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Abstract

Background: Developmental neurotoxicity (DNT) arises from disruption of key neurodevelopmental
processes, including proliferation, differentiation, migration, and synaptogenesis. Traditional in vivo
testing is costly and lacks mechanistic resolution, prompting OECD and EFSA to endorse new
approach methodologies (NAMs) such as the neurosphere assay (NSA). Methods: We validated a
mouse-derived NSA over a three-week differentiation period using multiparametric endpoints—
proliferation, neuronal and glial differentiation, radial migration, synaptogenesis, and astrocytic
maturation. Baseline characterization was established by flow cytometry, confocal
immunofluorescence, and qPCR. Toxicants were applied under two exposure scenarios: (i)
chronically during the 7-day proliferation phase, and (ii) chronically after three days of proliferation
and maintained throughout the three-week differentiation period. Chlorpyrifos (CPF) served as a
DNT-positive reference, and a biomonitoring-relevant mixture of PFAS (PFOS, PFOA, PFUnDA,
PFHxS) was designed from the French Esteban study. Results: Baseline analyses confirmed
progressive neuronal and glial differentiation, synaptic maturation, and growth factor
responsiveness. CPF induced biphasic effects: early enlargement, subsequent growth arrest,
migration impairment, overt cytotoxicity at 250 pM, and GFAP downregulation. PFAS mixtures
produced modest viability effects but consistently reduced migration and downregulated GFAP and
SYP at low-nM levels, consistent with epidemiological and experimental evidence linking PFAS to
neurodevelopmental disorders. Migration emerged as a more sensitive endpoint than bulk viability,
revealing functional impairments below overt toxicity thresholds. Conclusions: The NSA faithfully
recapitulates corticogenesis and detects toxicant-specific liabilities, with CPF impairing astrocytic
maturation and PFAS mixtures disrupting astrocytic and synaptic programs at environmentally
relevant levels. By integrating complementary endpoints under chronic exposure conditions across
proliferation and differentiation, this study advances the NSA as a mechanistic, human-relevant, and
regulatory-ready NAM for DNT assessment.

Keywords: developmental neurotoxicity (DNT); neurosphere assay (NSA); new approach
methodologies (NAMs); chlorpyrifos (CPF); per- and polyfluoroalkyl substances (PFAS); radial
migration; synaptogenesis
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1. Introduction

Brain development is governed by highly orchestrated cellular and molecular events, including
neural stem cell (NSC) proliferation, neuronal and glial differentiation, radial migration, neurite
extension, and synaptogenesis. These processes form the foundation of cortical circuit assembly, and
their disruption by chemicals can lead to irreversible impairments manifesting later in life as
neurodevelopmental and neurodegenerative disorders [1-3]. The sensitivity of these key
developmental events to toxicants underpins regulatory concern for developmental neurotoxicity
(DNT) [4].

Traditional DNT testing has relied on in vivo guideline studies, which are costly, time-
consuming, and provide limited mechanistic insight [5,6]. In response, significant progress has been
made toward developing human-relevant new approach methodologies (NAMs). Central to these
efforts is the DNT in vitro battery (DNT IVB), endorsed by OECD and EFSA, which comprises assays
targeting defined key neurodevelopmental processes[4,6-12]. Among them, the neurosphere assay
(NSA) has gained attention for its ability to model NSC-driven corticogenesis in vitro. Derived from
rodent or human NSCs, neurospheres undergo proliferation, differentiation, migration, and early
network formation, thereby recapitulating essential features of brain development in a scalable 3D
format [13,14]. The OECD Guidance Document 310 (2023) [15] and EFSA opinions [6] emphasize the
need for validated assays like the NSA that can capture multiple developmental key events with
mechanistic resolution and reproducibility.

As part of this validation, characterization of baseline differentiation is essential.
Multiparametric readouts—including flow cytometry, confocal imaging, and transcriptional
profiling —allow the detection of neuronal, astrocytic, and synaptic markers and the identification of
sensitive endpoints. Migration, in particular, has emerged as a critical functional readout of cortical
development, as radial glia provide scaffolds for neuronal positioning and astrocytic networks
modulate neurite extension [16-19]. Evidence suggests that migration may reveal functional
impairments at sub-cytotoxic levels, complementing cytotoxicity assays [15,20,21]

To evaluate the assay’s ability to detect toxicant-induced liabilities, positive and
environmentally relevant test compounds are required. Chlorpyrifos (CPF), an organophosphate
pesticide, is a well-established DNT-positive reference compound that disrupts proliferation,
astrocytic differentiation, neurite outgrowth, and synaptogenesis across models [22-30]. In parallel,
per- and polyfluoroalkyl substances (PFAS) are of increasing concern for regulatory agencies. Due to
their persistence and widespread human exposure [31-34], PFAS have been linked to
neurodevelopmental disorders, including attention deficit hyperactivity disorder and reduced
cognitive function [31,35,36]. EFSA (2020) specifically highlight the need for mixture-based testing,
as humans are exposed to PFAS as complex mixtures rather than single compounds [10,11].

