EGFR [37], PKC [38], and RhoA [19] were
reported in our previous studies (Figure 7A).

RhoA and ETC complex I pathway mechanistic tool compounds
affected the most endpoints, while signal transducer and activator
of transcription 3 (STAT3) and tropomyosin receptor kinase B
(TrkB) were outside of the applicability domain of the Neuro-
sphere Assay as they did not lead to any endpoint modulation. It
is to note that due to the historic study designs, not all previously
generated data covered all neurosphere endpoints. Finally, the
expression of genes coding for important proteins involved in the

assessed signaling pathways is shown in Figure 8. It demonstrates
expression analyzed in proliferating and differentiating hNPCs
published in our previous study [80] and is complemented with
expression measured in fetal (16 and 21 pcw) brain samples
publicly available in the BrainSpan database for in vitro-in vivo
comparison. The heatmap displays highly expressed genes in
pink and low-expressed genes in blue. The proliferating and
differentiating in vitro cultures show very comparable patterns,
with genes staying either lowly or highly expressed regardless
of the culturing condition. The same applies to the expression
in fetal brain samples, although a few genes (MTOR, NOTCHI-
3, PDGFB,C,D, PIK3CB, PLCB4, PLCD1, NTRK2, and BDNF) are
slightly more expressed at 21 pcw than at 16 pcw. As expected,
the in vitro cultures and fetal brain samples show comparable
patterns, highlighting the similarity of the in vitro model with
human physiology at a respective developmental stage that the
in vitro model represents. The exception is PTGERI, MTOR,
NOTCHI,3, PDGFRA, PDGFD, AKTI-2, AKT1S1, PIK3CB, PLCB2-
3, PLCGI, and STAT3, which are expressed in the in vitro cultures
but not in the fetal brain samples. Most importantly, all genes
highly expressed in the fetal brain samples are also expressed in
the in vitro cultures, confirming that the in vitro human NPC
model preserves the receptor expression profile of human fetal
cortex tissue. Finally, the low expression of the BDNF gene both
in the in vitro cultures and fetal brain samples demonstrates
low maturity of the modeled fetal developmental stage and is
probably the reason why the TrkB pathway is outside of the
biological applicability domain of the Neurosphere Assay, as will
be discussed further in the Discussion section.

3.2 | Physiological Map of Oligodendrocyte
Differentiation

The oligodendrocyte differentiation physiological map (Figure 9)
displays the intricate process of oligodendrocyte development,
encompassing crucial stages from NPC specification via oligo-
dendrocyte progenitor cells (OPCs) to the full maturation into
myelinating oligodendrocytes. A selection of human-oriented
experimental papers (Excel Table S4) served as the foundation for
constructing this 100% human-data-based map, ensuring its rele-
vance to human physiology. The central-bottom part of the map
(indicated by the purple differentiation node) specifically focuses
on the processes influencing oligodendrocyte differentiation from
OPCs to pre-myelinating oligodendrocytes, KNDP modeled by
the NPC5 assay, which play a vital role in the development of
the central nervous system and can be perturbed by exogenous
chemicals with a subsequent possible role in the onset and
progression of NDDs.

To enhance the map’s relevance, all statistically significant in
vitro outcomes for NPC5 summarized in Figure 10A,B were

graphs and BMC analyses shown in the remaining panels correspond exclusively to experiments performed in the present study. Abbreviations: act. =
activation, inh. = inhibition, BMP = bone morphogenetic protein, COX-2 = Cyclooxygenase-2, CREB = cAMP response element-binding protein, EGFR
= epidermal growth factor receptor, ETC I = mitochondrial electron transport chain complex 1, mMTOR = mammalian target of rapamycin, NO-cGMP

= Nitric oxide-cyclic guanosine 3’,5-monophosphate, PDGF = Platelet-derived growth factor, PI3K = phosphatidylinositide 3-kinase, PKC = protein

kinase C, PLC = phospholipase C, RhoA = Ras homolog family member A, ROCK = Rho-associated protein kinase, STAT3 = Signal transducer and

activator of transcription 3, TrkB = tropomyosin receptor kinase B.
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FIGURE 8 | Expression of mRNA coding for proteins involved in
the signaling cascades investigated in this manuscript. Transcriptomic
profiling using microarray analyses of proliferating and differentiating
(60 h) hNPCs was performed in our previously published work [80]
and was complemented with microarray results of fetal brain samples
(16 and 21 postconceptional weeks) available at the Brainspan database
brainspan.org [81]. Genes are defined as likely to be expressed (present)

systematically integrated into the visualization, represented by
nodes and connections highlighted in orange. This integra-
tion allowed for comparison and alignment of our experimen-
tal findings with the existing knowledge about oligodendro-
cyte differentiation. An interactive version of the map can
be found at https://ontox.elixir-luxembourg.org/minerva/index.
xhtml?id=ONTOX_Oligodendrocyte_development and a com-
prehensive table of annotations is available in Excel Table S4.

4 | Discussion

Our study explored the pathophysiological applicability domains
of DNT IVB assays by mapping human NDD pathways to cellular
KNDPs modeled in the human Neurosphere Assay, an integral
part of the DNT IVB [1, 3]. KNDPs represent key links between
genotypes and NDDs [96], and are due to this pathophysiological
relevance perfectly suited for assessing compound effects in vitro.
Presence and function of relevant neurodevelopmental disease
pathways in DNT NAMs significantly expand knowledge, support
interpretation of results in regulatory contexts, and increase
confidence in DNT IVB assays for human health protection and
hence contribute to ongoing efforts toward regulatory imple-
mentation of NAMs such as screening, prioritization, or hazard
identification, as outlined in the OECD guidance document on
the DNT IVB [1]; however, specific regulatory applications and
criteria must ultimately be defined by regulatory authorities.
Importantly, the aim of this study was not to model specific NDDs
directly, but rather to determine whether signaling pathways
implicated in these disorders can be functionally interrogated
through KNDPs represented in the Neurosphere Assay. In this
context, the pathway-disease associations serve to anchor the
observed pathway-KNDP relationships in human-relevant biol-
ogy and to define the biological applicability domain of the test
system.

Each assay studied evaluates a distinct KNDP, i.e., neural
progenitor cell proliferation (NPC1), RG, neuronal, and oligo-
dendrocyte migration (NPC2abc), neurite outgrowth (NPC4ab),
as well as neuronal and oligodendrocyte differentiation (NPC3,
NPCS5, respectively). An overview of the involvements of all
18 studied signaling pathways in KNDPs modeled within the
Neurosphere Assay is shown in Figures 1 and 10, whereas the
human disease associations of these pathways can be drawn from
Table 1. These summaries integrate the majority of data from
this study, yet are supplemented by our previously published
pathway analyses in the Neurosphere Assay for data compre-
hensiveness [19, 24, 37, 38, 94, 95]. Here in the main discussion,

or likely to be not expressed (absent) based on criteria adapted from
Kang et al. [203]. Thereby if median log2 intensity value in samples is >6
= present (red scale), <6 = absent (blue scale). Abbreviations: hNPCs
= human neuroprogenitor cells; pcw = postconceptional week, COX-2
= Cyclooxygenase-2, CREB = cAMP response element-binding protein,
ETC I = mitochondrial electron transport chain complex 1, mTOR =
mammalian target of rapamycin, PDGF = Platelet-derived growth factor,
PI3K = phosphatidylinositide 3-kinase, PLC = phospholipase C, STAT3
= Signal transducer and activator of transcription 3, TrkB = tropomyosin
receptor kinase B.
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https://ontox.elixir-luxembourg.org/minerva/index.xhtml?id=ONTOX_Oligodendrocyte_development

FIGURE 9 | Physiological map of the oligodendrocyte development integrating curated literature knowledge represented using the Systems
Biology Graphical Notation. The map is annotated with literature sources (PubMed IDs) and ontological identifiers for each entity. Outcomes
from our in vitro test battery are highlighted in orange nodes. Pink diamond shapes represent RNAs, light purple rectangles represent genes,
rounded corner rectangles in salmon color represent proteins, light green circles represent simple molecules, dark purple six-vertex diamond
shapes represent biological processes, and light purple six-vertex diamond shapes represent cell types and their developmental stages. Black
edges represent positive influences and red edges represent negative influences. As the figure in the paper is a static representation, we
strongly encourage readers to explore the fully interactive version on the MINERVA platform for proper navigation and detailed insights:

https://ontox.elixir-luxembourg.org/minerva/index.html?id=ONTOX_Oligodendrocyte_development.

we focus on a novel pathway-endpoint associations generated
in the present study. We will alphabetically discuss the human
physiological and pathophysiological relevance of each of these
novel pathways, highlighting similarities and differences with
corresponding rodent processes. Additional commentaries on the
seven pathways that were previously published and discussed
are provided in the Supporting Information File 1. To support
interpretation of pathway relevance, Figure 8 provides gene
expression profiles of key pathway components in our cell model
and fetal brain tissue, enabling assessment of target presence
and model comparability. Lastly, we combine expert literature
curation in a systems biology approach with our in vitro bat-
tery results using physiological maps to mechanistically explore
pathways involved in oligodendrocyte development (NPC5) and
their influence on toxicological endpoints (Figure 9). Given the
increasing recognition of oligodendrocytes as critical targets of
chemical exposure [24, 74, 80, 97-99] a deeper understanding of
the converging mechanisms of oligodendrocyte toxicity is essen-
tial. The physiological map presented here should be interpreted
as an expert-curated, hypothesis-generating framework intended
to contextualize the observed pathway-KNDP associations and
illustrate the biological applicability domain of the assay, rather
than as a comprehensive or systematically validated model of
oligodendrocyte development.

Cyclooxygenase-2 is an enzyme that catalyzes the first step
in prostaglandin synthesis from arachidonic acid. It regu-

lates neurotransmission, synaptic plasticity, dendritogenesis, and
endocannabinoid signaling, subsequently shaping learning and
memory functions [100, 101]. The most sensitive endpoint reg-
ulated by compounds targeting COX-2 across KNDPs studied
is NPC proliferation (NPC1; Figure 10). Our results obtained
with PGE2 (a surrogate endogenous metabolite mimicking COX-2
activation) and celecoxib (COX-2 inhibitor) corroborate previous
findings on COX-2-mediated progenitor proliferation observed
in vitro in mouse neuroectodermal stem cells [102], in vivo in
zebrafish [103], and in vivo in COX-2 knock-out mice [104].
It has been also reported that celecoxib, a COX-2 inhibitor,
might suppress cell proliferation via COX-2-independent mech-
anisms, such as cell cycle arrest, as reported in cancer cell
lines [105, 106]. Additionally, COX-2 is also a key modulator
in neuroinflammation, contributing to neurological disorders
like neonatal white matter injury and cerebral palsy, particu-
larly in preterm infants after inflammation or hypoxic-ischemic
injury [107]. Oligodendrocytes are especially vulnerable to these
injuries, which disrupt their differentiation and myelination
[108]. This is mediated via COX-2-PGE2 signaling that is activated
by reactive astrocytes as seen in human post-mortem samples
[109]. Given COX-2’s role in oligodendrocyte damage, it was
unexpected that we did not observe decreased differentiation
following PGE2 exposure (Figures 9A and 10A). The effects
of COX-2 are mediated by four PGE2 receptor subtypes (EP1-
EP4, encoded by PTGERI-4), which have been associated with
both neurotoxic [110, 111] and neuroprotective roles depending
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6 Moors et al. 2007
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A BMC not available

FIGURE 10 | Overview of the signaling pathways regulating KNDPs (NPC1-5) in the Neurosphere Assay. Neurosphere Assay endpoints enhanced
or impaired by the pathway-related mechanistic tool compounds are shown in pink and blue, respectively, whereas those unaffected are shown in white.
Processes that were not assessed are shaded in grey. /\ benchmark concentration not available (reasons include, e.g., a different benchmark response

used in the previous study, only one concentration tested, shorter exposure time, etc.). Section A contains pathways investigated in the present study
whereas B contains pathways investigated in our previous work. Values are indicated as benchmark concentrations in uM. Abbreviations: A = activator,
I = inhibitor, BDNF = brain-derived neurotrophic factor, BMC = benchmark concentration, BMP = bone morphogenetic protein, db-cAMP = cyclic
adenosine monophosphate, COX-2 = Cyclooxygenase-2, CREB = cAMP response element-binding protein, EGFR = epidermal growth factor receptor,
ETC I = mitochondrial electron transport chain complex 1, mTOR = mammalian target of rapamycin, NO-cGMP = Nitric oxide-cyclic guanosine
3’,5’-monophosphate, NPC1-NPC proliferation, NPC2a-RG migration, NPC2b-neuronal migration, NPC2c-oligodendrocyte migration, NPC3-neuronal
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on receptor subtype, cell type, and developmental context [112].
All four receptors had low expression in our model at levels
comparable to fetal brain human tissue at similar developmental
stages (Figure 8). EP1, although higher expressed, appears to be
less relevant for OPCs; its abundance in OPCs was low in the
study from Carlson et al., and it does not seem to contribute
to oligodendrocyte excitotoxicity, despite playing a significant
role in neuronal excitotoxicity [110]. EP2 is commonly associated
with neuroprotective effects against excitotoxicity, while EP3
has been linked to neurotoxicity, potentially through decreased
intracellular cAMP or increased calcium signaling [110] as well as
EP4 [113]. These findings suggest that receptor-specific signaling
play a context-dependent role in modulating oligodendrocyte
outcomes. The absence of an adverse effect of PGE2 in our
system might be also explained by the maturity stage of the
oligodendrocytes. The team around Shiow et al. observed that
PGE2 decreased rat and mouse OPC maturation but not OPC
proliferation and survival in vitro [109]. The OPC maturation
KNPD that directly follows the differentiation of NPCs into
OPCs is dependent on triiodothyronine (T3) hormone maturation
treatment. The T3-mediated OPC maturation is however not
assessed in the NPCS5 assay but in the NPC6 assay [24, 80] that is
not part of this manuscript and its biological applicability domain
warrants further investigation. Finally, the negligible expression
of PGE2 receptors and the observed neuronal differentiation-
reducing effects in higher concentrations (19 uM) might indicate
receptor-independent effects for PGE2 comparable to what we
observed in our previous study on nuclear hormone receptors
[79].

CREB belongs to a large group of transcription factors able to
dimerize, interact with DNA and regulate gene expression. It
is located in the nucleus and can be activated by db-cAMP,
CaMK, and other kinases. As a nuclear transcription factor,
CREB initiates transcription of target genes like BDNF [114],
FOS [115], and TH [116] further regulating dopamine signaling,
neurogenesis, metabolism, proliferation and survival [117]. CREB
is crucial during prenatal development and is highly expressed
in both hNPCs and fetal brain samples (Figure 8) aligning
with the lethal prenatal knock-out phenotype of this gene [118].
We observed reduced RG migration (NPC2a), concordant with
CREB’s known regulation of cytoskeletal dynamics [119, 120], as
well as oligodendrocyte differentiation (NPC5), and enhanced
neuronal differentiation (NPC3) after treatment with compounds
leading to CREB activation. Similar neuronal differentiation
and also maturation-enhancing findings were observed in rat
primary NPCs [121]. On the other hand, our findings on decreased
oligodendrocyte differentiation contrast with previous studies
(reviewed in [122]), where db-cAMP (around 1 mM) generally
promotes differentiation in primary rat in vitro cultures [123, 124]
and is commonly used in human oligodendrocyte-maturation
media [125]. We observed a significant reduction at 10 mM in
oligodendrocyte differentiation, cell number, and mitochondrial

activity (Supporting Information File 1). While db-cAMP acti-
vates CREB (as used here), it also signals PKA [126], potentially
mediating mitochondrial activity [127]. The dose-response curve
(Figure 7C) did not start at the solvent control level (100%),
suggesting that effects may already occur at lower, untested
concentrations. This raises the possibility of a non-monotonic
dose-response relationship. Human OPCs in our neurospheres
may therefore be more sensitive to db-cAMP exposure, poten-
tially responding with increased differentiation at lower nM
concentrations, unlike the mM range reported in rat studies
[123, 124] or the uM range used in human iPSC-derived models
[128, 129]. The concentrations tested in our study were selected
based on the previously published studies where functional
effects of db-cAMP had been observed, to ensure comparability
across models. Additionally, CREB inhibition using KG-501 was
associated with decreased NPC proliferation (NPC1), supporting
the hypothesis of Golgi stress-induced CREB and apoptosis-
mediated microcephaly [130]. Our data might thus contribute to
understanding CREB-related diseases by identifying modulated
human KNDPs. Pathogenic variants in the CREB-binding pro-
tein were also identified to cause Rubinstein-Taybi syndrome
with ID [131, 132]. Additionally, CREB signaling is crucial in
the pathogenesis of schizophrenia, particularly in dopaminergic
and dendritic development, interacting with neurotrophins such
as BDNF, consistent with the neurodevelopmental hypothesis
of this disease [114, 133]. BDNF was also used in our study
as a mechanistic tool compound to activate TrkB signaling.
In neural progenitor cells, BDNF and CREB are functionally
and mechanistically connected: BDNF binds to TrkB, activating
intracellular cascades including PLCy releasing intracellular
calcium and activating calcium/calmodulin-dependent kinase
IV (CaMKIV)-regulated pathway and also Ras-dependent path-
way via extracellular-regulated kinase (ERK) and ribosomal s6
kinase (RSK) signaling, all of which can converge on CREB
phosphorylation [134]. Surprisingly, no significant phenotypic
effects were observed following BDNF exposure in any KNDP,
as discussed further in the TrkB section. The TrkB pathway is
thus outside the applicability domain of the Neurosphere Assay
whereas CREB belongs to it. This underscores the advantage of
using compounds like db-cAMP or KG-501 that directly target
key intracellular signaling nodes such as CREB, in contrast with
BDNF which may activate CREB only via many intermediate
nodes. A good selection of direct mechanistic tool compounds
thus allows clearer interpretation of pathway-specific effects
within the current assay context.

Inhibition of mitochondrial electron transport chain com-
plex 1 by the pesticide rotenone reduced all assessed KNDPs
except for neuronal and oligodendrocyte migration (NPC2bc).
Rotenone is a potent DNT chemical in human-based in vitro
models [135-139], serving as a prototypical stressor in adverse
outcome pathways linked to complex I inhibition, mitochondrial
dysfunction, and dopaminergic neuron degeneration related to

differentiation, NPC4a—-neurite area; NPC4b-neurite length, NPC5-oligodendrocyte differentiation, PDGF = Platelet-derived growth factor, PGE2 =
prostaglandin E2, PI3K=phosphatidylinositide 3-kinase, PKC = protein kinase C, PLC = phospholipase C, RhoA = Ras homolog family member A,
ROCK = Rho-associated protein kinase, STAT3 = Signal transducer and activator of transcription 3, TrkB = tropomyosin receptor kinase B. Sources:
Masjosthusmann et al. 2018 [37], Koch et al. 2022 [24], Tegenge et al. 2011 [94], Masjosthusmann et al. 2020 [38], Blum et al. 2023 [19], Moors et al. 2007

[95].
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Parkinson’s disease [140]. Expected decreases in cell number and
viability in the nanomolar range (Supporting Information File
1) were observed within the concentration range affecting other
endpoints (BMC 0.031-0.123 uM). Interestingly, it was suggested
that rotenone-mediated DNT effects might be also mediated via
PPAR signaling [135]. Similarly to our NPC1,3,5 results, mouse
neurospheres from NDUFS2-deficient mice exhibited impair-
ment of NPC proliferation and neuronal and oligodendrocyte
differentiation [141]. This core unit of complex I (NDUFS2) is
expressed in our proliferating and differentiating cultures and
fetal brain samples (Figure 8). Malfunctional ETC I contributes
to neurological diseases through impaired energy production
and reactive oxygen species accumulation [142]. Leigh Syn-
drome, a severe pediatric disorder with intellectual disability
(ID), exemplifies this, as patient-derived NPCs carrying muta-
tions in NDUFS4 showed failed neuronal morphogenesis [143]
and patient-derived neurons with mitochondrial DNA mutation
manifested mitochondrial dysfunction with an impaired calcium
homeostasis important for proper neural network function [144].
Additionally, neurite outgrowth has been negatively affected in
Leigh Syndrome patient-derived iPSC models [143], corroborating
our findings on the NPC4ab assays (Figure 6B,C).

The evolutionarily conserved Ser/Thr protein kinase mTOR
pathway is represented by two protein complexes, mTORCI and
mTORC2 with mTORCI1 being the rapamycin-sensitive member
[145]. The activity of mTOR is interwoven in cellular growth
factors, stressors and nutrient signaling to control cell growth,
metabolism and autophagy [146]. It is known to regulate the
proliferation of hNPCs and par extension brain size [146]. Muta-
tions in mTOR-related genes (e.g., RHEB, a canonical activator
of mTOR in the mTORCI complex) were found in patients
with ID associated with megalencephaly (brain overgrowth)
[147]. Our data indicates that inhibition of the mTOR pathway
by everolimus, a rapamycin analogue [148], decreases hNPC
proliferation in the low nanomolar range in line with previous
knowledge on the rapamycin-induced reduced proliferation of
human iPSC-derived NSCs [149]. However, activation of mTOR
using MHY1485 did not cause increased proliferation as expected
in light of the mTORopathies like tuberous sclerosis complex,
hemimegalencephaly, and focal cortical dysplasia, which are
caused by mTORC1 signaling hyperactivation [150]. One reason
might be that proliferating neurospheres are cultivated in pres-
ence of 20 ng/mL epidermal growth factor (EGF). mTORCI activ-
ity is linked to the EGF-receptor (EGFR) via mitogen-activated
protein kinases (reviewed in [146]) and hence the pathway might
already be maximally activated by the 20 ng/mL of EGF in the
medium in a way that proliferation cannot be triggered any
further. This observation highlights a boundary of the biological
applicability domain of the NPC1 assay, underscoring that certain
signaling pathways may not be functionally responsive in this
model. From a regulatory perspective, such defined limitations
can help delineate the scope of reliable interpretation, guide
chemical selection, and inform complementary assay use within
IATA approaches. It would be valuable to explore whether similar
limitations apply to other human NPC-based assays within the
DNT IVB, such as the hNPI proliferation assay developed by the
US EPA [17].

The Notch signaling pathway is crucial for regulating the
neuron-glia switch during brain development [151, 152]. First,

Notch represses neuronal fate while promoting glial fate; second,
it promotes the differentiation of astrocytes while inhibiting
the differentiation of both neurons and oligodendrocytes [153].
When inhibiting Notch using DAPT, our cell model exhibited
increased neuronal differentiation and decreased oligodendro-
cyte differentiation corresponding to the developmental stage of
the first step of the switch. The same DAPT effects on neuronal
and OPC differentiation have been observed in human NSCs
[154], embryoid bodies [155], and rodents in vivo [156] and in
zebrafish larvae [157] and mouse embryos [151], respectively.
Surprisingly, neither NPC2b (neuronal migration) nor NPC2a
(RG migration) assay was associated with Notch modulation,
despite its involvement in disorders involving impaired neuronal
migration such as lissencephaly (“smooth brain”), heterotopia,
hemimegalencephaly [158], Adams-Oliver syndrome [159], cere-
bellar hypoplasia [160], and focal cortical dysplasia [161]. These
disorders often manifest with ID, developmental delays, seizures,
learning difficulties, and poor motor function. Contrary to our
results, Keilani and Sugaya [162] observed Notch regulation of
the RG extension process in human fetal NPCs. Reelin sig-
naling requires binding to cellular very-low-density-lipoprotein
(VLDLR) or apolipoprotein E (LRP8) receptors, initiating a
cascade leading to the Notch intracellular domain, aiding in
transcriptional function. Both receptors are expressed in our
cultures (Figure 8), indicating our model’s capability of the
Reelin-Notch crosstalk. However, Reelin might influence neural
migration at later developmental stages than our fetal cell model,
such as during multipolar neuronal migration and detachment
of neurons from RG to undergo terminal somal translocation
[163]. Of note, the neuronal migration process assessed in the
NPC2b assay was the only endpoint not regulated by any tested
signaling pathways. Other pathways not investigated in this
project, such as cyclin-dependent kinase 5 (Cdk5) signaling
[164], might, however, regulate this endpoint. Cdk5 regulates
cortical folding in vivo in gyrencephalic mammals [165] and
its mutations cause lissencephaly with cerebellar hypoplasia in
humans [166]. Notably, the NPC2b endpoint is rarely affected
by chemical exposure, with only one out of 120 compounds
(pesticide deltamethrin) affecting neuronal migration as observed
in our EFSA-supported screening study [19]. This lack of response
in certain assays, despite well-established roles of Notch in
NDDs, highlights a defined boundary of the Neurosphere Assay’s
biological applicability domain. From a regulatory perspective,
such negative results are valuable because they inform where
the assay may not reliably detect specific pathway perturbations,
thereby supporting its appropriate fit-for-purpose use within an
IATA. It also emphasizes the importance of complementing the
assay with additional models to fully cover the mechanistic
landscape of DNT.

PDGF signaling is mediated through the two receptor tyro-
sine kinases, PDGF-receptor (PDGFR)x and § upon binding
to PDGF(A-D). PDGFRa with its ligands PDGF(A-C) plays a
pivotal role during development regulating growth (reviewed in
[167]). In line with this reported function, PDGFRa is higher
expressed than PDGFR in the human NPCs used in this study.
Moreover, its main ligand PDGF-A is the strongest expressed
in proliferating hNPCs, while it is down-regulated when chang-
ing the cellular program from proliferation to differentiation
(Figure 8). Inhibition of PDGFR by CP-673451 causes a reduction
of hNPC proliferation in line with the growth-promoting function
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of PDGFRu in this as well as in an earlier study in vitro in
rat cortical stem cells [168]. It is, however, important to note
that hPDGF-mediated activation of PDGFR did not increase
hNPC proliferation in the present study, probably due to the
above-mentioned maximal activation of the EGFR pathway.
While disorders such as Alzheimer’s and Parkinson’s disease,
amyotrophic lateral sclerosis, and cerebral ischemia often involve
impaired PDGF signaling (reviewed in [169]), it is often associated
with the proliferation of pericytes that are crucial for the function
of the blood-brain barrier [170, 171] and not hNPC proliferation.
Deficient PDGF signaling in proliferating hNPCs nevertheless
played a role in Parkinson’s mouse model in vivo [172]. Addition-
ally, PDGF signaling is known to regulate OPC differentiation in
rodents in vivo [173], corroborating our NPC5 results following
PDGF inhibition.

The PI3K-AKT signaling pathway involves phosphatidyli-
nositide 3-kinase converting membrane phospholipid PIP2 to
PIP3, recruiting and activating AKT serine/threonine kinase B
to the plasma membrane, which then phosphorylates multi-
ple downstream targets that regulate key neurodevelopmental
processes like dendritic branching, synaptic development and
plasticity, and neuronal survival [174]. Consistent with its role
in dendritic morphogenesis and maturation [175, 176], PI3K-
AKT inhibition by LY294002 suppressed neurite outgrowth,
reducing both neurite area (NPC4a) and length (NPC4b). FMRP
protein, encoded by FMRI, negatively regulates this pathway,
and PI3K-AKT inhibition has been shown to rescue neurodevel-
opmental deficits in fragile X syndrome (FXS) patient-derived
organoids with FMRI mutation [177, 178]. This mutation also
suppressed neurite outgrowth in patient-derived iPSC neuro-
spheres [179]. Additionally, we found that the PI3K-AKT pathway
modulation was associated with oligodendrocyte differentiation
(NPC5), consistent with the dysregulated cortical oligodendrocyte
lineage development observed in FXS-associated tremor/ataxia
syndrome patients [180]. Finally, impairment of this pathway
is also linked to brain overgrowth-associated disorders [181]
such as megalencephaly [174], and malformations of cortical
development [182], often associated with epilepsy [183]. However,
no modulation of NPC proliferation (NPC1) was observed in our
study, despite LY294002’s inhibiting effects on NPC proliferation
in other studies [184-188]. This inconsistency suggests that PI3K-
AKT’s role in NPC proliferation may involve interactions with
other pathways like ERK [189] or CREB [190] (CREB inhibition
led to decreased NPC proliferation in this study) or be specific
to certain NPC subpopulations or developmental stages [190].
Notably, PI3K-AKT regulates mTORC1 activity [191]. In this study,
mechanistic tool compounds were selected to act upstream (PI3K-
AKT) and downstream (mTOR) to distinguish their effects. The
only shared outcome was reduced NPC5 differentiation upon
PI3K-AKT inhibition and mTOR activation which supports the
robustness and physiological relevance of this endpoint as a
convergent readout of pathway disruption. In contrast, other
endpoints such as proliferation (NPC1) or neurite outgrowth
(NPC4) may be independently regulated at distinct signaling
nodes, reflecting the modular nature of intracellular signaling.

To the best of our knowledge, our study is the first to report
that the PLC pathway is associated with the differentiation of
human oligodendrocytes, a regulation also known from in vivo
rodent studies [192]. Interestingly, PLC mediates also other neu-

rodevelopmental endpoints in rodents such as neurite outgrowth
and neuronal migration [193], characteristics not observed in the
present study with human neurospheres. A recent publication
reviewed cryptic PLC mutations associated with ASD, bipolar
disorder, and other disorders relating this pathway to relevant
NDDs [194].

While studying the applicability domain of the Neurosphere
Assay, we found that STAT3 and TrkB pathways were outside
its scope. STAT3, a key transcription factor regulates astroglio-
genesis in animal and human models [195-199] but this process is
not assessed in the DNT IVB leaving an uncertainty in the covered
KNDPs. STAT3 also mediates neuronal survival and regeneration
after injury [200], endpoints beyond the neurodevelopmental
focus of the assay. TrkB, activated by neurotrophins such as
BDNF via PI3K, MAPK, and PLC- y [201] is linked to neurodevel-
opmental outcomes including learning difficulties, hyperactivity,
and autistic traits [202]. However, no phenotypic effects were
observed following BDNF exposure in our model. Gene expres-
sion analysis showed robust NTRK2 and NTRK3 expression
(Figure 8) suggesting receptor presence alone is insufficient for
functional pathway engagement. The absence of effects may
reflect immature receptor activation or incomplete downstream
signaling, placing TrkB outside the assay’s applicability domain.
Neurotrophin signaling is highly stage-specific. Human Brain
Transcriptome data [203] indicate that cortical BDNF expression
rises late in pregnancy and postnatally, with only a fetal peak
in the striatum (Figure S2). Limited BDNF expression in our
fetal Neurosphere model likely explains the lack of response.
Alternative models, such as iPSC-derived synaptogenesis assays
[204, 205], capture this pathway more effectively. Given TrkB’s
role in dendritic arborization, synaptic plasticity [206] and neural
network formation (NNF) [207], recently developed human NNF
assays may complement the current DNT IVB by addressing this
uncertainty [139, 208].

The Wnt pathway includes non-canonical (e.g., Wnt-calcium,
planar cell polarity) and canonical pathways that stabilize and
transport S-catenin into the nucleus for gene regulation [209].
GSK3p pharmacological inhibitors like CHIR99021 boost Wnt
signaling by preventing -catenin phosphorylation and degrada-
tion [210, 211]. CHIR99021 exposure caused increased neuronal
differentiation, consistent with enhanced differentiation follow-
ing GSK3g inhibition in rat neurospheres [212]. Impaired Wnt
signaling and its effect on neuronal differentiation have been
studied in patient-derived models of Miller-Dieker syndrome
[213], where Wnt inhibition increased neuronal differentiation
and activating upstream N-cadherin rescued the defective neu-
rogenesis phenotype. These findings differ from our results and
likely stem from variations in the developmental stages modeled
in vitro, as their use of neural rosettes specifically mimics the
neural tube, a structure appearing early during embryogene-
sis, in contrast to cells from the fetal period utilized in this
study. Additionally, Wnt activation was associated with reduced
RG migration (NPC2a), aligning with observed cortical tissue
defects caused by defective RG organization and function in
human organoids [214]. We also found decreased oligodendro-
cyte differentiation (NPC5) consistent with both Wnt activation
(CHIR99021) and inhibition (IWP2). This underscores that both
excessive activation and inhibition of Wnt signaling can impair
oligodendrocyte differentiation, highlighting the need for tightly

Advanced Science, 2026

21 of 32

5801 SUOLLIWIOD SAIEBID) 3|ed! (e U AQ PeuLRA0B 8.2 SSPILE YO 88N JO'S3INI 10§ AXRIq1T 8UIIUO A3|IM UO (SUOTIPUOD-PUE-SWLIBIWIOD" A3 1M AReIq 1 [Bu1[UO//:Sc1IL) SUORIPUOD PUE SWi 1 au) 885 *[9Z02/v0/2z] U0 AXeiqiauluo Ao1iM ‘9891790 91SAIIN Ad 68B6TSZOZ SAPR/ZOOT OT/I0P/LI0Y B IMIed PUIIUO PoUeApe//SANY W1} papeoumoa ‘0 ‘vv8E86TZ



controlled Wnt/B-catenin activity during development, accompa-
nied by a complex interplay of timing, transcription factors (e.g.,
Tcf4), inhibitory signals from axons and astrocytes, and epigenetic
controls [215]. Interestingly, OPCs require a vascular scaffold for
migration, as observed in brain samples at gestational week 14,
mediated by Wnt signaling [216]. The absence of blood vessels in
our system explains why the Wnt pathway did not regulate oligo-
dendrocyte migration in this study. Increasing model complexity
by including blood vessels for example in organoid structures
would enhance identification of complex modes-of-action like
involving organ crosstalk. Due to the multitude of Wnt effects on
developing brain cells (Figure 10), Wnt is still part of the DNT IVB
applicability domain even if not all biological consequences of
Wnt (or other) signaling pathways are covered. Autism spectrum
disorder (ASD) is another NDD linked to disrupted Wnt signaling,
with both gain and loss of Wnt/g-catenin function associated with
disease symptoms and neurodevelopmental deficits [217]. The
gene CTNNBI [218], encoding j-catenin, is highly expressed in
our in vitro models (Figure 8) and is associated with NDDs like
ASD, ID, schizophrenia, and microcephaly as are the KNDP radial
glia migration, neuronal and oligodendrocyte differentiation and
neurite outgrowth. Disturbances of different KNDP were previ-
ously linked to ASD in addition to epilepsy, ID and schizophrenia
[96].

Discussion on the additional pathways, namely BMP, EGFR,
NO-cGMP, PKC, RhoA, ROCK, and SRC can be found in the
Supporting Information File 1.

The phenotypic observation highlighting KNDPs consistent with
signaling pathways modulation was put into the context of the
current human-oriented experimental literature (in vitro or brain
samples) to create a physiological map, an overview of pathways
and molecular interactions regulating human oligodendrocyte
differentiation, serving as a hypothesis-generating framework.
We chose the proof-of-principle example of oligodendrocytes
because there is increasing awareness for this type of macroglia
to be toxicologically relevant targets and compared to neurons
they have been understudied [74]. While significant progress has
been made in summarizing human oligodendrocyte physiology,
uncertainties remain, especially regarding differences between
human and animal models commonly used in toxicity assess-
ments. Most current insights into oligodendrocyte differentiation
stem from animal studies, particularly rodents, which, despite
their extensive use in studying brain development [4], exhibit
potential spatiotemporal and species-specific variations that limit
extrapolation to humans [11, 219]. For example, in rodents, the
FGF pathway promotes OPC generation from NPCs dependently
and independently of SHH pathway regulation [220]. However,
as shown in Figure 9, in humans, FGF inhibits oligodendrocyte
lineage commitment in OLIG2 progenitors and favors neuronal
or astrocytic lineages by suppressing exogenous SHH signaling,
which causes reduced NKX2-2, OLIG2, and SOXIO expression,
essential transcription factors regulating OPC specification. FGF
also reduces endogenous SHH expression and upregulates GLI2
and GLI3, both SHH pathway repressors. Conversely, at later
stages, FGF promotes OPC differentiation into pre-myelinating
oligodendrocytes via PDGF pathway interaction [220], highlight-
ing how a pathway’s role can change based on the spatiotemporal
scenario. This case example underscores our argument regarding
the necessity for employing human-relevant methods in toxicity

assessments addressing all relevant developmental stages to
better understand and characterize human physiology. Acknowl-
edging interspecies differences is vital for developing precise
chemical risk assessments.

Overall, physiological maps are powerful tools for elucidating
mechanisms of adverse effects, providing insights into molecular
events in oligodendrocyte differentiation, identifying potential
molecular initiating events (MIEs), enriching AOP networks,
and presenting a graphical form of looking at physiology similar
to the early biochemical pathway maps [221]. By mapping key
neurodevelopmental pathways, we can better understand how
toxicants might disrupt these processes, leading to neurolog-
ical impairments. Advances in single-cell transcriptomics and
proteomics can provide deeper insight into oligodendrocyte
heterogeneity and signaling responses and can be visualized and
analyzed on maps. These maps, as well as the relevant AOPs
and AOP networks, must remain dynamic and evolve with new
scientific findings to enhance accuracy and completeness, serving
as essential resources for advancing human health assessments.
We aim to expand the oligodendrocyte differentiation map,
integrating emerging physiological and NDD-related data [222,
223] using artificial intelligence (AI)-assisted text mining [224]
to cover all processes and cell types, and to develop predictive
mechanistic computational models following the Disease Map
approach [45, 225, 226]. This will further advance understanding
of human brain development and the DNT IVB’s relevance to
human health and disease.

4.1 | Final Remarks and Outlook

The value of NAMs in regulatory toxicology lies not only in
increasing human relevance, throughput, and costs (by up to
90% when comparing DNT IVB with a guideline extended
one-generation study) but also in their capacity to generate
mechanistic insights that are anchored to human biology. While
in vivo DNT studies integrate effects across multiple develop-
mental stages, they rarely allow resolution of stage/KNDP/cell
type-specific mechanisms or identification of the primary devel-
opmental window affected by a chemical. This level of specificity
enables precise identification of vulnerable endpoints and path-
ways, facilitating upstream anchoring of AOPs and hypothesis
generation. In this context, mechanistic information from NAMs
may contribute to fit-for-purpose regulatory approaches such as
IATAs, defined approaches, or chemical screening and prioritiza-
tion strategies. These approaches can help focus further in-depth
testing on substances of highest concern and thereby improve
the efficiency of risk assessment workflows. Such a tiered testing
strategy has been recently proposed at the OECD DNT expert
group and are currently being explored in case studies of the
European H2020 ONTOX project. Importantly, interpretation of
NAM-derived data requires appropriate physiological context,
accounting for developmental stage and cell-type specificity,
particularly in complex systems such as the human brain.