In this study, we sought to validate the cortical NSA using a mechanistic rationale approach.
First, we characterized baseline differentiation over a three-week period, establishing lineage
dynamics and synaptic maturation through multiparametric endpoints. Second, we tested the assay’s
ability to detect toxicant-specific effects using CPF as a positive control and a PFAS mixture designed
from the French Esteban biomonitoring program (2014-2016) [37], which quantified PFOS, PFOA,
PFUnDA, and PFHxS in over 40% of children. This mixture reflects environmentally realistic
concentrations in the low-nM range, aligning with regulatory calls for human-relevant, chronic
exposures. Toxicants were applied after three days of proliferation, a developmental window
coinciding with the onset of differentiation and migration, thereby capturing a critical transition in
corticogenesis. Most neurosphere-based studies have focused on exposures during continuous
proliferation or at later differentiation stages [38—41]. By contrast, our design specifically targeted this
intermediate transition, enabling the detection of subtle toxicant-induced liabilities that may be
overlooked in other windows. Similarly, in vivo studies of developmental neurotoxicity typically
examine prenatal (gestational) or postnatal exposures [42-45] but rarely isolate the precise perinatal
transition when neural progenitors exit the cell cycle, astrocytes and neurons differentiate, and radial
migration is initiated. By aligning the exposure window with this critical developmental shift, our

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202509.2170.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 September 2025 d0i:10.20944/preprints202509.2170.v1

3 of 31

study complements both in vitro and in vivo approaches and provides mechanistic insight into a stage
of corticogenesis that is particularly vulnerable yet underexplored in DNT testing.

We hypothesized that CPF and PFAS would elicit distinct mechanistic signatures within the
cortical NSA. By integrating complementary endpoints—proliferation, neuronal and glial
differentiation, migration, and synaptogenesis—into a single framework, this study aims to advance
the assay toward regulatory readiness as a NAM within the DNT IVB.

2. Materials and Methods

2.1. Neurosphere Culture and Differentiation into 3D Mixed Population of Neurons and Glia

Mouse cortical neural stem cells (NSCs) (Sigma Aldrich, Cat. No. SCR029) were maintained and
expanded as adherent cultures in DMEM/F12 with GlutaMAX™ Supplement (Gibco™, Cat. No.
11320033) supplemented with B27 (Gibco™, Cat. No. 17504044), N2 (Gibco™, Cat. No. 17502048), 20
ng/mL recombinant human epidermal growth factor (EGF; Thermo Fisher Scientific, Cat. No.
PHGO0311), and 1% penicillin—streptomycin (Gibco™, Cat. No. 15140122). Culture flasks (T75) were
coated with poly-D-lysine (Gibco™, 10 ug/mL; Cat. No. A3890401) overnight, rinsed with Dulbecco’s
PBS (Gibco™, Cat. No. 14190250), and subsequently coated with laminin (Gibco™, 5-7 pg/mL; Cat.
No. 23017015) for 1 h at 37 °C. NSCs were seeded at 2 x 106 cells per flask and incubated at 37 °C, 5%
CO,, and 95% relative humidity. The medium was refreshed the following day and subsequently
every 2-3 days. Cells were passaged at 75-90% confluency, and passage 3 (P3) cells were used for
subsequent neurosphere culture.

For neurosphere formation, P3 NSCs were seeded at a density of 1 x 10¢ cells/mL (2 mL/well) in
ultra-low-attachment 6-well plates (Corning®, Cat. No. 3471) and cultured at 37 °C, 5% CO,, and 95%
relative humidity in complete medium containing EGF. Medium was replenished every 2-3 days,
and necrotic or irregularly shaped spheres (dark core >200 um) were manually discarded. When
neurospheres reached a diameter of approximately 250-350 pum, typically after 3/4 days (Figure 1A-
B), differentiation was initiated by removing EGF.

Neurospheres (21 day D

Figure 1. Morphology of NSCs and neurospheres. (A) Neural stem cells (NSCs) after 3 days in suspension

culture. (B) Neurospheres after 3 days of proliferation in suspension. (C) Neurospheres after 21 days of
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differentiation in 96-well low-adherent plates (10x objective). (D) Neurosphere after 21 days of differentiation in
96-well low-adherent plates (40x objective). Scale bars: 100 um (A, B, D), 500 um (C).