In this context, the present work characterizes the biological
applicability domain of the Neurosphere Assay, a central com-
ponent of the DNT IVB that models seven KNDPs of human
brain development. The Neurosphere Assay has been previously
used to assess, for example, a set of 120 reference compounds,
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including 46 performance compounds (DNT-positive in humans,
in vivo, and human DNT-negative substances) and environmen-
tal chemicals, mostly pesticides. The assay demonstrated high
specificity and sensitivity in identifying compounds with reported
DNT potential in humans and in vivo guideline studies [19]. These
results support the assay’s relevance for regulatory applications
and complement the mechanistic insights generated in the
present study. Taken together, the results reveal several higher-
level patterns that help define the biological applicability domain
of the Neurosphere Assay. Most investigated signaling pathways
produced associated measurable phenotypic responses in at
least one KNDP, indicating broad mechanistic coverage of neu-
rodevelopmental processes within this model. Oligodendrocyte
differentiation emerged as the most pathway-sensitive endpoint,
being associated with 13 signaling pathways. This confirms the
complex regulation of oligodendrocyte development [227, 228]
and may explain the high sensitivity of the NPC5 assay in earlier
screening studies [19, 97, 98]. Radial glia migration (NPC2a assay),
followed by NPC proliferation (NPC1 assay) also responded to
multiple pathway perturbations (11 and 9, respectively), whereas
neuronal migration remained largely unaffected by the tested
signaling modulators. Mitochondrial ETC I pathway modulation
was strongly associated with multiple endpoints, consistent with
Leigh Syndrome pathophysiology [141-144]. Namely, we observed
that the Neurosphere Assay can detect chemicals interfering with
most tested pathways except for STAT3 and TrkB, suggesting that
these pathways fall outside of its applicability domain. Future
work should explore additional signaling pathways (e.g., MAPK
[229], CDKS5 [230], INK [231], ROR-a [232, 233], and glycosylation
[234]).

While this study functionally links pathway modulation to
changes in KNDPs using the Neurosphere Assay;, it is important to
note that we did not independently verify the activation status or
specificity of the targeted pathways through molecular readouts
such as transcriptomic profiling or phosphoprotein analysis.
Pathway-KNDP associations presented here are based on the
phenotypic effects of well-studied mechanistic tool compounds
for selected signaling pathways and should be regarded as
hypothesis-generating. Possible off-target effects (e.g., for db-
cAMP, rotenone, reelin, U73122, colivelin, limonin, and CHIR, see
Table S3) and uncertainties in actual bioavailable concentrations,
due to factors such as adsorption to plastics, protein/lipid binding,
volatility, or degradation, must be considered [235]. Although
analytical verification of bioavailable concentrations was not
feasible here, ongoing ONTOX efforts aim to systematically
characterize Neurosphere assay parameters relevant for in silico
modeling of compound distribution and bioavailability, including
the protein and lipid content of the cellular system, the composi-
tion of the culture medium, and the material properties of the well
plates, to enable future in silico modeling of chemical distribution
and bioavailability [43, 235]. These limitations should be kept
in mind when interpreting concentration-response relationships
presented in the current study.

In conclusion, we strengthened the mechanistic interpretability
of the Neurosphere Assay by further defining its biological
applicability domain and linking KNDPs to human physiology
and disease. We show that oligodendrocyte differentiation is
among the most tightly regulated KNDPs, while STAT3 and TrkB
pathways are outside the assay’s scope. Interpretation should

remain context-specific, as pathway effects are inherently stage-
and cell type-dependent, and in vitro results cannot be directly
extrapolated to in vivo scenarios without careful consideration.
Within these boundaries, the physiological map and functional
profiling presented here serve as valuable tools to refine and
mechanistically anchor DNT NAMs, improve confidence in their
human relevance, and support their integration into regulatory
hazard assessment frameworks.

Author Contributions

E.K.—Validation, Formal Analysis, Investigation, Data Curation, Writing
- Original Draft, Writing — Review and Editing, Visualization, Project
Administration, Supervision. K.B.—Data Curation, Investigation, Formal
Analysis, Supervision, Writing — Original Draft, Writing — Review and
Editing. G.R.—Investigation. M.S.—Investigation. L.L.—Investigation,
Data Curation, Visualization, Writing — Original Draft, Writing — Review
and Editing. A.D.—Methodology, Software, Writing — Review and Edit-
ing. J K.—Investigation. N.G.—Investigation. D.P.—Investigation. L.S.—
Investigation. F.B.—Investigation. B.S.-Investigation, Data Curation,
Writing - Review and Editing. L.G.—Investigation, Data Curation. K.K.—
Writing — Review and Editing, Supervision. E.F.—Conceptualization,
Writing — Review and Editing, Supervision, Project administration,
Funding acquisition.

Acknowledgements

The IUF is funded by the federal and state governments—the Ministry
of Culture and Science of North Rhine-Westphalia (MKW) and the
Federal Ministry of Research, Technology and Space (BMFTR). The
physiological map online browsing is supported by the MINERVA team
(https://minerva.pages.uni.lu/doc/) at the Bioinformatics Core of the
Luxembourg Centre for Systems Biomedicine within the ELIXIR-LU
framework (https://elixir-luxembourg.org). The authors thank Annette
Nathanielsz for her help with the compilation of the supplemental files
and Marcha Verheijen for her help with the raw data storage in the
Biostudies repository.

Funding

This work was performed in the context of the ONTOX project (https://
ontox-project.eu/) and the European Partnership for the Assessment
of Risks from Chemicals (PARC) that has received funding from the
European Union’s Horizon 2020 Research and Innovation programme
under grant agreement No. 963845 and European Union’s Horizon
Europe research and innovation programme under Grant Agreement
No. 101057014, respectively. ONTOX is part of the ASPIS project cluster
(https://aspiscluster.eu/). We also gratefully acknowledge that portions of
this research were supported by the Division of Translational Toxicology,
National Institute of Environmental Health Sciences, National Institutes
of Health, Department of Health and Human Services ZIA ES103387-02.

Conflicts of Interest

EXK., GR., M.S, LL, N.G, D.P, LS, BS, FB, JK, and L.G. declare
no conflict of interest. A.D., E.F., K.B., and K.K. are shareholders of the
company DNTOX which provides DNT IVB assay services, and all declare
no potential conflicts of interest with respect to the research in this article.

Data Availability Statement

The data that support the findings of this study are openly available
in BioStudies at https://www.ebi.ac.uk/biostudies/ ONTOX/studies, refer-
ence number starting at S-ONTX37 until S-ONTX57. The physiological
map and its related files are available at our GitHub organization (https://
github.com/ontox-maps/paper_data_OligDev/), and at the ONTOX MIN-
ERVA platform (https://ontox.elixir-luxembourg.org/minerva/), under

Advanced Science, 2026

23 0f 32

85U801 SUOWIWIOD SA 181D 3|(dedldde 8Ly Ag peuenob ase S9pile O ‘88N J0 S8|nJ 10 A%Iq1T8UIIUQ AB]IM UO (SUONIPUOD-PUR-SLLLIBY WD A8 |1 ARe.q1|BU 1 [UO//:SdNL) SUONIPUOD pue SW | 8U) 88S *[9202/70/22] Uo Ariqiiauliuo Ae|im ‘96e118d s1sienlun Aq 6886TSZ0Z SAPR/Z00T OT/I0P/WO0D A8 |im" Afe.d 1 pul U0 peoueApe//sdny Wwolj papeojumod ‘0 ‘78E86TZ


https://minerva.pages.uni.lu/doc/
https://elixir-luxembourg.org
https://ontox-project.eu/
https://aspiscluster.eu/
https://www.ebi.ac.uk/biostudies/ONTOX/studies
https://github.com/ontox-maps/paper_data_OligDev/
https://ontox.elixir-luxembourg.org/minerva/

the License Creative Commons Attribution 4.0 International (CC BY 4.0)
License (https://creativecommons.org/licenses/by/4.0/).

References

1. OECD. Initial Recommendations on Evaluation of Data From the
Developmental Neurotoxicity (DNT) In-Vitro Testing Battery; 2023.
https://doi.org/10.1787/91964ef3-en.

2. E. Fritsche, P. Grandjean, K. M. Crofton, et al., “Consensus Statement
on the Need for Innovation, Transition and Implementation of Develop-
mental Neurotoxicity (DNT) Testing for Regulatory Purposes,” Toxicology
and Applied Pharmacology 354 (2018): 3-6, https://doi.org/10.1016/j.taap.
2018.02.004.

3. K. M. Crofton and W. R. Mundy, “External Scientific Report on
the Interpretation of Data from the Developmental Neurotoxicity In
Vitro Testing Assays for Use in Integrated Approaches for Testing and
Assessment,” EFSA 18 (2021): 6924E, https://doi.org/10.2903/sp.efsa.2021.
EN-6924.

4. M. Paparella, S. H. Bennekou, and A. Bal-Price, “An Analysis of
the Limitations and Uncertainties of In Vivo Developmental Neurotox-
icity Testing and Assessment to Identify the Potential for Alternative
Approaches,” Reproductive Toxicology 96 (2020): 327-336, https://doi.org/
10.1016/J.REPROT0X.2020.08.002.

5. L. Smirnova, H. T. Hogberg, M. Leist, and T. Hartung, “Food for
Thought...: Developmental Neurotoxicity—Challenges in the 21st Cen-
tury and In Vitro Opportunities,” Altex 31, no. 2 (2014): 129-156, 10.14573/
altex.1403271.

6. L. Smirnova, H. T. Hogberg, M. Leist, and T. Hartung, “Revolutionizing
Developmental Neurotoxicity Testing—A Journey from Animal Models to
Advanced In Vitro Systems,” Altex 41, no. 2 (2024): 152-178, 10.14573/altex.
2403281.

7. OECD. OECD Guidline for the testing of chemicals 443 Extended one-
generation reproductive toxicity study 2025;(443): 1-25. http://scholar.
google.com/scholar?hl=en&btnG=Search&q=intitle:Extended+One-
Generation+Reproductive+Toxicity+Study#6%5Cnhttp://scholar.
google.com/scholar?hl=en&btnG=Search&q=intitle:443:+Extended+
One-Generation+Reproductive+Toxicity+Study%230.

8. U. Marx, T. Akabane, T. B. Andersson, et al., “Biology-Inspired Micro-
physiological Systems to Advance Patient Benefit and Animal Welfare in
Drug Development,” Altex 37, no. 3 (2020): 365, 10.14573/ ALTEX.2001241.

9. K. Gassmann, J. Abel, H. Bothe, et al., “Species-Specific Differential
AhR Expression Protects Human Neural Progenitor Cells against Devel-
opmental Neurotoxicity of PAHs,” Environmental Health Perspectives 118,
no. 11 (2010): 1571-1577, https://doi.org/10.1289/EHP.0901545.

10. K. Bozek, Y. Wei, Z. Yan, et al., “Organization and Evolution of Brain
Lipidome Revealed by Large-Scale Analysis of Human, Chimpanzee,
Macaque, and Mouse Tissues,” Neuron 85, no. 4 (2015): 695-702, https://
doi.org/10.1016/j.neuron.2015.01.003.

11. X. Zhao and A. Bhattacharyya, “Human Models Are Needed for
Studying Human Neurodevelopmental Disorders,” The American Journal
of Human Genetics 103, no. 6 (2018): 829-857, https://doi.org/10.1016/J.
AJHG.2018.10.009.

12. R. Nehme, O. Pietildinen, and L. E. Barrett, “Genomic, Molecular, and
Cellular Divergence of the human Brain,” Trends in Neuroscience (Tins)
47, no. 0 (2024): 491-505, https://doi.org/10.1016/].tins.2024.05.009.

13. K. M. Crofton and W. R. Mundy, “Compendium of Information on the
Use of Guideline-Based Developmental Neurotoxicity Studies*,” EFSA
Supporting Publications 21, no. 12 (2024): 9174E, https://doi.org/10.2903/
sp.efsa.2024.EN-9174.

14. M. Sachana, T. J. Shafer, and A. Terron, “Toward a Better Testing
Paradigm for Developmental Neurotoxicity: OECD Efforts and Regulatory
Considerations,” Biology (Basel) 10 (2021): 86, https://doi.org/10.3390/
biology10020086.

15. S. Schmeisser, A. Miccoli, M. von Bergen, et al., “New Approach
Methodologies in human Regulatory Toxicology—Not If, but How and
When!,” Environment International 178 (2023): 108082, https://doi.org/10.
1016/j.envint.2023.108082.

16. H. T. Hogberg and L. Smirnova, “The Future of 3D Brain Cultures in
Developmental Neurotoxicity Testing,” Frontiers in Toxicology 4 (2022): 2,
https://doi.org/10.3389/FT0X.2022.808620.

17. J. A. Harrill, T. Freudenrich, K. Wallace, K. Ball, T. J. Shafer, and W. R.
Mundy, “Testing for Developmental Neurotoxicity Using a Battery of In
Vitro Assays for Key Cellular Events in Neurodevelopment,” Toxicology
and Applied Pharmacology 354 (2018): 24-39, https://doi.org/10.1016/J.
TAAP.2018.04.001.

18. K. E. Carstens, A. F. Carpenter, M. M. Martin, J. A. Harrill, T. J. Shafer,
and K. Paul Friedman, “Integrating Data from In Vitro New Approach
Methodologies for Developmental Neurotoxicity,” Toxicological Sciences
187, no. February (2022): 62-79, https://doi.org/10.1093/toxsci/kfac018.

19. J. Blum, S. Masjosthusmann, K. Bartmann, et al., “Establishment of
a human Cell-based In Vitro Battery to Assess Developmental Neurotox-
icity Hazard of Chemicals,” Chemosphere 311 (2023): 137035, https://doi.
org/10.1016/j.chemosphere.2022.137035.

20. P. Lein, E. Silbergeld, P. Locke, and A. M. Goldberg, “In Vitro and
Other Alternative Approaches to Developmental Neurotoxicity Testing
(DNT),” Environmental Toxicology and Pharmacology 19, no. 3 (2005):
735-744, https://doi.org/10.1016/J.ETAP.2004.12.035.

21. S. Coecke, A. M. Goldberg, S. Allen, et al., “Workgroup Report:
Incorporating In Vitro Alternative Methods for Developmental Neu-
rotoxicity into International Hazard and Risk Assessment Strategies,”
Environmental Health Perspectives 115, no. 6 (2007): 924-931, https://doi.
org/10.1289/ehp.9427.

22. K. M. Crofton, W. R. Mundy, P. J. Lein, et al.,, “Developmental
Neurotoxicity Testing: Recommendations for Developing Alternative
Methods for the Screening and Prioritization of Chemicals,” Altex 28, no.
1(2011): 9-15, 10.14573/altex.2011.1.009.

23. E. Fritsche, “OECD/EFSA Workshop on Developmental Neurotoxicity
(DNT): the Use of Non-animal Test Methods for Regulatory Purposes,”
Altex 34, no. 2 (2017): 311-315, 10.14573/altex.1701171s.

24. K. Koch, K. Bartmann, J. Hartmann, et al., “Scientific Validation of
Human Neurosphere Assays for Developmental Neurotoxicity Evalua-
tion,” Frontiers in Toxicology 4 (2022): 7, https://doi.org/10.3389/ftox.2022.
816370.

25. E. Collen, Y. Tanaskov, A. K. Holzer, et al., “Elements and Devel-
opment Processes for Test Methods in Toxicology and human Health-
relevant Life Science Research,” Altex 41, no. 1 (2024): 142-148, 10.14573/
altex.2401041.

26. T. Hartung, S. Bremer, and S. Casati, “A Modular Approach to the
ECVAM Principles on Test Validity,” Alternatives to Laboratory Animals
32, no. 5 (2004): 467-472, https://doi.org/10.1177/026119290403200503.

27. J. Blum, K. Bartmann, J. de Paula Souza, and E. Fritsche, “Develop-
mental Neurotoxicity as a Case Example for a Six-step Framework for the
Sustainable Regulatory Implementation of NAMs,” Current Opinion in
Toxicology 42 (2025): 100528, https://doi.org/10.1016/j.cotox.2025.100528.

28. OECD. Guidance Document for Describing Non-Guideline In Vitro
Test Methods. OECD; 2014. https://doi.org/10.1787/9789264274716-en.

29. OECD. OECD SERIES ON TESTING AND ASSESSMENT n34 Guid-
ance document on the validation and international acceptance of new or
updated test methods for hazard assessment 2005: 33.

30. A. Bal-Price, “Recommendation on Test Readiness Criteria for New
Approach Methods in Toxicology: Exemplified for Developmental Neu-
rotoxicity,” Altex 35, no. 3 (2018): 306-352, https://doi.org/10.14573/altex.
1712081.

31. A. Lanzoni, A. F. Castoldi, G. E. N. Kass, et al., “Advancing human
Health Risk Assessment,” EFSA Journal 17, no. S1(2019): e170712, https://
doi.org/10.2903/j.efsa.2019.e170712.

24 of 32

Advanced Science, 2026

85UR0| T SUoWILIOD BAIFeR1D) 3|deat|dde au Aq peusenoh a1e Sapiie YO ‘8sN JO S3|nu J0j AriqI 8UIUO AB]IA UO (SUORIPUOO-PUe-SWIR) W00 A 1M AReaq 1 BU1JUO//SCNY) SUORIPUOD pue SWwie | 8U188s *[920z/70/2z] Uo Areiqiauliuo 48w ‘962118 S1seAILN Aq 6886TSZ0Z SAPR/Z00T OT/I0p/LI0D A8 | 1M Alelq 1 Bul|uo"peoeAe//Sdiy Woij papeojumod ‘0 ‘78E86TZ


https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1787/91964ef3-en
https://doi.org/10.1016/j.taap.2018.02.004
https://doi.org/10.2903/sp.efsa.2021.EN-6924
https://doi.org/10.1016/J.REPROTOX.2020.08.002
https://doi.org/10.14573/altex.1403271
https://doi.org/10.14573/altex.2403281
http://scholar.google.com/scholar?hl=en&btnG=Search&q=intitle:Extended+One-Generation+Reproductive+Toxicity+Study#6%5Cnhttp://scholar.google.com/scholar?hl=en&btnG=Search&q=intitle:443:+Extended+One-Generation+Reproductive+Toxicity+Study%230
https://doi.org/10.14573/ALTEX.2001241
https://doi.org/10.1289/EHP.0901545
https://doi.org/10.1016/j.neuron.2015.01.003
https://doi.org/10.1016/J.AJHG.2018.10.009
https://doi.org/10.1016/j.tins.2024.05.009
https://doi.org/10.2903/sp.efsa.2024.EN-9174
https://doi.org/10.3390/biology10020086
https://doi.org/10.1016/j.envint.2023.108082
https://doi.org/10.3389/FTOX.2022.808620
https://doi.org/10.1016/J.TAAP.2018.04.001
https://doi.org/10.1093/toxsci/kfac018
https://doi.org/10.1016/j.chemosphere.2022.137035
https://doi.org/10.1016/J.ETAP.2004.12.035
https://doi.org/10.1289/ehp.9427
https://doi.org/10.14573/altex.2011.1.009
https://doi.org/10.14573/altex.1701171s
https://doi.org/10.3389/ftox.2022.816370
https://doi.org/10.14573/altex.2401041
https://doi.org/10.1177/026119290403200503
https://doi.org/10.1016/j.cotox.2025.100528
https://doi.org/10.1787/9789264274716-en
https://doi.org/10.14573/altex.1712081
https://doi.org/10.2903/j.efsa.2019.e170712

32. P. Marx-Stoelting, G. Riviere, M. Luijten, et al., “A Walk in the PARC:
Developing and Implementing 21st Century Chemical Risk Assessment
in Europe,” Archives of Toxicology 97, no. 3 (2023): 893-908, https://doi.
0rg/10.1007/S00204-022-03435-7/FIGURES/2.

33. EMA. Qualification of novel methodologies for drug development:
guidance to applicants EMA/CHMP/SAWP/72894/2008. Published online
2008, https://bit.ly/3RPtNLE.

34. OECD. Workshop Report on Operational and Financial Aspects of
Validation, OECD Series on Testing and Assessment, No. 399. OECD Publ.
Published online September 19, 2024, https://doi.org/10.1787/db9979eb-
en.

35. M. N. Jacobs, S. Hoffmann, H. M. Hollnagel, et al., “Avoiding a
Reproducibility Crisis in Regulatory Toxicology—On the Fundamental
Role of Ring Trials,” Archives of Toxicology 98, no. 7 (2024):
2047-2063, https://doi.org/10.1007/S00204-024-03736-Z/TABLES/
2.

36. A. J. van der Zalm, J. Barroso, P. Browne, et al., “A Framework for
Establishing Scientific Confidence in New Approach Methodologies,”
Archives of Toxicology 96, no. 11 (2022): 2865-2879, https://doi.org/10.1007/
$00204-022-03365-4.

37. S. Masjosthusmann, D. Becker, B. Petzuch, et al., “A Transcriptome
Comparison of Time-matched Developing human, Mouse and Rat Neural
Progenitor Cells Reveals human Uniqueness,” Toxicology and Applied
Pharmacology 354 (2018): 40-55, https://doi.org/10.1016/j.taap.2018.05.
009.

38. S. Masjosthusmann, J. Blum, K. Bartmann, et al., “Establishment of an
a Priori Protocol for the Implementation and Interpretation of an In-Vitro
Testing Battery for the Assessment of Developmental Neurotoxicity,”
EFSA Supporting Publications 17 (2020), https://doi.org/10.2903/sp.efsa.
2020.en-1938.

39. A. Louvi, “Notch Signalling in Vertebrate Neural Development,”
Nature Reviews Neuroscience 7, no. 2 (2006): 93-102, https://doi.org/10.
1038/nrn1847.

40. T. Pierfelice, L. Alberi, and N. Gaiano, “Notch in the Vertebrate
Nervous System: an Old Dog with New Tricks,” Neuron 69, no. 5 (2011):
840-855, https://doi.org/10.1016/J.NEURON.2011.02.031.

41. K. Yoon and N. Gaiano, “Notch Signaling in the Mammalian Central
Nervous System: Insights from Mouse Mutants,” Nature Neuroscience 8,
no. 6 (2005): 709-715, https://doi.org/10.1038/nn1475.

42. R. Zhang, A. Engler, and V. Taylor, “Notch: an Interactive Player in
Neurogenesis and Disease,” Cell and Tissue Research 371, no. 1 (2018): 73—
89, https://doi.org/10.1007/s00441-017-2641-9.

43. M. Vinken, E. Benfenati, F. Busquet, et al., “Safer Chemicals Using
Less Animals: Kick-off of the European ONTOX Project,” Toxicology 458
(2021): 152846, https://doi.org/10.1016/j.tox.2021.152846.

44. B. Staumont, L. Ladeira, A. Gamba, et al, “Mapping Physiol-
ogy: A Systems Biology Approach for the Development of Alternative
Methods in Toxicology,” Altex 42 (2025), https://doi.org/10.14573/altex.
2412241.

45. M. Ostaszewski, S. Gebel, I. Kuperstein, et al., “Community-driven
Roadmap for Integrated Disease Maps,” Briefings in Bioinformatics 20, no.
2 (2019): 659-670, https://doi.org/10.1093/bib/bby024.

46. A. Mazein, M. Ostaszewski, I. Kuperstein, et al., “Systems Medicine
Disease Maps: Community-driven Comprehensive Representation of
Disease Mechanisms,” npj Systems Biology and Applications 4, no.1(2018):
1-10, https://doi.org/10.1038/s41540-018-0059-y.

47. A. Mazein, M. L. Acencio, I. Balaur, et al., “A Guide for Developing
Comprehensive Systems Biology Maps of Disease Mechanisms: Planning,
Construction and Maintenance,” Front Bioinforma 3 (2023): 1-13, https://
doi.org/10.3389/fbinf.2023.1197310.

48. OECD. Users’ Handbook Supplement to the Guidance Document for
Developing and Assessing Adverse Outcome Pathways. OECD Publ. 2018;
OECD Serie, https://doi.org/10.1787/5jlvim9d1g32-en.

49. C. Wittwehr, K. Audouze, T. Burgdorf, et al., “Society for the
Advancement of AOPs Knowledgebase Interest Group,” SKIG Report
(2025), https://doi.org/10.2760/7749010, 2023-2024.

50. H. J. Heusinkveld, Y. C. M. Staal, N. C. Baker, G. Daston, T. B.
Knudsen, and A. Piersma, “An Ontology for Developmental Processes
and Toxicities of Neural Tube Closure,” Reproductive Toxicology 99 (2021):
160-167, https://doi.org/10.1016/J.REPROT0X.2020.09.002.

51. J. H. Berkhout, J. A. Glazier, A. H. Piersma, et al., “A Computational
Dynamic Systems Model for in Silico Prediction of Neural Tube Closure
Defects,” Current Research Toxicology 18 (2024): 100210, https://doi.org/
10.1016/j.crtox.2024.100210.

52. K. C. Dietz, J. J. Polanco, S. U. Pol, and F. J. Sim, “Targeting human
Oligodendrocyte Progenitors for Myelin Repair,” Experimental Neurology
283 (2016): 489-500, https://doi.org/10.1016/J. EXPNEUROL.2016.03.017.

53. G. A. Van Norman, “Limitations of Animal Studies for Predicting
Toxicity in Clinical Trials,” JACC: Basic to Translational Science 4, no. 7
(2019): 845-854, https://doi.org/10.1016/J.JACBTS.2019.10.008.

54. A. Punt, H. Bouwmeester, B. J. Blaauboer, et al., “New Approach
Methodologies (NAMs) for Human-Relevant Biokinetics Predictions:
Meeting the Paradigm Shift in Toxicology towards an Animal-Free
Chemical Risk Assessment,” Altex 37, no. 4 (2020): 607-622, https://doi.
0rg/10.14573/altex.2003242.

55. L. Beaulieu-Laroche, N. J. Brown, M. Hansen, et al., “Allometric Rules
for Mammalian Cortical Layer 5 Neuron Biophysics,” Nature 600, no. 7838
(2021): 274-278, https://doi.org/10.1038/s41586- 021-04072-3.

56. A. Hernandez-Jerez, P. Adriaanse, A. Aldrich, et al., “Development of
Integrated Approaches to Testing and Assessment (IATA) Case Studies on
Developmental Neurotoxicity (DNT) Risk Assessment,” EFSA Journal 19,
no. 6 (2021): 63, https://doi.org/10.2903/j.efsa.2021.6599.

57. M. Diaz-Cuadros, T. P. Miettinen, O. S. Skinner, et al., “Metabolic
Regulation of Species-specific Developmental Rates,” Nature 613, no. 7944
(2023): 550-557, https://doi.org/10.1038/s41586-022-05574-4.

58.T. S. Klari¢, I. Gudelj, G. Santpere, et al., “Human-specific
Features and Developmental Dynamics of the Brain N-glycome,”
Science Advances 9, no. 49 (2023), https://doi.org/10.1126/sciadv.
adg2615.

59. 1. T. Fiddes, G. A. Lodewijk, M. Mooring, et al., “Human-Specific
NOTCH2NL Genes Affect Notch Signaling and Cortical Neurogenesis,”
Cell 173, no. 6 (2018): 1356-1369, https://doi.org/10.1016/j.cell.2018.03.
051.

60. I. K. Suzuki, D. Gacquer, R. Van Heurck, et al., “Human-Specific
NOTCH2NL Genes Expand Cortical Neurogenesis through Delta/Notch
Regulation,” Cell 173, no. 6 (2018): 1370-1384, https://doi.org/10.1016/j.cell.
2018.03.067.

61. K. M. Walter, K. Dach, K. Hayakawa, et al., “Ontogenetic Expression
of Thyroid Hormone Signaling Genes: An In Vitro and In Vivo Species
Comparison,” PLoS ONE 14, no. 9 (2019): 1-26, https://doi.org/10.1371/
journal.pone.0221230.

62. S. Masjosthusmann, C. Siebert, U. Hiibenthal, F. Bendt, J. Baumann,
and E. Fritsche, “Arsenite Interrupts Neurodevelopmental Processes of
human and Rat Neural Progenitor Cells: the Role of Reactive Oxygen
Species and Species-specific Antioxidative Defense,” Chemosphere 235
(2019): 447-456, https://doi.org/10.1016/j.chemosphere.2019.06.123.

63.J. Kapr, I. Scharkin, H. Ramachandran, et al., “HiPSC-derived 3D
Neural Models Reveal Neurodevelopmental Pathomechanisms of the
Cockayne Syndrome B,” Cellular and Molecular Life Sciences 81, no. 1
(2024): 368, https://doi.org/10.1007/s00018-024-05406-w.

64. V. K. Gribkoff and L. K. Kaczmarek, “The Need for New Approaches
in CNS Drug Discovery: Why Drugs Have Failed, and What Can be Done
to Improve Outcomes,” Neuropharmacology 120 (2017): 11-19, https://doi.
0rg/10.1016/j.neuropharm.2016.03.021.

65. L. J. Marshall, J. Bailey, M. Cassotta, K. Herrmann, and F. Pistollato,
“Poor Translatability of Biomedical Research Using Animals—A Narra-

Advanced Science, 2026

25 0f 32

85UR0| T SUoWILIOD BAIFeR1D) 3|deat|dde au Aq peusenoh a1e Sapiie YO ‘8sN JO S3|nu J0j AriqI 8UIUO AB]IA UO (SUORIPUOO-PUe-SWIR) W00 A 1M AReaq 1 BU1JUO//SCNY) SUORIPUOD pue SWwie | 8U188s *[920z/70/2z] Uo Areiqiauliuo 48w ‘962118 S1seAILN Aq 6886TSZ0Z SAPR/Z00T OT/I0p/LI0D A8 | 1M Alelq 1 Bul|uo"peoeAe//Sdiy Woij papeojumod ‘0 ‘78E86TZ


https://doi.org/10.1007/S00204-022-03435-7/FIGURES/2
https://bit.ly/3RPtNLE
https://doi.org/10.1787/db9979eb-en
https://doi.org/10.1007/S00204-024-03736-Z/TABLES/2
https://doi.org/10.1007/s00204-022-03365-4
https://doi.org/10.1016/j.taap.2018.05.009
https://doi.org/10.2903/sp.efsa.2020.en-1938
https://doi.org/10.1038/nrn1847
https://doi.org/10.1016/J.NEURON.2011.02.031
https://doi.org/10.1038/nn1475
https://doi.org/10.1007/s00441-017-2641-9
https://doi.org/10.1016/j.tox.2021.152846
https://doi.org/10.14573/altex.2412241
https://doi.org/10.1093/bib/bby024
https://doi.org/10.1038/s41540-018-0059-y
https://doi.org/10.3389/fbinf.2023.1197310
https://doi.org/10.1787/5jlv1m9d1g32-en
https://doi.org/10.2760/7749010
https://doi.org/10.1016/J.REPROTOX.2020.09.002
https://doi.org/10.1016/j.crtox.2024.100210
https://doi.org/10.1016/J.EXPNEUROL.2016.03.017
https://doi.org/10.1016/J.JACBTS.2019.10.008
https://doi.org/10.14573/altex.2003242
https://doi.org/10.1038/s41586-021-04072-3
https://doi.org/10.2903/j.efsa.2021.6599
https://doi.org/10.1038/s41586-022-05574-4
https://doi.org/10.1126/sciadv.adg2615
https://doi.org/10.1016/j.cell.2018.03.051
https://doi.org/10.1016/j.cell.2018.03.067
https://doi.org/10.1371/journal.pone.0221230
https://doi.org/10.1016/j.chemosphere.2019.06.123
https://doi.org/10.1007/s00018-024-05406-w
https://doi.org/10.1016/j.neuropharm.2016.03.021

tive Review,” Alternatives to Laboratory Animals 51, no. 2 (2023): 102-135,
https://doi.org/10.1177/02611929231157756.

66. D. Polioudakis, L. de la Torre-Ubieta, J. Langerman, et al., “A Single-
Cell Transcriptomic Atlas of Human Neocortical Development during
Mid-gestation,” Neuron 103, no. 5 (2019): 785-801, https://doi.org/10.1016/
J.NEURON.2019.06.011.

67. U. C. Eze, A. Bhaduri, M. Haeussler, T. J. Nowakowski, and A.
R. Kriegstein, “Single-cell Atlas of Early Human Brain Development
Highlights Heterogeneity of human Neuroepithelial Cells and Early
Radial Glia,” Nature Neuroscience 24, no. 4 (2021): 584-594, https://doi.
0rg/10.1038/s41593-020-00794-1.

68. K. W. Kelley and S. P. Pasca, “Human Brain Organogenesis: toward
a Cellular Understanding of Development and Disease,” Cell 185, no. 1
(2022): 42-61, https://doi.org/10.1016/J.CELL.2021.10.003.

69. M. Moors, T. D. Rockel, J. Abel, et al., “Human Neurospheres as Three-
Dimensional Cellular Systems for Developmental Neurotoxicity Testing,”
Environmental Health Perspectives 117, no. 7 (2009): 1131-1138, https://doi.
org/10.1289/EHP.0800207.

70. D. Pamies, D. Wiersma, M. E. Katt, et al., “Human IPSC 3D Brain
Model as a Tool to Study Chemical-induced Dopaminergic Neuronal
Toxicity,” Neurobiology of Disease 169 (2022): 105719, https://doi.org/10.
1016/j.nbd.2022.105719.

71. J. Hartmann, N. Henschel, K. Bartmann, et al., “Molecular and
Functional Characterization of Different BrainSphere Models for Use in
Neurotoxicity Testing on Microelectrode Arrays,” Cells 12, no. 9 (2023):
1270, https://doi.org/10.3390/CELLS12091270.

72. K. Ardhanareeswaran, J. Mariani, G. Coppola, A. Abyzov, and F.
M. Vaccarino, “Human Induced Pluripotent Stem Cells for Modelling
Neurodevelopmental Disorders,” Nature Reviews Neurology 13, no. 5
(2017): 265-278, https://doi.org/10.1038/nrneurol.2017.45.

73. M. Bershteyn, T. J. Nowakowski, A. A. Pollen, et al., “Human iPSC-
Derived Cerebral Organoids Model Cellular Features of Lissencephaly
and Reveal Prolonged Mitosis of Outer Radial Glia,” Cell Stem Cell 20,
no. 4 (2017): 435-449.e4, https://doi.org/10.1016/J.STEM.2016.12.007.

74. E. F. Cohn, B. L. L. Clayton, M. Madhavan, et al., “Pervasive Envi-
ronmental Chemicals Impair Oligodendrocyte Development,” Nature
Neuroscience 27, no. 5(2024): 836-845, https://doi.org/10.1038/s41593-024-
01599-2.

75. C. A. Schneider, W. S. Rasband, and K. W. Eliceiri, “NIH Image to
ImageJ: 25 Years of Image Analysis,” Nature Methods 9, no. 7 (2012):
671-675, https://doi.org/10.1038/nmeth.2089.

76. M. R. Schmuck, T. Temme, K. Dach, et al., “Omnisphero: A High-
content Image Analysis (HCA) Approach for Phenotypic Developmental
Neurotoxicity (DNT) Screenings of Organoid Neurosphere Cultures In
Vitro,” Archives of Toxicology 91, no. 4 (2017): 2017-2028, https://doi.org/
10.1007/s00204-016-1852-2.

77. N. Forster, J. Butke, H. E. Kef3el, et al., “Reliable Identification and
Quantification of Neural Cells in Microscopic Images of Neurospheres,”
Cytometry Part A - The Journal of Quantitative Cell Science 101 (2021): 411-
422, https://doi.org/10.1002/cyto.a.24514.

78. E. Fritsche, “Report on Integrated Testing Strategies for the
Identification and Evaluation of Chemical Hazards Associated
with the Developmental Neurotoxicity (DNT), to Facilitate
Discussions at the Joint EFSA/OECD Workshop on DNT,” (2017),
ENV/JM/MONO(2017)4/ ANNI.

79. K. Koch, K. Schliippmann, S. Hiisken, et al., “Nuclear Hormone
Receptors Control Fundamental Processes of human Fetal Neurode-
velopment: Basis for Endocrine Disruption Assessment,” Environment
International 198 (2025): 109400, https://doi.org/10.1016/J.ENVINT.2025.
109400.

80. J. Klose, J. Tigges, S. Masjosthusmann, et al., “TBBPA Targets Con-
verging Key Events of human Oligodendrocyte Development Resulting in
Two Novel AOPs,” Altex 38, no. 2 (2021): 215-234, https://doi.org/10.14573/
altex.2007201.

81. J. A. Miller, S.-L. Ding, S. M. Sunkin, et al., “Transcriptional Landscape
of the Prenatal Human Brain,” Nature 508, no. 7495 (2014): 199-206,
https://doi.org/10.1038/naturel3185.

82. A. Hardy, D. Benford, T. Halldorsson, et al., “Update: Use of the
Benchmark Dose Approach in Risk Assessment,” EFSA J 15, no. 1 (2017):
04658, https://doi.org/10.2903/j.efsa.2017.4658.

83. C. Ritz, F. Baty, J. C. Streibig, and D. Gerhard, “Dose-Response
Analysis Using,” PLoS ONE 10, no. 12 (2015): 0146021, https://doi.org/10.
1371/journal.pone.0146021.

84. H. Kef3el, S. Masjosthusmann, K. Bartmann, et al., “The Impact of
Biostatistics on Hazard Characterization Using In Vitro Developmental
Neurotoxicity Assays,” Altex 40, no. 4 (2023): 619-634, https://doi.org/10.
14573/altex.2210171.

85. K. E. Carstens, A. Dénmez, J.-H. Hsieh, et al., “A Comparative Study
of Biostatistical Pipelines for Benchmark Concentration Modeling of In
Vitro Screening Assays,” Computational Toxicology 34 (2025): 100360,
https://doi.org/10.1016/j.comtox.2025.100360.

86. A. Krebs, J. Nyffeler, J. Rahnenfiihrer, and M. Leist, “Normalization
of Data for Viability and Relative Cell Function Curves,” Altex 35, no. 2
(2018), https://doi.org/10.14573/altex.1803231.

87. F. Kappenberg, T. Brecklinghaus, W. Albrecht, et al., “Handling
Deviating Control Values in Concentration-response Curves,” Archives
of Toxicology 94, no. 11 (2020): 3787-3798, https://doi.org/10.1007/s00204-
020-02913-0.

88. A. Krebs, J. Nyffeler, C. Karreman, et al., “Determination of Bench-
mark Concentrations and Their Statistical Uncertainty for Cytotoxicity
Test Data and Functional In Vitro Assays,” Altex 37, no. 1 (2020): 155-163,
https://doi.org/10.14573/altex.1912021.

89. M. D. Wilkinson, M. Dumontier, I. J. Aalbersberg, et al., “The FAIR
Guiding Principles for Scientific Data Management and Stewardship,”
Scientific Data 3, no. 1 (2016): 160018, https://doi.org/10.1038/sdata.2016.
18.

90.N. N. Le, H. M, H. Mi, et al, “The Systems Biology Graphical
Notation,” Nature Biotechnology 27, no. 8 (2009): 735-741, https://doi.org/
10.1038/nbt.1558.

91. A. Funahashi, Y. Matsuoka, A. Jouraku, H. Kitano, and N. Kikuchi,
“Celldesigner: a Modeling Tool for Biochemical Networks,” in Proceedings
of the 2006 Winter Simulation Conference (IEEE, 2006), 1707-1712, https://
doi.org/10.1109/WSC.2006.322946.

92. P. Gawron, M. Ostaszewski, V. Satagopam, et al., “MINERVA—
A Platform for Visualization and Curation of Molecular Interaction
Networks,” npj Systems Biology and Applications 2, no. 1 (2016): 1-6,
https://doi.org/10.1038/npjsba.2016.20.

93. E. J. Calabrese, “Prostaglandins: Biphasic Dose Responses,” Critical
Reviews in Toxicology 31, no. 4-5 (2001): 475-487, https://doi.org/10.1080/
20014091111767.

94. M. A. Tegenge, T. D. Rockel, E. Fritsche, and G. Bicker, “Nitric Oxide
Stimulates human Neural Progenitor Cell Migration via cGMP-mediated
Signal Transduction,” Cellular and Molecular Life Sciences 68, no. 12
(2011): 2089-2099, https://doi.org/10.1007/S00018-010-0554-9.