Differentiation was carried out for a total of three weeks. During the first week (Day 0-7),
cultures were maintained in growth factor—free medium, refreshed every other day. From Day 7 to
Day 14, cells were transferred to Maturation Medium 1, consisting of a 1:1 mixture of DMEM/F12
with GlutaMAX™ (Gibco™, Cat. No. 11320033) and Neurobasal™ (Gibco™, Cat. No. 21103049),
supplemented with 2% B27 (Gibco™, Cat. No. 17504044) and 0.5% N2 (Gibco™, Cat. No. 17502048).
From Day 14 to Day 21, cells were switched to Maturation Medium 2, composed of a 1:1 mixture of
DMEM/F12 with GlutaMAX™ (Gibco™, Cat. No. 11320033) and Neurobasal™ Plus (Gibco™, Cat.
No. A3582901), supplemented with 2% B27 Plus (Cat. No. A3582801), 0.5% N2 (Cat. No. 17502048),
1% CultureOne Supplement (Gibco™, Cat. No. A3320201), and 200 pM L-ascorbic acid (Sigma
Aldrich, Cat. No. A4544).

2.2. Repeated Dose Treatment with CPF and PFAS Mixture

Neurospheres were exposed to chlorpyrifos (CPF) and to a defined PFAS mixture (Table 1)
during either the proliferative stage or the differentiation stage, according to the experimental design.
During the proliferative stage, spheroids were first generated for 3 days and then exposed from Day
3 to Day 10 (7 consecutive days) to CPF or PFAS to assess effects on viability, stemness,proliferation
and expression of SATB2 cortical marker. During the differentiation stage, neurospheres were
exposed from Day 0 to Day 21 under repeated medium renewal every 2-3 days to mimic chronic
conditions; radial migration was quantified from Day 0 to Day 3 in Geltrex-adherent cultures, and
viability was assessed by XTT at Day 10 for migration assays and at Day 21 for long-term
differentiated neurospheres. Chlorpyrifos (298% purity, CAS 2921-88-2, Cat. No. C45582, Sigma-
Aldrich) was prepared as a 300 mM stock in DMSO (Sigma-Aldrich, Cat. No. D8418) and diluted in
culture medium to final concentrations of 37.1, 125, and 250 uM, with vehicle concentration kept
<0.01% v/v in all conditions. The two higher doses served as positive controls to induce overt,
concentration-dependent toxicity, while the lower concentration (37.1 uM) was selected as a sub-toxic
reference dose, corresponding to levels below the ICy for CPF cytotoxicity in neurosphere assays as
reported by Pistollato et al. [46]. The PFAS mixture was applied at the following final concentrations
in culture medium: perfluorooctane sulfonic acid (PFOS, 298% purity, CAS 1763-23-1, Cat. No. 77283,
Sigma-Aldrich) 2.22 ug/L; perfluorooctanoic acid (PFOA, 296% purity, CAS 335-67-1, Cat. No. 171468,
Sigma-Aldrich) 1.56 pg/L; perfluoroundecanoic acid (PFUnDA, 297% purity, CAS 2058-94-8, Cat. No.
651538, Sigma-Aldrich) 0.12 pg/L; and 1H,1H,2H,2H-perfluorohexane sulfonic acid (PFHxS, 297%
purity, CAS 355-46-4, Cat. No. 406020, Sigma-Aldrich) 0.79 ug/L, corresponding to a total PFAS
concentration (LPFAS) of 4.69 pg/L, reflecting environmentally relevant levels reported in Frensh
ESTEBAN biomonitoring study [37] .PFAS stocks were prepared in DMSO and diluted in culture
medium so that the final solvent concentration was <0.01% v/v.

In all experiments, a single vehicle control (DMSO <0.01% v/v) was used as the reference
condition. Endpoints evaluated after CPF and PFAS exposure included viability, proliferation,
lineage marker expression, neurosphere diameter (growth kinetics), radial migration, and
transcriptional profiling by qPCR, as detailed in Sections 2.3-2.8.

Table 1. Composition of the PFAS mixture used for exposure experiments.

Name Acronym Formula Chain Length Final cone.~ Final cone.

(ng/L) (nM)
Perfluoro-octane sulfonic acid PFOS C8HF1703S Long-chain (C8) 2.22 ~4.4
Perfluorooctanoic acid PFOA C8HF1502 Long-chain (C8) 1.56 ~3.8
Perfluoroundecanoic acid PFUnDA C11HF2102 Long-chain (C11) 0.12 ~0.23
1H,1H,2H, 2H-perfluorohexane 1H,1H,2H, . N
sulfonic acid PFHxS C6HS5F1103S Short-chain (C6) 0.79 2
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2.3. Flow Cytometry Analysis

Flow cytometry was performed for baseline characterization of differentiated neurospheres (n =
5 biological replicates) and for toxicant-exposed neurospheres in both proliferative (n = 3) and
differentiation (n = 3) stages. For viability (XTT), six biological replicates were used.