95. M. Moors, J. E. Cline, J. Abel, and E. Fritsche, “ERK-dependent
and -independent Pathways Trigger Human Neural Progenitor Cell
Migration,” Toxicology and Applied Pharmacology 221, no. 1 (2007): 57-67,
https://doi.org/10.1016/j.taap.2007.02.018.

96. Y. Zhou, H. Song, and M. G. li, “Genetics of Human Brain Develop-
ment,” Nature Reviews Genetics 25, no. 1 (2024): 26-45, https://doi.org/10.
1038/s41576-023-00626-5.

97.J. Klose, M. Pahl, K. Bartmann, et al., “Neurodevelopmental Toxicity
Assessment of Flame Retardants Using a Human DNT In Vitro Testing
Battery,” Cell Biology and Toxicology 10 (2021): 1-27, https://doi.org/10.
1007/510565-021-09603-2.

98. J. Klose, L. Li, M. Pahl, et al., “Application of the Adverse Outcome
Pathway Concept for Investigating Developmental Neurotoxicity Poten-

26 of 32

Advanced Science, 2026

85UR0| T SUoWILIOD BAIFeR1D) 3|deat|dde au Aq peusenoh a1e Sapiie YO ‘8sN JO S3|nu J0j AriqI 8UIUO AB]IA UO (SUORIPUOO-PUe-SWIR) W00 A 1M AReaq 1 BU1JUO//SCNY) SUORIPUOD pue SWwie | 8U188s *[920z/70/2z] Uo Areiqiauliuo 48w ‘962118 S1seAILN Aq 6886TSZ0Z SAPR/Z00T OT/I0p/LI0D A8 | 1M Alelq 1 Bul|uo"peoeAe//Sdiy Woij papeojumod ‘0 ‘78E86TZ


https://doi.org/10.1177/02611929231157756
https://doi.org/10.1016/J.NEURON.2019.06.011
https://doi.org/10.1038/s41593-020-00794-1
https://doi.org/10.1016/J.CELL.2021.10.003
https://doi.org/10.1289/EHP.0800207
https://doi.org/10.1016/j.nbd.2022.105719
https://doi.org/10.3390/CELLS12091270
https://doi.org/10.1038/nrneurol.2017.45
https://doi.org/10.1016/J.STEM.2016.12.007
https://doi.org/10.1038/s41593-024-01599-2
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1007/s00204-016-1852-2
https://doi.org/10.1002/cyto.a.24514
https://doi.org/10.1016/J.ENVINT.2025.109400
https://doi.org/10.14573/altex.2007201
https://doi.org/10.1038/nature13185
https://doi.org/10.2903/j.efsa.2017.4658
https://doi.org/10.1371/journal.pone.0146021
https://doi.org/10.14573/altex.2210171
https://doi.org/10.1016/j.comtox.2025.100360
https://doi.org/10.14573/altex.1803231
https://doi.org/10.1007/s00204-020-02913-0
https://doi.org/10.14573/altex.1912021
https://doi.org/10.1038/sdata.2016.18
https://doi.org/10.1038/nbt.1558
https://doi.org/10.1109/WSC.2006.322946
https://doi.org/10.1038/npjsba.2016.20
https://doi.org/10.1080/20014091111767
https://doi.org/10.1007/S00018-010-0554-9
https://doi.org/10.1016/j.taap.2007.02.018
https://doi.org/10.1038/s41576-023-00626-5
https://doi.org/10.1007/s10565-021-09603-2

tial of Chinese Herbal Medicines by Using human Neural Progenitor Cells
In Vitro,” Cell Biology and Toxicology 1 (2022): 1-25, https://doi.org/10.
1007/S10565-022-09730-4.

99. K. Dach, F. Bendt, U. Huebenthal, et al., “BDE-99 Impairs Differen-
tiation of human and Mouse NPCs into the Oligodendroglial Lineage by
Species-specific Modes of Action,” Scientific Reports 7, no. 44861 (2017),
https://doi.org/10.1038/srep44861.

100. H. Ni, Z. Guo, Y. Wu, et al., “The Crucial Role That Hippocampus
Cyclooxygenase-2 Plays in Memory,” European Journal of Neuroscience
58, no. 10 (2023): 4123-4136, https://doi.org/10.1111/ejn.16165.

101. H. Yang and C. Chen, “Cyclooxygenase-2 in Synaptic Signaling,”
Current Pharmaceutical Design 14, no. 14 (2008): 1443-1451, https://doi.
org/10.2174/138161208784480144.

102. C. T. Wong, N. Ussyshkin, E. Ahmad, R. Rai-Bhogal, H. Li, and
D. A. Crawford, “Prostaglandin E 2 Promotes Neural Proliferation and
Differentiation and Regulates Wnt Target Gene Expression,” Journal of
Neuroscience Research 94, no. 8 (2016): 759-775, https://doi.org/10.1002/
jnr.23759.

103. L. Gonzélez-Llera, D. Sobrido-Camedn, A. Quelle-Regaldie, L.
Sanchez, and A. Barreiro-Iglesias, “An In Vivo Drug Screen in Zebrafish
Reveals That Cyclooxygenase 2-derived Prostaglandin D, Promotes Spinal
Cord Neurogenesis,” Cell Proliferation 57, no. 5 (2024): 13594, https://doi.
org/10.1111/cpr.13594.

104. S. M. Nam, J. W. Kim, D. Y. Yoo, et al., “Comparison of Pharma-
cological and Genetic Inhibition of Cyclooxygenase-2: Effects on Adult
Neurogenesis in the Hippocampal Dentate Gyrus,” Journal of Veterinary
Science 16, no. 3 (2015): 245-251, https://doi.org/10.4142/jvs.2015.16.3.245.

105. S. Grosch, I. Tegeder, E. Niederberger, L. Brdutigam, and G.
Geisslinger, “COX-2 Independent Induction of Cell Cycle Arrest and
Apoptosis in Colon Cancer Cells by the Selective COX-2 Inhibitor
Celecoxib,” Faseb Journal 15, no. 14 (2001): 1-22, https://doi.org/10.1096/
§.01-0299fje.

106. L. D. Bo, H. G. Yuan, L. G. Xian, H. Qiu, Q. Mei, and H. G. Qing,
“Celecoxib Induces Apoptosis and Cell-cycle Arrest in Nasopharyngeal
Carcinoma Cell Lines via Inhibition of STAT3 Phosphorylation,” Acta
Pharmacologica Sinica 33, no. 5 (2012): 682-690, https://doi.org/10.1038/
aps.2012.18.

107. M. Motavaf and X. Piao, “Oligodendrocyte Development and Impli-
cation in Perinatal White Matter Injury,” Frontiers Cellular Neuroscience
15 (2021): 1-14, https://doi.org/10.3389/fncel.2021.764486.

108. J. R. Buser, J. Maire, A. Riddle, et al., “Arrested Preoligodendrocyte
Maturation Contributes to Myelination Failure in Premature Infants,”
Annals of Neurology 71, no. 1 (2012): 93-109, https://doi.org/10.1002/ana.
22627.

109. L. R. Shiow, G. Favrais, L. Schirmer, et al., “Reactive Astrocyte COX2-
PGE2 Production Inhibits Oligodendrocyte Maturation in Neonatal White
Matter Injury,” Glia 65, no. 12 (2017): 2024-2037, https://doi.org/10.1002/
glia.23212.

110. N. G. Carlson, S. Bellamkonda, L. Schmidt, et al., “The Role of the
Prostaglandin E2 Receptors in Vulnerability of Oligodendrocyte Precursor
Cells to Death,” Journal of Neuroinflammation 12, no. 1 (2015): 101, https://
doi.org/10.1186/s12974-015-0323-7.

111. L. Li, Y. Yu, R. Hou, J. Hao, and J. Jiang, “Inhibiting the PGE
2 Receptor EP2 Mitigates Excitotoxicity and Ischemic Injury,” ACS
Pharmacology & Translational Science 3, no. 4 (2020): 635-643, https://
doi.org/10.1021/acsptsci.0c00040.

112. S. Mohan, S. Narumiya, and S. Doré, “Neuroprotective Role of
Prostaglandin PGE2 EP2 Receptor in Hemin-mediated Toxicity,” Neuro-
toxicology 46 (2015): 53-59, https://doi.org/10.1016/j.neuro.2014.10.012.

113. Y. Liu, J. Guo, M. Matoga, M. Korotkova, P. J. Jakobsson, and A.
Aguzzi, “NG2 Glia Protect against Prion Neurotoxicity by Inhibiting
Microglia-to-neuron Prostaglandin E2 Signaling,” Nature Neuroscience 27,
no. 8 (2024): 1534-1544, https://doi.org/10.1038/541593-024-01663-X.

114. H. Wang, J. Xu, P. Lazarovici, R. Quirion, and W. Zheng, “cAMP
Response Element-Binding Protein (CREB): A Possible Signaling
Molecule Link in the Pathophysiology of Schizophrenia,” Frontiers in
Molecular Neuroscience 11 (2018): 255, https://doi.org/10.3389/fnmol.2018.
00255.

115. D. Gandolfi, S. Cerri, J. Mapelli, et al., “Activation of the CREB/c-
Fos Pathway during Long-Term Synaptic Plasticity in the Cerebellum
Granular Layer,” Frontiers in Cellular Neuroscience 11 (2017): 267377,
https://doi.org/10.3389/fncel.2017.00184.

116. H. Chen, Y. Teng, X. Chen, et al., “Platelet-Derived Growth
Factor (PDGF)-BB Protects Dopaminergic Neurons via Activation of
Akt/ERK/CREB Pathways to Upregulate Tyrosine Hydroxylase,” CNS
Neuroscience & Therapeutics 27, no. 11 (2021): 1300-1312, https://doi.org/
10.1111/cns.13708.

117. B. E. Lonze and D. D. Ginty, “Function and Regulation of CREB
Family Transcription Factors in the Nervous System,” Neuron 35, no. 4
(2002): 605-623, https://doi.org/10.1016/S0896-6273(02)00828-0.

118. D. Rudolph, A. Tafuri, P. Gass, G. J. Himmerling, B. Arnold, and G.
Schiitz, “Impaired Fetal T Cell Development and Perinatal Lethality in
Mice Lacking the cAMP Response Element Binding Protein,” Proceedings
of the National Academy of Sciences 95, no. 8 (1998): 4481-4486, https://doi.
0rg/10.1073/pnas.95.8.4481.

119. L. Pardo, L. M. Valor, A. Eraso-Pichot, et al., “CREB Regulates
Distinct Adaptive Transcriptional Programs in Astrocytes and Neurons,”
Scientific Reports 7, no. 1 (2017): 6390, https://doi.org/10.1038/s41598-017-
06231-X.

120. J. Kim and B. K. Kaang, “Cyclic AMP Response Element-binding
Protein (CREB) Transcription Factor in Astrocytic Synaptic Communica-
tion,” Frontiers Synaptic Neuroscience 14 (2023): 1059918, https://doi.org/
10.3389/fnsyn.2022.1059918.

121. G. Lepski, C. E. Jannes, G. Nikkhah, and J. Bischofberger, “cAMP
Promotes the Differentiation of Neural Progenitor Cells In Vitro via
Modulation of Voltage-gated Calcium Channels,” Frontiers in Celu-
larl Neuroscience 7 (2013): 155, https://doi.org/10.3389/FNCEL.2013.
00155.

122. Z. Donders, I. J. Skorupska, E. Willems, et al., “Beyond PDE4
Inhibition: A Comprehensive Review on Downstream cAMP Signaling in
the Central Nervous System,” Biomedicine & Pharmacotherapy 177 (2024):
117009, https://doi.org/10.1016/j.biopha.2024.117009.

123. H. Shiga, H. Asou, and E. Ito, “Advancement of Differentiation of
Oligodendrocyte Progenitor Cells by a Cascade Including Protein Kinase
A and Cyclic AMP-response Element Binding Protein,” Neuroscience
Research 53, no. 4 (2005): 436-441, https://doi.org/10.1016/J.NEURES.
2005.09.004.

124. C. Sato-Bigbee, S. Pal, and A. K. Chu, “Different Neuroligands
and Signal Transduction Pathways Stimulate CREB Phosphorylation at
Specific Developmental Stages along Oligodendrocyte Differentiation,”
Journal of Neurochemistry 72, no. 1 (1999): 139-147, https://doi.org/10.
1046/j.1471-4159.1999.0720139.x.

125.J. A. Garcia-Leon, B. Garcia-Diaz, K. Eggermont, et al., “Generation
of Oligodendrocytes and Establishment of an All-human Myelinating
Platform from Human Pluripotent Stem Cells,” Nature Protocols 15, no.
11 (2020): 3716-3744, https://doi.org/10.1038/541596-020-0395-4.

126. A. G. P. Glebov-McCloud, W. S. Saide, M. E. Gaine, and S. Strack,
“Protein Kinase A in Neurological Disorders,” Journal of Neurodevelop-
mental Disorders 16, no. 1 (2024): 9, https://doi.org/10.1186/511689-024-
09525-0.

127. Y. Ould Amer and E. Hebert-Chatelain, “Mitochondrial cAMP-PKA
Signaling: What Do We Really Know?,” Biochimica et Biophysica Acta—
Bioenergetics 1859, no. 9 (2018): 868-877, https://doi.org/10.1016/j.bbabio.
2018.04.005.

128. B. Y. Hu, Z. W. Du, and S. C. Zhang, “Differentiation of human
Oligodendrocytes from Pluripotent Stem Cells,” Nature Protocols 4, no.
11 (2009): 1614-1622, https://doi.org/10.1038/nprot.2009.186.

Advanced Science, 2026

27 of 32

85UR0| T SUoWILIOD BAIFeR1D) 3|deat|dde au Aq peusenoh a1e Sapiie YO ‘8sN JO S3|nu J0j AriqI 8UIUO AB]IA UO (SUORIPUOO-PUe-SWIR) W00 A 1M AReaq 1 BU1JUO//SCNY) SUORIPUOD pue SWwie | 8U188s *[920z/70/2z] Uo Areiqiauliuo 48w ‘962118 S1seAILN Aq 6886TSZ0Z SAPR/Z00T OT/I0p/LI0D A8 | 1M Alelq 1 Bul|uo"peoeAe//Sdiy Woij papeojumod ‘0 ‘78E86TZ


https://doi.org/10.1007/S10565-022-09730-4
https://doi.org/10.1038/srep44861
https://doi.org/10.1111/ejn.16165
https://doi.org/10.2174/138161208784480144
https://doi.org/10.1002/jnr.23759
https://doi.org/10.1111/cpr.13594
https://doi.org/10.4142/jvs.2015.16.3.245
https://doi.org/10.1096/fj.01-0299fje
https://doi.org/10.1038/aps.2012.18
https://doi.org/10.3389/fncel.2021.764486
https://doi.org/10.1002/ana.22627
https://doi.org/10.1002/glia.23212
https://doi.org/10.1186/s12974-015-0323-7
https://doi.org/10.1021/acsptsci.0c00040
https://doi.org/10.1016/j.neuro.2014.10.012
https://doi.org/10.1038/s41593-024-01663-x
https://doi.org/10.3389/fnmol.2018.00255
https://doi.org/10.3389/fncel.2017.00184
https://doi.org/10.1111/cns.13708
https://doi.org/10.1016/S0896-6273(02)00828-0
https://doi.org/10.1073/pnas.95.8.4481
https://doi.org/10.1038/s41598-017-06231-x
https://doi.org/10.3389/fnsyn.2022.1059918
https://doi.org/10.3389/FNCEL.2013.00155
https://doi.org/10.1016/j.biopha.2024.117009
https://doi.org/10.1016/J.NEURES.2005.09.004
https://doi.org/10.1046/j.1471-4159.1999.0720139.x
https://doi.org/10.1038/s41596-020-0395-4
https://doi.org/10.1186/s11689-024-09525-0
https://doi.org/10.1016/j.bbabio.2018.04.005
https://doi.org/10.1038/nprot.2009.186

129. R. M. Marton, Y. Miura, S. A. Sloan, et al., “Differentiation and
Maturation of Oligodendrocytes in human Three-dimensional Neural
Cultures,” Nature Neuroscience 22, no. 3 (2019): 484-491, https://doi.org/
10.1038/s41593-018-0316-9.

130. S. Passemard, F. Perez, P. Gressens, and G. V. El, “Endoplasmic
Reticulum and Golgi Stress in Microcephaly,” Cell Stress 3, no. 12 (2019):
369-384, https://doi.org/10.15698/CST2019.12.206.

131. S. H. Kim, B. C. Lim, J. H. Chae, K. J. Kim, and Y. S. Hwang, “A
Case of Rubinstein-Taybi Syndrome with a CREBbinding Protein Gene
Mutation,” Korean Journal of Pediatrics 53, no. 6 (2010): 718-721, https://
doi.org/10.3345/KJP.2010.53.6.718.

132. J. Van Gils, F. Magdinier, P. Fergelot, and L. D. R.-T. Syndrome, “A
Model of Epigenetic Disorder,” Genes (Basel) 12, no. 7 (2021): 968, https://
doi.org/10.3390/genes12070968.

133. M. J. Owen, M. C. O’Donovan, A. Thapar, and N. Craddock,
“Neurodevelopmental Hypothesis of Schizophrenia,” British Journal of
Psychiatry 198, no. 3 (2011): 173-175, https://doi.org/10.1192/bjp.bp.110.
084384.

134. S. Finkbeiner, S. F. Tavazoie, A. Maloratsky, K. M. Jacobs, K.
M. Harris, and M. E. Greenberg, “CREB: a Major Mediator of
Neuronal Neurotrophin Responses,” Neuron 19, no. 5 (1997): 1031-
1047, https://doi.org/10.1016/S0896-6273(00)80395-5/ASSET/056D3A4C-
F210-4F8B-A73B-3B24A7EFE449/MAIN.ASSETS/GR12.JPG.

135. D. Pamies, K. Block, P. Lau, et al., “Rotenone Exerts Developmental
Neurotoxicity in a human Brain Spheroid Model,” Toxicology and Applied
Pharmacology 354 (2018): 101-114, https://doi.org/10.1016/j.taap.2018.02.
003.

136. A. Schmitz, S. Dempewolf, S. Tan, G. Bicker, and M. Stern, “Devel-
opmental Neurotoxicity of Fipronil and Rotenone on a Human Neuronal
In Vitro Test System,” Neurotoxicity Research 39, no. 4 (2021): 1189-1202,
https://doi.org/10.1007/s12640-021-00364-8.

137. W. van der Stel, G. Carta, J. Eakins, et al., “New Approach Methods
(NAMs) Supporting Read-Across: Two Neurotoxicity AOP-based IATA
Case Studies,” Altex 38, no. 4 (2021): 615-635, https://doi.org/10.14573/
altex.2103051.

138. A. K. Krug, N. V. Balmer, F. Matt, F. Schonenberger, D. Merhof,
and M. Leist, “Evaluation of a human Neurite Growth Assay as Spe-
cific Screen for Developmental Neurotoxicants,” Archives of Toxicology
87, no. 12 (2013): 2215-2231, https://doi.org/10.1007/s00204-013-1072-
y.

139. K. Bartmann, “A Human iPSC-Based In Vitro Neural Network For-
mation Assay to Investigate Neurodevelopmental Toxicity of Pesticides,”
Altex 40, no. 3 (2023): 452-470, https://doi.org/10.14573/altex.2206031.

140. A. Terron, A. Bal-Price, A. Paini, et al.,, “An Adverse Outcome
Pathway for Parkinsonian Motor Deficits Associated with Mitochondrial
Complex I Inhibition,” Archives of Toxicology 92, no. 1 (2018): 41-82,
https://doi.org/10.1007/s00204-017-2133-4.

141. D. Cabello-Rivera, H. Sarmiento-Soto, J. Lopez-Barneo, and A.
M. Muiioz-Cabello, “Mitochondrial Complex I Function Is Essential
for Neural Stem/Progenitor Cells Proliferation and Differentiation,”
Frontiers in Neuroscience 13 (2019), https://doi.org/10.3389/fnins.2019.
00664.

142. L. Wang, Z. Yang, X. He, et al., “Mitochondrial Protein Dysfunc-
tion in Pathogenesis of Neurological Diseases,” Frontiers in Molecular
Neuroscience 15 (2022), https://doi.org/10.3389/fnmol.2022.974480.

143. G. Inak, A. Rybak-Wolf, P. Lisowski, et al., “Defective Metabolic
Programming Impairs Early Neuronal Morphogenesis in Neural Cul-
tures and an Organoid Model of Leigh Syndrome,” Nature Communi-
cations 12, no. 1 (2021): 1929, https://doi.org/10.1038/s41467-021-22117-
Z.

144. T. Galera-Monge, F. Zurita-Diaz, I. Canals, et al., “Mitochondrial
Dysfunction and Calcium Dysregulation in Leigh Syndrome Induced
Pluripotent Stem Cell Derived Neurons,” International Journal of Molec-
ular Sciences 21, no. 9 (2020): 3191, https://doi.org/10.3390/1JMS21093191.

145. S. Wullschleger, R. Loewith, and M. N. Hall, “TOR Signaling in
Growth and Metabolism,” Cell 124, no. 3 (2006): 471-484, https://doi.org/
10.1016/j.cell.2006.01.016.

146. D. Meng, A. R. Frank, and J. L. Jewell, “mTOR Signaling in Stem and
Progenitor Cells,” Development (Cambridge, England) 145, no. 1 (2018):
dev152595, https://doi.org/10.1242/dev.152595.

147. M. R. F. Reijnders, M. Kousi, G. M. van Woerden, et al., “Variation
in a Range of mTOR-related Genes Associates with Intracranial Volume
and Intellectual Disability,” Nature Communications 8, no. 1 (2017): 1-12,
https://doi.org/10.1038/s41467-017-00933-6.

148. H. P. J. Everolimus, “Everolimus,” Clinical Cancer Research 16, no. 5
(2010): 1368-1372, https://doi.org/10.1158/1078-0432.CCR-09-1314.

149. N. Romanyuk, K. Sintakova, I. Arzhanov, et al., “mTOR Pathway
Inhibition Alters Proliferation as Well as Differentiation of Neural Stem
Cells,” Frontiers in Cellular Neuroscience 18 (2024): 1298182, https://doi.
org/10.3389/fncel.2024.1298182.

150. M. Girodengo, S. K. Ultanir, and J. M. Bateman, “Mechanistic Target
of Rapamycin Signaling in human Nervous System Development and
Disease,” Frontiers in Molecular Neuroscience 15 (2022): 1005631, https://
doi.org/10.3389/fnmol.2022.1005631.

151. L. N. Tran, S. K. Loew, and S. J. Franco, “Notch Signaling Plays a
Dual Role in Regulating the Neuron-to-Oligodendrocyte Switch in the
Developing Dorsal Forebrain,” The Journal of Neuroscience 43, no. 41
(2023): 6854-6871, https://doi.org/10.1523/INEUROSCI.0144-23.2023.

152. E. Cau and P. Blader, “Notch Activity in the Nervous System: To
Switch or Not Switch?,” Neural Development 4, no. 1 (2009): 36, https://
doi.org/10.1186/1749-8104-4-36.

153. L. Grandbarbe, J. Bouissac, M. Rand, M. Hrabé de Angelis, S.
Artavanis-Tsakonas, and E. Mohier, “Delta-Notch Signaling Controls
the Generation of Neurons/Glia from Neural Stem Cells in a Stepwise
Process,” Development (Cambridge, England) 130, no. 7 (2003): 1391-1402,
https://doi.org/10.1242/dev.00374.

154. L. Borghese, D. Dolezalova, T. Opitz, et al., “Inhibition of Notch
Signaling in Human Embryonic Stem Cell-Derived Neural Stem Cells
Delays G1/S Phase Transition and Accelerates Neuronal Differentiation
In Vitro and In Vivo,” Stem Cells 28, no. 5 (2010): 955-964, https://doi.org/
10.1002/stem.408.

155. T. Q. Crawford and H. Roelink, “The Notch Response Inhibitor
DAPT Enhances Neuronal Differentiation in Embryonic Stem Cell-
Derived Embryoid Bodies Independently of Sonic Hedgehog Signaling,”
Developmental Dynamics 236, no. 3 (2007): 886-892, https://doi.org/10.
1002/dvdy.21083.

156. Z. Peng, X. Li, M. Fu, et al., “Inhibition of Notchl Signaling Promotes
Neuronal Differentiation and Improves Functional Recovery in Spinal
Cord Injury through Suppressing the Activation of Ras Homolog family
Member A,” Journal of Neurochemistry 150, no. 6 (2019): 709-722, https://
doi.org/10.1111/jnc.14833.

157. J. L. Snyder, C. A. Kearns, and B. Appel, “Fbxw7 regulates Notch
to Control Specification of Neural Precursors for Oligodendrocyte Fate,”
Neural Development 7, no. 1 (2012): 15, https://doi.org/10.1186/1749-8104-
7-15.

158.J. J. Moffat, M. Ka, E. M. Jung, and W. Y. Kim, “Genes and
Brain Malformations Associated with Abnormal Neuron Positioning,”
Molecular Brain 8, no. 1 (2015): 72, https://doi.org/10.1186/s13041-015-
0164-4.

159. L. Pisciotta, V. Capra, A. Accogli, et al., “Epileptic Encephalopathy
in Adams-Oliver Syndrome Associated to a New DOCK6 Mutation: a
Peculiar Behavioral Phenotype,” Neuropediatrics 49, no. 3 (2018): 217-221,
https://doi.org/10.1055/s-0038-1639372.

160. T. Ozcelik, N. Akarsu, E. Uz, et al., “Mutations in the Very Low-
density Lipoprotein Receptor VLDLR Cause Cerebellar Hypoplasia and
Quadrupedal Locomotion in Humans,” Proceedings of the National
Academy of Sciences 105, no. 11 (2008): 4232-4236, https://doi.org/10.1073/
pnas.0710010105.

28 of 32

Advanced Science, 2026

85UR0| T SUoWILIOD BAIFeR1D) 3|deat|dde au Aq peusenoh a1e Sapiie YO ‘8sN JO S3|nu J0j AriqI 8UIUO AB]IA UO (SUORIPUOO-PUe-SWIR) W00 A 1M AReaq 1 BU1JUO//SCNY) SUORIPUOD pue SWwie | 8U188s *[920z/70/2z] Uo Areiqiauliuo 48w ‘962118 S1seAILN Aq 6886TSZ0Z SAPR/Z00T OT/I0p/LI0D A8 | 1M Alelq 1 Bul|uo"peoeAe//Sdiy Woij papeojumod ‘0 ‘78E86TZ


https://doi.org/10.1038/s41593-018-0316-9
https://doi.org/10.15698/CST2019.12.206
https://doi.org/10.3345/KJP.2010.53.6.718
https://doi.org/10.3390/genes12070968
https://doi.org/10.1192/bjp.bp.110.084384
https://doi.org/10.1016/S0896-6273(00)80395-5/ASSET/056D3A4C-F210-4F8B-A73B-3B24A7EFE449/MAIN.ASSETS/GR12.JPG
https://doi.org/10.1016/j.taap.2018.02.003
https://doi.org/10.1007/s12640-021-00364-8
https://doi.org/10.14573/altex.2103051
https://doi.org/10.1007/s00204-013-1072-y
https://doi.org/10.14573/altex.2206031
https://doi.org/10.1007/s00204-017-2133-4
https://doi.org/10.3389/fnins.2019.00664
https://doi.org/10.3389/fnmol.2022.974480
https://doi.org/10.1038/s41467-021-22117-z
https://doi.org/10.3390/IJMS21093191
https://doi.org/10.1016/j.cell.2006.01.016
https://doi.org/10.1242/dev.152595
https://doi.org/10.1038/s41467-017-00933-6
https://doi.org/10.1158/1078-0432.CCR-09-1314
https://doi.org/10.3389/fncel.2024.1298182
https://doi.org/10.3389/fnmol.2022.1005631
https://doi.org/10.1523/JNEUROSCI.0144-23.2023
https://doi.org/10.1186/1749-8104-4-36
https://doi.org/10.1242/dev.00374
https://doi.org/10.1002/stem.408
https://doi.org/10.1002/dvdy.21083
https://doi.org/10.1111/jnc.14833
https://doi.org/10.1186/1749-8104-7-15
https://doi.org/10.1186/s13041-015-0164-4
https://doi.org/10.1055/s-0038-1639372
https://doi.org/10.1073/pnas.0710010105

161. F. Majolo, D. R. Marinowic, D. C. Machado, and J. C. Da Costa,
“Notch Signaling in Human iPS-Derived Neuronal Progenitor Lines from
Focal Cortical Dysplasia Patients,” International Journal of Developmental
Neuroscience 69, no. 1 (2018): 112-118, https://doi.org/10.1016/j.ijdevneu.
2018.07.006.

162. S. Keilani and K. Sugaya, “Reelin Induces a Radial Glial Phenotype
in human Neural Progenitor Cells by Activation of Notch-1,” BMC
Developmental Biology 8, no. 1 (2008): 69, https://doi.org/10.1186/1471-
213X-8-69.

163. Y. Jossin, “Reelin Functions, Mechanisms of Action and Signaling
Pathways during Brain Development and Maturation,” Biomolecules 10,
no. 6 (2020): 964, https://doi.org/10.3390/biom10060964.

164.S. C. Su and L. H. Tsai, “Cyclin-Dependent Kinases in Brain
Development and Disease,” Annual Review of Cell and Developmental
Biology 27, no. 1 (2011): 465-491, https://doi.org/10.1146/annurev-cellbio-
092910-154023.

165. Y. Shinmyo, Y. Terashita, T. A. Dinh Duong, et al., “Folding of the
Cerebral Cortex Requires Cdk5 in Upper-Layer Neurons in Gyrencephalic
Mammals,” Cell Reports 20, no. 9 (2017): 2131-2143, https://doi.org/10.
1016/j.celrep.2017.08.024.

166. D. Magen, A. Ofir, L. Berger, et al., “Autosomal Recessive
Lissencephaly with Cerebellar Hypoplasia Is Associated with a Loss-of-
function Mutation in CDKS5,” Human Genetics 134, no. 3 (2015): 305-314,
https://doi.org/10.1007/S00439-014-1522-5/FIGURES/3.

167. P. H. Chen, X. Chen, and X. He, “Platelet-derived Growth Factors and
Their Receptors: Structural and Functional Perspectives,” Biochimica et
Biophysica Acta (BBA)—Proteins and Proteomics 1834, no. 10 (2013): 2176—
2186, https://doi.org/10.1016/j.bbapap.2012.10.015.

168. A. Erlandsson, M. Enarsson, and K. Forsberg-Nilsson, “Immature
Neurons from CNS Stem Cells Proliferate in Response to Platelet-Derived
Growth Factor,” The Journal of Neuroscience 21, no. 10 (2001): 3483-3491,
https://doi.org/10.1523/INEUROSCI.21-10-03483.2001.

169. S. Sil, P. Periyasamy, A. Thangaraj, E. T. Chivero, and S. Buch,
“PDGF/PDGFR Axis in the Neural Systems,” Molecular Aspects of
Medicine 62 (2018): 63-74, https://doi.org/10.1016/j.mam.2018.01.006.

170. S. A. Lewandowski, L. Fredriksson, and D. A. Lawrence, “Pharma-
cological Targeting of the PDGF-CC Signaling Pathway for Blood-brain
Barrier Restoration in Neurological Disorders,” Pharmacology & Ther-
apeutics 167 (2016): 108-119, https://doi.org/10.1016/J.PHARMTHERA.
2016.07.016.

171. L. C. D. Smyth, B. Highet, D. Jansson, et al., “Characterisation
of PDGF-BB:PDGFRf Signalling Pathways in human Brain Pericytes:
Evidence of Disruption in Alzheimer’s Disease,” Communications Biology
5, no. 1(2022): 235, https://doi.org/10.1038/s42003-022-03180-8.

172. O. Zachrisson, M. Zhao, A. Andersson, et al., “Restorative Effects
of Platelet Derived Growth Factor-BB in Rodent Models of Parkinson’s
Disease,” Journal of Parkinson’s Disease 1, no. 1 (2011): 49-63, https://doi.
org/10.3233/JPD-2011-0003.

173. L. Zhou, C.-Y. Shao, Y.-J. Xie, et al., “Gabl mediates PDGF Sig-
naling and Is Essential to Oligodendrocyte Differentiation and CNS
Myelination,” Elife 9 (2020), https://doi.org/10.7554/eLife.52056.

174. L. Wang, K. Zhou, Z. Fu, et al., “Brain Development and Akt
Signaling: the Crossroads of Signaling Pathway and Neurodevelopmental
Diseases,” Journal of Molecular Neuroscience 61, no. 3 (2017): 379-384,
https://doi.org/10.1007/S12031-016-0872-Y/FIGURES/1.

175. K. Nourbakhsh and S. Yadav, “Kinase Signaling in Dendritic Devel-
opment and Disease,” Frontiers in Cellular Neuroscience 15 (2021): 624648,
https://doi.org/10.3389/fncel.2021.624648.

176. D. E. Read and A. M. Gorman, “Involvement of Akt in Neurite
Outgrowth,” Cellular and Molecular Life Sciences 66, no. 18 (2009):
2975-2984, https://doi.org/10.1007/s00018-009-0057-8.

177. Y. Kang, Y. Zhou, Y. Li, et al., “A Human Forebrain Organoid Model of
Fragile X Syndrome Exhibits Altered Neurogenesis and Highlights New

Treatment Strategies,” Nature Neuroscience 24, no. 10 (2021): 1377-1391,
https://doi.org/10.1038/S41593-021-00913-6.

178. N. Raj, Z. T. McEachin, W. Harousseau, et al., “Cell-type-specific
Profiling of Human Cellular Models of Fragile X Syndrome Reveal PI3K-
dependent Defects in Translation and Neurogenesis,” Cell Reports 35, no.
2 (2021): 108991, https://doi.org/10.1016/J.CELREP.2021.108991.

179. M. E. Doers, M. T. Musser, R. Nichol, et al., “iPSC-Derived Fore-
brain Neurons from FXS Individuals Show Defects in Initial Neurite
Outgrowth,” Stem Cells and Development 23, no. 15 (2014): 1777-1787,
https://doi.org/10.1089/SCD.2014.0030.

180. C. M. Dias, B. Issac, L. Sun, et al., “Glial Dysregulation in the Human
Brain in Fragile X-associated Tremor/Ataxia Syndrome,” Proceedings of
the National Academy of Sciences 120, no. 23 (2023): 2300052120, https://
doi.org/10.1073/pnas.2300052120.

181. R. F. Hevner, “Brain Overgrowth in Disorders of RTK-PI3K-AKT
Signaling: A Mosaic of Malformations,” Seminars in Perinatology 39, no. 1
(2015): 36-43, https://doi.org/10.1053/J.SEMPERI.2014.10.006.

182. R. Oegema, T. S. Barakat, M. Wilke, et al., “International Consensus
Recommendations on the Diagnostic Work-up for Malformations of
Cortical Development,” Nature Reviews Neurology 16, no. 11 (2020):
618-635, https://doi.org/10.1038/s41582-020-0395-6.

183. A. Represa, “Why Malformations of Cortical Development Cause
Epilepsy,” Frontiers in Neuroscience 13 (2019): 250, https://doi.org/10.
3389/FNINS.2019.00250/BIBTEX.

184. K. Kisoh, H. Hayashi, M. Arai, M. Orita, B. Yuan, and N. Takagi,
“Possible Involvement of PI3-K/Akt-Dependent GSK-3 Signaling in Pro-
liferation of Neural Progenitor Cells after Hypoxic Exposure,” Molecular
Neurobiology 56, no. 3 (2019): 1946-1956, https://doi.org/10.1007/s12035-
018-1216-4.

185. Y. Wu, H. Peng, M. Cui, N. P. Whitney, Y. Huang, and J. C.
Zheng, “CXCLI2 increases human Neural Progenitor Cell Proliferation
through Akt-1/FOXO03a Signaling Pathway,” Journal of Neurochemistry
109, no. 4 (2009): 1157-1167, https://doi.org/10.1111/j.1471-4159.2009.06043.
X.

186. S. Yu, X. Zhang, Z. Xu, and C. Hu, “Melatonin Promotes Proliferation
of Neural Stem Cells from Adult Mouse Spinal Cord via the PI3K/AKT
Signaling Pathway,” FEBS Letters 593, no. 14 (2019): 1751-1762, https://doi.
0rg/10.1002/1873-3468.13458.

187. W. S. Chan, A. Sideris, J. J. Sutachan, G. J. V. Montoya, T. J. J. Blanck,
and E. Recio-Pinto, “Differential Regulation of Proliferation and Neuronal
Differentiation in Adult Rat Spinal Cord Neural Stem/Progenitors by
ERK1/2, Akt, and PLCy,” Frontiers in Molecular Neuroscience 6, no. AUG
(2013): 53686, https://doi.org/10.3389/fnmol.2013.00023.

188. M. Wang, H. Hayashi, I. Horinokita, et al., “Role of Senkyunolide I in
the Promotion of Neural Stem/Progenitor Cell Proliferation via the Akt/S-
catenin Pathway,” Biomedicine & Pharmacotherapy 163 (2023): 115683,
https://doi.org/10.1016/j.biopha.2023.115683.

189. J. H. Rhim, X. Luo, D. Gao, et al., “Cell Type-dependent Erk-Akt
Pathway Crosstalk Regulates the Proliferation of Fetal Neural Progenitor
Cells,” Scientific Reports 6, no. 1 (2016): 26547, https://doi.org/10.1038/
srep26547.

190. J. Peltier, A. O’Neill, and D. V. Schaffer, “PI3K/Akt and CREB
Regulate Adult Neural Hippocampal Progenitor Proliferation and Dif-
ferentiation,” Developmental Neurobiology 67, no. 10 (2007): 1348-1361,
https://doi.org/10.1002/dneu.20506.

191. M. Costa-Mattioli and L. M. Monteggia, “mTOR Complexes in Neu-
rodevelopmental and Neuropsychiatric Disorders,” Nature Neuroscience
16, no. 11 (2013): 1537-1543, https://doi.org/10.1038/nn.3546.

192. S. Grade, F. Agasse, L. Bernardino, C. G. Silva, L. Cortes, and
J. O. Malva, “Functional Identification of Neural Stem Cell-Derived
Oligodendrocytes by Means of Calcium Transients Elicited by Thrombin,”
Rejuvenation Research 13, no. 1 (2010): 27-37, https://doi.org/10.1089/rej.
2009.0889.

Advanced Science, 2026

29 of 32

85UR0| T SUoWILIOD BAIFeR1D) 3|deat|dde au Aq peusenoh a1e Sapiie YO ‘8sN JO S3|nu J0j AriqI 8UIUO AB]IA UO (SUORIPUOO-PUe-SWIR) W00 A 1M AReaq 1 BU1JUO//SCNY) SUORIPUOD pue SWwie | 8U188s *[920z/70/2z] Uo Areiqiauliuo 48w ‘962118 S1seAILN Aq 6886TSZ0Z SAPR/Z00T OT/I0p/LI0D A8 | 1M Alelq 1 Bul|uo"peoeAe//Sdiy Woij papeojumod ‘0 ‘78E86TZ


https://doi.org/10.1016/j.ijdevneu.2018.07.006
https://doi.org/10.1186/1471-213X-8-69
https://doi.org/10.3390/biom10060964
https://doi.org/10.1146/annurev-cellbio-092910-154023
https://doi.org/10.1016/j.celrep.2017.08.024
https://doi.org/10.1007/S00439-014-1522-5/FIGURES/3
https://doi.org/10.1016/j.bbapap.2012.10.015
https://doi.org/10.1523/JNEUROSCI.21-10-03483.2001
https://doi.org/10.1016/j.mam.2018.01.006
https://doi.org/10.1016/J.PHARMTHERA.2016.07.016
https://doi.org/10.1038/s42003-022-03180-8
https://doi.org/10.3233/JPD-2011-0003
https://doi.org/10.7554/eLife.52056
https://doi.org/10.1007/S12031-016-0872-Y/FIGURES/1
https://doi.org/10.3389/fncel.2021.624648
https://doi.org/10.1007/s00018-009-0057-8
https://doi.org/10.1038/S41593-021-00913-6
https://doi.org/10.1016/J.CELREP.2021.108991
https://doi.org/10.1089/SCD.2014.0030
https://doi.org/10.1073/pnas.2300052120
https://doi.org/10.1053/J.SEMPERI.2014.10.006
https://doi.org/10.1038/s41582-020-0395-6
https://doi.org/10.3389/FNINS.2019.00250/BIBTEX
https://doi.org/10.1007/s12035-018-1216-4
https://doi.org/10.1111/j.1471-4159.2009.06043.x
https://doi.org/10.1002/1873-3468.13458
https://doi.org/10.3389/fnmol.2013.00023
https://doi.org/10.1016/j.biopha.2023.115683
https://doi.org/10.1038/srep26547
https://doi.org/10.1002/dneu.20506
https://doi.org/10.1038/nn.3546
https://doi.org/10.1089/rej.2009.0889

193. D. S. Kang, Y. R. Yang, C. Lee, S. Kim, S. H. Ryu, and P. G. Suh, “Roles
of Phosphoinositide-specific Phospholipase Cy1 in Brain Development,”
Advances in Biological Regulation 60 (2016): 167-173, https://doi.org/10.
1016/j.jbior.2015.10.002.

194. K. H. Lim, S. Yang, S. H. Kim, E. Ko, M. Kang, and J. Y. Joo, “Cryptic
Mutations of PLC family Members in Brain Disorders: Recent Discoveries
and a Deep-learning-based Approach,” Brain 146, no. 4 (2023): 1267-1280,
https://doi.org/10.1093/brain/awac451.

195. F. He, W. Ge, K. Martinowich, et al., “A Positive Autoregulatory Loop
of Jak-STAT Signaling Controls the Onset of Astrogliogenesis,” Nature
Neuroscience 8, no. 5 (2005): 616-625, https://doi.org/10.1038/nn1440.

196. S. Fukuda, M. Abematsu, H. Mori, et al., “Potentiation of Astroglio-
genesis by STAT3-Mediated Activation of Bone Morphogenetic Protein-
Smad Signaling in Neural Stem Cells,” Molecular and Cellular Biol-
ogy 27, no. 13 (2007): 4931-4937, https://doi.org/10.1128/MCB.02435-
06.

197. F. Cao, R. Hata, P. Zhu, N. K. ichi, and M. Sakanaka, “Conditional
Deletion of Stat3 Promotes Neurogenesis and Inhibits Astrogliogenesis in
Neural Stem Cells,” Biochemical and Biophysical Research Communica-
tions 394, no. 3 (2010): 843-847, https://doi.org/10.1016/J.BBRC.2010.03.
092.

198. R. Kanski, M. E. van Strien, P. van Tijn, and E. M. Hol, “A Star Is
Born: New Insights into the Mechanism of Astrogenesis,” Cellular and
Molecular Life Sciences 71, no. 3 (2014): 433-447, https://doi.org/10.1007/
s00018-013-1435-9.

199. A. S. Spreng, M. Briill, H. Leisner, I. Suciu, and M. Leist, “Distinct
and Dynamic Transcriptome Adaptations of iPSC-Generated Astrocytes
after Cytokine Stimulation,” Cells 11, no. 17 (2022): 2644, https://doi.org/
10.3390/cells11172644.

200. S. Dziennis and N. J. Alkayed, “Role of Signal Transducer and
Activator of Transcription 3 in Neuronal Survival and Regeneration,”
Reviews in the Neurosciences 19, no. 4-5(2008): 341, https://doi.org/10.1515/
REVNEURO.2008.19.4-5.341.

201. S. Pramanik, Y. A. Sulistio, and K. Heese, “Neurotrophin Signaling
and Stem Cells—Implications for Neurodegenerative Diseases and Stem
Cell Therapy,” Molecular Neurobiology 54, no. 9 (2017): 7401-7459, https://
doi.org/10.1007/s12035-016-0214-7.

202. T. Sonoyama, L. K. J. Stadler, M. Zhu, et al., “Human BDNF/TrkB
Variants Impair Hippocampal Synaptogenesis and Associate with Neu-
robehavioural Abnormalities,” Scientific Reports 10, no. 1 (2020): 1-14,
https://doi.org/10.1038/s41598-020-65531-X.

203. H. J. Kang, Y. I. Kawasawa, F. Cheng, et al., “Spatio-temporal
Transcriptome of the human Brain,” Nature 478, no. 7370 (2011): 483-489,
https://doi.org/10.1038/nature10523.

204. E. Di Consiglio, F. Pistollato, E. Mendoza-De Gyves, A. Bal-Price,
and E. Testai, “Integrating Biokinetics and In Vitro Studies to Evaluate
Developmental Neurotoxicity Induced by Chlorpyrifos in human iPSC-
derived Neural Stem Cells Undergoing Differentiation towards Neuronal
and Glial Cells,” Reproductive Toxicology 98 (2020): 174-188, https://doi.
org/10.1016/J.REPROTO0X.2020.09.010.

205. N. Davidsen, A. J. Lauvas, O. Myhre, et al., “Exposure to human
Relevant Mixtures of Halogenated Persistent Organic Pollutants (POPs)
Alters Neurodevelopmental Processes in Human Neural Stem Cells
Undergoing Differentiation,” Reproductive Toxicology 100 (2021): 17-34,
https://doi.org/10.1016/j.reprotox.2020.12.013.

206. P. Kowianski, G. Lietzau, E. Czuba, M. Waskow, A. Steliga, and J.
Morys, “BDNF: A Key Factor with Multipotent Impact on Brain Signaling
and Synaptic Plasticity,” Cellular and Molecular Neurobiology 38, no. 3
(2018): 579-593, https://doi.org/10.1007/s10571-017-0510-4.

207. T. A. Mishchenko, E. V. Mitroshina, A. V. Usenko, et al., “Features of
Neural Network Formation and Their Functions in Primary Hippocampal
Cultures in the Context of Chronic TrkB Receptor System Influence,”
Frontiers Physiology 10, no. JAN (2019), https://doi.org/10.3389/FPHYS.
2018.01925/FULL.

208. T. Tal, O. Myhre, E. Fritsche, et al., “New Approach Methods to
Assess Developmental and Adult Neurotoxicity for Regulatory Use: A
PARC Work Package 5 Project,” Frontiers in Toxicology 6 (2024): 1359507,
https://doi.org/10.3389/ftox.2024.1359507.

209. J. Liu, Q. Xiao, J. Xiao, et al., “Wnt/B-catenin Signalling: Function,
Biological Mechanisms, and Therapeutic Opportunities,” Signal Trans-
duction and Targeted Therapy 7, no. 1 (2022): 3, https://doi.org/10.1038/
$41392-021-00762-6.

210. J. Huang, X. Guo, W. Li, and H. Zhang, “Activation of Wnt/g-catenin
Signalling via GSK3 Inhibitors Direct Differentiation of human Adipose
Stem Cells into Functional Hepatocytes,” Scientific Reports 7, no. 1 (2017):
40716, https://doi.org/10.1038/srep40716.

211. D. Wu and W. Pan, “GSK3: A Multifaceted Kinase in Wnt Signaling,”
Trends in Biochemical Sciences 35, no. 3 (2010): 161-168, https://doi.org/10.
1016/j.tibs.2009.10.002.

212.S. Q. Zhang, K. L. Lin, C. Y. Law, et al., “Oleanolic Acid Enhances
Neural Stem Cell Migration, Proliferation, and Differentiation In Vitro by
Inhibiting GSK3 Activity,” Cell Death Discovery 4, no.1(2018): 48, https://
doi.org/10.1038/s41420-018-0111-0.

213. V. Iefremova, G. Manikakis, O. Krefft, et al., “An Organoid-Based
Model of Cortical Development Identifies Non-Cell-Autonomous Defects
in Wnt Signaling Contributing to Miller-Dieker Syndrome,” Cell Reports
19, no. 1 (2017): 50-59, https://doi.org/10.1016/j.celrep.2017.03.047.

214. A. Loépez-Tobén, C. E. Villa, C. Cheroni, et al., “Human Cortical
Organoids Expose a Differential Function of GSK3 on Cortical Neuro-
genesis,” Stem Cell Reports 13, no. 5 (2019): 847, https://doi.org/10.1016/
J.STEMCR.2019.09.005.

215. S. S. Rosenberg and J. R. Chan, “Modulating Myelination: Knowing
When to Say Wnt: Figure 1,” Genes & Development 23, no. 13 (2009): 1487-
1493, https://doi.org/10.1101/GAD.1824009.

216. H.-H. Tsai, J. Niu, R. Munji, et al., “Oligodendrocyte Precursors
Migrate along Vasculature in the Developing Nervous System,” Science
351, no. 6271 (2016): 379-384, https://doi.org/10.1126/science.aad3839.

217. M. O. Caracci, M. E. Avila, F. A. Espinoza-Cavieres, L. Hr, G. D.
Ugarte, and G. V. De Ferrari, “Wnt/S-Catenin-Dependent Transcription
in Autism Spectrum Disorders,” Frontiers in Molecular Neuroscience 14
(2021): 263, https://doi.org/10.3389/FNMOL.2021.764756/BIBTEX.

218. W. Zhuang, T. Ye, W. Wang, W. Song, and T. Tan, “CTNNBI1 in
Neurodevelopmental Disorders,” Frontiers in Psychiatry 14 (2023): 401,
https://doi.org/10.3389/fpsyt.2023.1143328.

219. Y. Zhu, A. M. M. Sousa, T. Gao, et al., “Spatiotemporal Transcriptomic
Divergence across human and Macaque Brain Development,” Science 362,
no. 6420 (2018), https://doi.org/10.1126/science.aat8077.

220.B. Y. Hu, Z. W. Du, X. J. Li, M. Ayala, and S. C. Zhang, “Human
Oligodendrocytes from Embryonic Stem Cells: Conserved SHH Signaling
Networks and Divergent FGF Effects,” Development (Cambridge, Eng-
land) 136, no. 9 (2009): 1443-1452, https://doi.org/10.1242/DEV.029447.

221. T. M. Przytycka and J. Andrews, “Systems-biology Dissection of
Eukaryotic Cell Growth,” BMC Biology 8, no. 1 (2010): 62, https://doi.org/
10.1186/1741-7007-8-62.

222. M. Apte and A. Kumar, “Correlation of Mutated Gene and Signalling
Pathways in ASD,” IBRO Neuroscience Reports 14 (2023): 384-392, https://
doi.org/10.1016/j.ibneur.2023.03.011.

223.S. Nisar and M. Haris, “Neuroimaging Genetics Approaches to
Identify New Biomarkers for the Early Diagnosis of Autism Spectrum
Disorder,” Molecular Psychiatry 17 (2023): 1-14, https://doi.org/10.1038/
$41380-023-02060-9.

224.]J. A. Bachman, B. M. Gyori, and P. K. Sorger, “Automated Assembly
of Molecular Mechanisms at Scale from Text Mining and Curated
Databases,” Molecular Systems Biology 19, no. 5 (2023): 11325, https://doi.
org/10.15252/msb.202211325.

225. A. Niarakis, M. Ostaszewski, A. Mazein, et al., “A Versatile and
Interoperable Computational Framework for the Analysis and Modeling

30 of 32

Advanced Science, 2026

85UR0| T SUoWILIOD BAIFeR1D) 3|deat|dde au Aq peusenoh a1e Sapiie YO ‘8sN JO S3|nu J0j AriqI 8UIUO AB]IA UO (SUORIPUOO-PUe-SWIR) W00 A 1M AReaq 1 BU1JUO//SCNY) SUORIPUOD pue SWwie | 8U188s *[920z/70/2z] Uo Areiqiauliuo 48w ‘962118 S1seAILN Aq 6886TSZ0Z SAPR/Z00T OT/I0p/LI0D A8 | 1M Alelq 1 Bul|uo"peoeAe//Sdiy Woij papeojumod ‘0 ‘78E86TZ


https://doi.org/10.1016/j.jbior.2015.10.002
https://doi.org/10.1093/brain/awac451
https://doi.org/10.1038/nn1440
https://doi.org/10.1128/MCB.02435-06
https://doi.org/10.1016/J.BBRC.2010.03.092
https://doi.org/10.1007/s00018-013-1435-9
https://doi.org/10.3390/cells11172644
https://doi.org/10.1515/REVNEURO.2008.19.4-5.341
https://doi.org/10.1007/s12035-016-0214-7
https://doi.org/10.1038/s41598-020-65531-x
https://doi.org/10.1038/nature10523
https://doi.org/10.1016/J.REPROTOX.2020.09.010
https://doi.org/10.1016/j.reprotox.2020.12.013
https://doi.org/10.1007/s10571-017-0510-4
https://doi.org/10.3389/FPHYS.2018.01925/FULL
https://doi.org/10.3389/ftox.2024.1359507
https://doi.org/10.1038/s41392-021-00762-6
https://doi.org/10.1038/srep40716
https://doi.org/10.1016/j.tibs.2009.10.002
https://doi.org/10.1038/s41420-018-0111-0
https://doi.org/10.1016/j.celrep.2017.03.047
https://doi.org/10.1016/J.STEMCR.2019.09.005
https://doi.org/10.1101/GAD.1824009
https://doi.org/10.1126/science.aad3839
https://doi.org/10.3389/FNMOL.2021.764756/BIBTEX
https://doi.org/10.3389/fpsyt.2023.1143328
https://doi.org/10.1126/science.aat8077
https://doi.org/10.1242/DEV.029447
https://doi.org/10.1186/1741-7007-8-62
https://doi.org/10.1016/j.ibneur.2023.03.011
https://doi.org/10.1038/s41380-023-02060-9
https://doi.org/10.15252/msb.202211325

of COVID-19 Disease Mechanisms,” BioRxiv (2022), https://doi.org/10.
1101/2022.12.17.520865.

226. A. Zagare, A. Hemedan, C. Almeida, et al., “Insulin Resistance Is a
Modifying Factor for Parkinson’s Disease,” Movement Disorders 40, no. 1
(2025): 67-76, https://doi.org/10.1002/mds.30039.

227. B. Elbaz and B. Popko, “Molecular Control of Oligodendrocyte
Development,” Trends in Neurosciences 42, no. 4 (2019): 263-277, https://
doi.org/10.1016/J.TINS.2019.01.002.

228. A. K. Santos, M. S. Vieira, R. Vasconcellos, V. A. M. Goulart, A. H.
Kihara, and R. R. Resende, “Decoding Cell Signalling and Regulation
of Oligodendrocyte Differentiation,” Seminars in Cell & Developmental
Biology 95 (2019): 54-73, https://doi.org/10.1016/J.SEMCDB.2018.05.020.

229.J. D. Iroegbu, O. K. Ijomone, O. M. Femi-Akinlosotu, and O. M.
Tjomone, “ERK/MAPK Signalling in the Developing Brain: Perturbations
and Consequences,” Neuroscience & Biobehavioral Reviews 131 (2021):
792-805, https://doi.org/10.1016/j.neubiorev.2021.10.009.

230. P. C. Pao and L. H. Tsai, “Three Decades of Cdk5,” Journal of
Biomedical Science 28, no. 1 (2021): 79, https://doi.org/10.1186/s12929-021-
00774-y.

231. R. D. Castro-Torres, J. Olloquequi, A. Parcerisas, et al., “JNK Signaling
and Its Impact on Neural Cell Maturation and Differentiation,” Life
Sciences 350 (2024): 122750, https://doi.org/10.1016/].15.2024.122750.

232. S. Ribeiro and R. M. Sherrard, “Cerebellum and Neurodevelopmental
Disorders: ROR« is a Unifying Force,” Frontiers in Cellular Neuroscience
17 (2023): 1108339, https://doi.org/10.3389/fncel.2023.1108339.

233. A. Sayad, R. Noroozi, M. D. Omrani, M. Taheri, and S. Ghafouri-
Fard, “Retinoic Acid-related Orphan Receptor Alpha (RORA) Variants
Are Associated with Autism Spectrum Disorder,” Metabolic Brain Disease
32, no. 5 (2017): 1595-1601, https://doi.org/10.1007/s11011-017-0049-6.

234. H. H. Freeze, E. A. Eklund, B. G. Ng, and M. C. Patterson, “Neu-
rological Aspects of Human Glycosylation Disorders,” Annual Review of
Neuroscience 38, no. 1 (2015): 105-125, https://doi.org/10.1146/annurev-
neuro-071714-034019.

235. S. Proenca, B. L. Escher, F. C. Fischer, et al., “Effective Exposure of
Chemicals in In Vitro Cell Systems: a Review of Chemical Distribution
Models,” Toxicology In Vitro: An International Journal Published in
Association with Bibra 73 (2021): 105133, https://doi.org/10.1016/j.tiv.2021.
105133.

236. M. Becker, F. Mastropasqua, J. P. Reising, et al., “Presynaptic
Dysfunction in CASK-related Neurodevelopmental Disorders,” Transla-
tional Psychiatry 10, no. 1(2020): 1-17, https://doi.org/10.1038/s41398-020-
00994-0.

237. L. Kuznitsov-Yanovsky, G. Shapira, L. Gildin, N. Shomron, and
D. Ben-Yosef, “Transcriptomic Analysis of Human Fragile X Syndrome
Neurons Reveals Neurite Outgrowth Modulation by the TGFS/BMP
Pathway,” International Journal of Molecular Sciences 23, no. 16 (2022):
9278, https://doi.org/10.3390/ijms23169278.

238. P. R. Blackburn, C. J. Zepeda-Mendoza, T. M. Kruisselbrink, et al.,
“Variable Expressivity of Syndromic BMP4-related Eye, Brain, and Digital
Anomalies: A Review of the Literature and Description of Three New
Cases,” European Journal of Human Genetics 27, no. 9 (2019): 1379-1388,
https://doi.org/10.1038/S41431-019-0423-4.

239. R. Sethi, N. Gémez-Coronado, A. J. Walker, et al., “Neurobiology
and Therapeutic Potential of Cyclooxygenase-2 (COX-2) Inhibitors for
Inflammation in Neuropsychiatric Disorders,” Frontiers in Psychiatry 10
(2019): 425455, https://doi.org/10.3389/fpsyt.2019.00605.

240. Q. Bu, A. Wang, H. Hamzah, et al., “CREB Signaling Is Involved
in Rett Syndrome Pathogenesis,” The Journal of Neuroscience 37, no. 13
(2017): 3671-3685, https://doi.org/10.1523/INEUROSCI.3735-16.2017.

241. D. E. Ehrlich and S. A. Josselyn, “Plasticity-related Genes in Brain
Development and Amygdala-dependent Learning,” Genes, Brain and
Behavior 15, no. 1 (2016): 125-143, https://doi.org/10.1111/gbb.12255.

242. S. Delhaye and B. Bardoni, “Role of Phosphodiesterases in the Patho-
physiology of Neurodevelopmental Disorders,” Molecular Psychiatry 26,
no. 9 (2021): 4570-4582, https://doi.org/10.1038/s41380-020-00997-9.

243. A. J. Russo, “Increased Epidermal Growth Factor Receptor (EGFR)
Associated with Hepatocyte Growth Factor (HGF) and Symptom Severity
in Children with Autism Spectrum Disorders (ASDs),” Journal of Central
Nervous System Disease 6 (2014): 79-83, https://doi.org/10.4137/JCNSD.
S13767.

244. A.J. Russo, “Decreased Epidermal Growth Factor (EGF) Associated
with HMGBI and Increased Hyperactivity in Children with Autism,”
Biomarker Insights 8 (2013): 35-41, https://doi.org/10.4137/BMI.S11270.

245. C. Sabino, D. Bender, M. L. Herrlein, and E. Hildt, “The Epidermal
Growth Factor Receptor Is a Relevant Host Factor in the Early Stages of
The Zika Virus Life Cycle In Vitro,” Journal of Virology 95, no. 20 (2021),
https://doi.org/10.1128/JVI.01195-21.

246.J. A. Carpentieri, A. Di Cicco, M. Lampic, et al., “Endosomal
Trafficking Defects Alter Neural Progenitor Proliferation and Cause
Microcephaly,” Nature Communications 13, no. 1 (2022): 16, https://doi.
0rg/10.1038/s41467-021-27705-7.

247.]. Zhang, M. Liu, Z. Zhang, et al., “Genotypic Spectrum and Natural
History of Cavitating Leukoencephalopathies in Childhood,” Pediatric
Neurology 94 (2019): 38-47, https://doi.org/10.1016/j.pediatrneurol.2019.
01.002.

248. H. Ganesan, V. Balasubramanian, M. Iyer, et al., “mTOR Signalling
Pathway—A Root Cause for Idiopathic Autism?,” BMB Reports 52, no. 7
(2019): 424-433, https://doi.org/10.5483/BMBRep.2019.52.7.137.

249. S. Prem, B. Dev, C. Peng, et al., “Dysregulation of mTOR Signaling
Mediates Common Neurite and Migration Defects in both Idiopathic and
16p11.2 Deletion Autism Neural Precursor Cells,” Elife 13 (2024), https://
doi.org/10.7554/eLife.82809.

250. D. N. Franz and J. K. Capal, “MTOR Inhibitors in the Pharmacologic
Management of Tuberous Sclerosis Complex and Their Potential Role in
Other Rare Neurodevelopmental Disorders,” Orphanet Journal of Rare
Diseases 12, no. 1 (2017): 1-9, https://doi.org/10.1186/S13023-017-0596-2/
FIGURES/1.

251. T. S. Zimmer, D. W. M. Broekaart, V. E. Gruber, E. A. van Vliet,
A. Miihlebner, and E. Aronica, “Tuberous Sclerosis Complex as Disease
Model for Investigating mTOR-Related Gliopathy during Epileptoge-
nesis,” Frontiers in Neurology 11 (2020): 1028, https://doi.org/10.3389/
FNEUR.2020.01028/BIBTEX.

252. 1. Parenti, L. G. Rabaneda, H. Schoen, and G. Novarino, “Neurode-
velopmental Disorders: from Genetics to Functional Pathways,” Trends
in Neurosciences 43, no. 8 (2020): 608-621, https://doi.org/10.1016/J.TINS.
2020.05.004.

253. L. H. Nguyen and A. Bordey, “Convergent and Divergent Mecha-
nisms of Epileptogenesis in mTORopathies,” Frontiers in Neuroanatomy
15 (2021), https://doi.org/10.3389/FNANA.2021.664695.

254. C. Bagni and R. S. Zukin, “A Synaptic Perspective of Fragile X
Syndrome and Autism Spectrum Disorders,” Neuron 101, no. 6 (2019):
1070-1088, https://doi.org/10.1016/j.neuron.2019.02.041.

255. M. K. Tripathi, S. K. Ojha, M. Kartawy, et al., “The NO Answer for
Autism Spectrum Disorder,” Advanced Science 10 (2023): 2205783, https://
doi.org/10.1002/advs.202205783.

256. B. Fischer-Zirnsak, L. Segebrecht, M. Schubach, et al., “Haploinsuf-
ficiency of the Notch Ligand DLLI Causes Variable Neurodevelopmental
Disorders,” The American Journal of Human Genetics 105, no. 3 (2019):
631-639, https://doi.org/10.1016/J.ATHG.2019.07.002.

257.Y. H. Zhang, T. Wang, Y. F. Li, Y. N. Deng, and F. G. Shen, “Roles of
the Notch Signaling Pathway and Microglia in Autism,” Behavioural Brain
Research 437 (2023): 114131, https://doi.org/10.1016/J.BBR.2022.114131.

258. F. Majolo, D. R. Marinowic, and D. C. Machado, “Notch Signaling
in human iPS-Derived Neuronal Progenitor Lines from Focal Cortical

Advanced Science, 2026

310f32

85UR0| T SUoWILIOD BAIFeR1D) 3|deat|dde au Aq peusenoh a1e Sapiie YO ‘8sN JO S3|nu J0j AriqI 8UIUO AB]IA UO (SUORIPUOO-PUe-SWIR) W00 A 1M AReaq 1 BU1JUO//SCNY) SUORIPUOD pue SWwie | 8U188s *[920z/70/2z] Uo Areiqiauliuo 48w ‘962118 S1seAILN Aq 6886TSZ0Z SAPR/Z00T OT/I0p/LI0D A8 | 1M Alelq 1 Bul|uo"peoeAe//Sdiy Woij papeojumod ‘0 ‘78E86TZ


https://doi.org/10.1101/2022.12.17.520865
https://doi.org/10.1002/mds.30039
https://doi.org/10.1016/J.TINS.2019.01.002
https://doi.org/10.1016/J.SEMCDB.2018.05.020
https://doi.org/10.1016/j.neubiorev.2021.10.009
https://doi.org/10.1186/s12929-021-00774-y
https://doi.org/10.1016/j.lfs.2024.122750
https://doi.org/10.3389/fncel.2023.1108339
https://doi.org/10.1007/s11011-017-0049-6
https://doi.org/10.1146/annurev-neuro-071714-034019
https://doi.org/10.1016/j.tiv.2021.105133
https://doi.org/10.1038/s41398-020-00994-0
https://doi.org/10.3390/ijms23169278
https://doi.org/10.1038/S41431-019-0423-4
https://doi.org/10.3389/fpsyt.2019.00605
https://doi.org/10.1523/JNEUROSCI.3735-16.2017
https://doi.org/10.1111/gbb.12255
https://doi.org/10.1038/s41380-020-00997-9
https://doi.org/10.4137/JCNSD.S13767
https://doi.org/10.4137/BMI.S11270
https://doi.org/10.1128/JVI.01195-21
https://doi.org/10.1038/s41467-021-27705-7
https://doi.org/10.1016/j.pediatrneurol.2019.01.002
https://doi.org/10.5483/BMBRep.2019.52.7.137
https://doi.org/10.7554/eLife.82809
https://doi.org/10.1186/S13023-017-0596-2/FIGURES/1
https://doi.org/10.3389/FNEUR.2020.01028/BIBTEX
https://doi.org/10.1016/J.TINS.2020.05.004
https://doi.org/10.3389/FNANA.2021.664695
https://doi.org/10.1016/j.neuron.2019.02.041
https://doi.org/10.1002/advs.202205783
https://doi.org/10.1016/J.AJHG.2019.07.002
https://doi.org/10.1016/J.BBR.2022.114131

Dysplasia Patients,” International Journal of Developmental Neuroscience
69, no. 1 (2018): 112-118, https://doi.org/10.1016/J.IJIDEVNEU.2018.07.006.

259. H. Li, X. Wang, C. Hu, et al., “JUN and PDGFRA as Crucial
Candidate Genes for Childhood Autism Spectrum Disorder,” Frontiers
in Neuroinformatics 16 (2022): 800079, https://doi.org/10.3389/fninf.2022.
800079.

260. M. Kajizuka, T. Miyachi, H. Matsuzaki, et al., “Serum Levels
of Platelet-derived Growth Factor BB Homodimers Are Increased in
Male Children with Autism,” Progress in Neuro-Psychopharmacology and
Biological Psychiatry 34, no. 1 (2010): 154-158, https://doi.org/10.1016/J.
PNPBP.2009.10.017.

261. A. Masi, E. J. Breen, G. A. Alvares, et al., “Cytokine Levels and
Associations with Symptom Severity in Male and Female Children with
Autism Spectrum Disorder,” Molecular Autism 8, no. 1(2017): 1-11, https://
doi.org/10.1186/S13229-017-0176-2/FIGURES/1.

262. R. M. Busch, S. Srivastava, O. Hogue, et al., “Neurobehavioral
Phenotype of Autism Spectrum Disorder Associated with Germline
Heterozygous Mutations in PTEN,” Translational Psychiatry 9, no. 1
(2019): 253, https://doi.org/10.1038/s41398-019-0588-1.

263. A. Sharma and S. Mehan, “Targeting PI3K-AKT/mTOR Signaling
in the Prevention of Autism,” Neurochemistry International 147 (2021):
105067, https://doi.org/10.1016/j.neuint.2021.105067.

264. S.Fu, L. A. D. Bury, J. Eum, and A. Wynshaw-Boris, “Autism-specific
PTEN p.Ilel135Leu Variant and an Autism Genetic Background Combine
to Dysregulate Cortical Neurogenesis,” The American Journal of Human
Genetics 110, no. 5 (2023): 826-845, https://doi.org/10.1016/j.ajhg.2023.03.
015.

265. P. D. Skelton, R. V. Stan, and B. W. Luikart, “The Role of PTEN in
Neurodevelopment,” Complex Psychiatry 5, no.1(2019): 60-71, https://doi.
org/10.1159/000504782.

266. L. Stertz, J. Di Re, G. Pei, et al., “Convergent Genomic and Phar-
macological Evidence of PI3K/GSK3 Signaling Alterations in Neurons
from Schizophrenia Patients,” Neuropsychopharmacology 46, no. 3 (2020):
673-682, https://doi.org/10.1038/s41386-020-00924-0.

267. M. A. Bemben, Q. A. Nguyen, T. Wang, Y. Li, R. A. Nicoll, and K. W.
Roche, “Autism-associated Mutation Inhibits Protein Kinase C-mediated
Neuroligin-4X Enhancement of Excitatory Synapses,” Proceedings of the
National Academy of Sciences 112, no. 8 (2015): 2551-2556, https://doi.org/
10.1073/pnas.1500501112.

268. Q. W. Wu and J. P. Kapfhammer, “The Emerging Key Role of the
mGluR1-PKCy Signaling Pathway in the Pathogenesis of Spinocerebel-
lar Ataxias: a Neurodevelopmental Viewpoint,” International Journal
of Molecular Sciences 23, no. 16 (2022): 9169, https://doi.org/10.3390/
ijms23169169.

269. A. Saxena, G. Scaini, D. V. Bavaresco, et al., “Role of Protein Kinase
C in Bipolar Disorder: A Review of the Current Literature,” Complex
Psychiatry 3, no. 2 (2017): 108-124, https://doi.org/10.1159/000480349.

270.S. G. Lago, J. Tomasik, G. F. van Rees, et al., “Drug Discovery
for Psychiatric Disorders Using High-content Single-cell Screening of
Signaling Network Responses Ex Vivo,” Science Advances 5, no. 5 (2019),
https://doi.org/10.1126/sciadv.aau9093.

271. H. Y. Kim, P. G. Suh, and J. L. Kim, “The Role of Phospholipase C
in GABAergic Inhibition and Its Relevance to Epilepsy,” International
Journal of Molecular Sciences 22, no. 6 (2021): 3149, https://doi.org/10.
3390/1jms22063149.

272. V. Zamboni, R. Jones, A. Umbach, et al., “Rho GTPases in Intellectual
Disability: From Genetics to Therapeutic Opportunities,” International
Journal of Molecular Sciences 19, no. 6 (2018): 1821, https://doi.org/10.3390/
1jms19061821.

273. M. Anijs, P. Devanna, and S. C. Vernes, “ARHGEF39, a Gene
Implicated in Developmental Language Disorder, Activates RHOA and Is
Involved in Cell De-Adhesion and Neural Progenitor Cell Proliferation39,
a Gene Implicated in Developmental Language Disorder, Activates
RHOA and Is Involved in Cell De-Adhesion and Neural Progenitor Cell

Proliferation,” Frontiers in Molecular Neuroscience 15 (2022): 39, https://
doi.org/10.3389/fnmol.2022.941494.

274. L.-E. Pillet, N. Cresto, Y. Saillour, et al., “The Intellectual Disability
Protein Oligophrenin-1 Controls Astrocyte Morphology and Migration,”
Glia 68, no. 9 (2020): 1729-1742, https://doi.org/10.1002/glia.23801.

275. E. Bloch-Gallego and D. I. Anderson, “Key Role of Rho GTPases
in Motor Disorders Associated with Neurodevelopmental Pathologies,”
Molecular Psychiatry 28, no. 1 (2023): 118-126, https://doi.org/10.1038/
$41380-022-01702-8.

276. B.Kim, Y. Koh, H. Do, et al., “Aberrant Cortical Layer Development of
Brain Organoids Derived from Noonan Syndrome-iPSCs,” International
Journal of Molecular Sciences 23, no. 22 (2022): 13861, https://doi.org/10.
3390/ijms232213861.

277. H. S. Zhou and T. B. Chen, “An Integrated Analysis of Hypoxic—
ischemic Encephalopathy-Related Cell Sequencing Outcomes via Genes
Network Construction,” Ibrain 8, no. 1 (2022): 78-92, https://doi.org/10.
1002/IBRA.12025.

278. C.Miranda-Lourenco, L. Ribeiro-Rodrigues, J. Fonseca-Gomes, et al.,
“Challenges of BDNF-based Therapies: From Common to Rare Diseases,”
Pharmacological Research 162 (2020): 105281, https://doi.org/10.1016/].
phrs.2020.105281.

279. R. Nieto, M. Kukuljan, and H. Silva, “BDNF and Schizophrenia:
From Neurodevelopment to Neuronal Plasticity, Learning, and Memory,”
Frontiers in Psychiatry 4 (2013): 42199, https://doi.org/10.3389/fpsyt.2013.
00045.

280. V. Reinhart, S. E. Bove, D. Volfson, D. A. Lewis, R. J. Kleiman, and
T. A. Lanz, “Evaluation of TrkB and BDNF Transcripts in Prefrontal
Cortex, Hippocampus, and Striatum from Subjects with Schizophrenia,
Bipolar Disorder, and Major Depressive Disorder,” Neurobiology of Disease
77 (2015): 220-227, https://doi.org/10.1016/j.nbd.2015.03.011.

281. T. Ishima, S. Illes, Y. Iwayama, et al., “Abnormal Gene Expression of
BDNF, but Not BDNF-AS, in iPSC, Neural Stem Cells and Postmortem
Brain Samples from Bipolar Disorder,” Journal of Affective Disorders 290
(2021): 61-64, https://doi.org/10.1016/j.jad.2021.04.042.

282. S. Kumar, K. Reynolds, Y. Ji, R. Gu, S. Rai, and C. J. Zhou, “Impaired
Neurodevelopmental Pathways in Autism Spectrum Disorder: A Review
of Signaling Mechanisms and Crosstalk,” Journal of Neurodevelopmental
Disorders 11, no. 1 (2019): 1-14, https://doi.org/10.1186/511689-019-9268-y.

283. C. C.Jiang, L. S. Lin, S. Long, et al., “Signalling Pathways in Autism
Spectrum Disorder: Mechanisms and Therapeutic Implications,” Signal
Transduct Target Ther 7, no. 1(2022): 1-36, https://doi.org/10.1038/s41392-
022-01081-0.

284. C. Song and K. Broadie, “Dysregulation of BMP, Wnt, and Insulin
Signaling in Fragile X Syndrome,” Frontiers in Cell and Developmen-
tal Biology 10 (2022): 1324, https://doi.org/10.3389/FCELL.2022.934662/
BIBTEX.

285. C. W. Dunnett and A. C. Tamhane, “Step-Down Multiple Tests for
Comparing Treatments with a Control in Unbalanced One-Way Layouts,”
Statistics in Medicine 10, no. 6 (1991): 939-947, https://doi.org/10.1002/
SIM.4780100614.

Supporting Information

Additional supporting information can be found online in the Supporting
Information section.

Supporting File 1: advs75183-sup-0001-SuppMat.docx.

Supporting File 2: advs75183-sup-0002-DataFile.xIsx.

320f32

Advanced Science, 2026

85UR0| T SUoWILIOD BAIFeR1D) 3|deat|dde au Aq peusenoh a1e Sapiie YO ‘8sN JO S3|nu J0j AriqI 8UIUO AB]IA UO (SUORIPUOO-PUe-SWIR) W00 A 1M AReaq 1 BU1JUO//SCNY) SUORIPUOD pue SWwie | 8U188s *[920z/70/2z] Uo Areiqiauliuo 48w ‘962118 S1seAILN Aq 6886TSZ0Z SAPR/Z00T OT/I0p/LI0D A8 | 1M Alelq 1 Bul|uo"peoeAe//Sdiy Woij papeojumod ‘0 ‘78E86TZ


https://doi.org/10.1016/J.IJDEVNEU.2018.07.006
https://doi.org/10.3389/fninf.2022.800079
https://doi.org/10.1016/J.PNPBP.2009.10.017
https://doi.org/10.1186/S13229-017-0176-2/FIGURES/1
https://doi.org/10.1038/s41398-019-0588-1
https://doi.org/10.1016/j.neuint.2021.105067
https://doi.org/10.1016/j.ajhg.2023.03.015
https://doi.org/10.1159/000504782
https://doi.org/10.1038/s41386-020-00924-0
https://doi.org/10.1073/pnas.1500501112
https://doi.org/10.3390/ijms23169169
https://doi.org/10.1159/000480349
https://doi.org/10.1126/sciadv.aau9093
https://doi.org/10.3390/ijms22063149
https://doi.org/10.3390/ijms19061821
https://doi.org/10.3389/fnmol.2022.941494
https://doi.org/10.1002/glia.23801
https://doi.org/10.1038/s41380-022-01702-8
https://doi.org/10.3390/ijms232213861
https://doi.org/10.1002/IBRA.12025
https://doi.org/10.1016/j.phrs.2020.105281
https://doi.org/10.3389/fpsyt.2013.00045
https://doi.org/10.1016/j.nbd.2015.03.011
https://doi.org/10.1016/j.jad.2021.04.042
https://doi.org/10.1186/s11689-019-9268-y
https://doi.org/10.1038/s41392-022-01081-0
https://doi.org/10.3389/FCELL.2022.934662/BIBTEX
https://doi.org/10.1002/SIM.4780100614

	Functional Mapping of Neurodevelopmental Disease Pathways to Key Neurodevelopmental Processes Represented in the Developmental Neurotoxicity In Vitro Testing Battery
	1 | Introduction
	2 | Materials and Methods
	2.1 | Basic hNPC Neurosphere Cell Culture
	2.2 | Neurosphere Assay
	2.3 | Mechanistic Tool Compounds Inhibiting and Activating the Investigated Signaling Pathways
	2.4 | Microarray Data of Human NPCs and Brain Fetal Samples
	2.5 | Data Analysis and Statistics
	2.6 | Physiological Map
	2.7 | Use of AI Tools

	3 | Results
	3.1 | Pathophysiological Applicability Domain of the Neurosphere Assay
	3.2 | Physiological Map of Oligodendrocyte Differentiation

	4 | Discussion
	4.1 | Final Remarks and Outlook

	Author Contributions
	Acknowledgements
	Funding
	Conflicts of Interest
	Data Availability Statement
	References
	Supporting Information