Neurospheres were collected in 15 mL tubes, allowed to settle, washed once with pre-warmed
PBS (without calcium and magnesium), and dissociated enzymatically using the Neurosphere
Dissociation Kit (Miltenyi Biotec, Cat. No. 130-095-943) for 10 min at 37 °C with constant shaking.
After centrifugation (300 g, 5 min), cells were resuspended in PBS, and viability was assessed by
trypan blue exclusion (75-80%). Cells were fixed with 0.1% formaldehyde in PBS for 10 min at room
temperature, washed twice with cold PBS, and permeabilized/blocked in PBS containing 3.5% BSA
and 0.1% Triton X-100 (Sigma-Aldrich) for 15 min.

Cells were stained for 30 min at room temperature with the following conjugated antibodies:
SOX2-PerCP-Cy5.5 (BD Biosciences, Cat. No. 561506, 1:100), PII-tubulin-APC (Thermo Fisher
Scientific, Cat. No. 13437495, 1:100), GFAP-PE (Thermo Fisher Scientific, Cat. No. 15831069, 1:100),
MAP2-Alexa 488 (Thermo Fisher Scientific, Cat. No. 13-1500, 1:200), Ki67-Alexa 488 (Thermo Fisher
Scientific, Cat. No. 15890819, 1:100). Primary antibodies were: BDNF (Thermo Fisher Scientific, Cat.
No. 16324455, 1:50), SATB2 (Thermo Fisher Scientific, Cat. No. 16386194, 1:50), PSD95 (Thermo Fisher
Scientific, Cat. No. 17481243, 1:50), Neurofilament (NF, Cliniscience, Cat. No. 172132, 1:100).
Secondary antibodies were goat anti-rabbit APC (Thermo Fisher Scientific, Cat. No. A10931, 1:200) or
goat anti-mouse Alexa 488 (Thermo Fisher Scientific, Cat. No. A11008, 1:200).

For cell cycle analysis, cells were stained with Ki67-Alexa 488 in combination with propidium
iodide (PI)/RNase staining solution (FxCycle™ PI/RNase, Thermo Fisher Scientific, Cat. No. F10797),
according to the manufacturer’s instructions. PI fluorescence intensity was used to define GO/G1 (2N),
S (intermediate), and G2/M (4N) phases, while Ki67 expression distinguished quiescent (Ki67-) from
actively cycling (Ki67*) populations.

After staining, cells were washed twice with cold PBS, resuspended in PBS containing 3.5% BSA,
and analyzed on a CytoFLEX flow cytometer (Beckman Coulter), acquiring 20,000 events per sample.
Gating included exclusion of debris, dead cells, and doublets. Unstained controls were used to set
gates, and compensation was applied to correct for spectral overlap. Data were analyzed using
CytExpert software (Beckman Coulter) to determine the percentage of marker-positive cells and the
mean fluorescence intensity (MFI) within gated populations. Results were expressed as mean + SD
from three independent biological replicates.

2.4. XTT Cytotoxicity Assay for Cell Viability

Cell viability was measured using the In Vitro Toxicology Assay Kit, XTT based (Sigma-Aldrich,
Cat. No. TOX2-1KT), after exposures as described above. Cells were incubated with XTT reagent
(final concentration 0.3 mg/mL in culture medium) for 4 h at 37 °C and 5% CO,. Following incubation,
200 pL of medium/reagent mixture was transferred into a 1 cm path length cuvette, and absorbance
was recorded at 450 nm (reference 690 nm) using a spectrophotometer. Blank values (complete
DMEM/F12 medium with XTT reagent but no cells) were subtracted from all readings. Data were
normalized to solvent control cells (complete DMEM/F12 medium with DMSO <0.01% v/v). Results
are expressed as mean + SD from six independent biological replicates.

2.5. Growth Factor—Dependent Proliferation Assay

As an endpoint-specific positive control confirming that the assay detects reductions in
neurosphere proliferation, neurospheres were first cultured until they reached ~400-450 um in
diameter (baseline, 0 h). Neurospheres were cultivated in DMEME/F12 medium without EGF (EGF)
compared with standard conditions containing 20 ng/mL EGF (Thermo Fisher Scientific, Cat. No.
PHGO0311). For the assessment of sphere size, images of neurospheres were acquired at 0 h, 48 h, and
96 h using a Leica inverted microscope equipped with a Moticam camera and Motic Images software,
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with a 10x objective. For each condition and time point, six neurospheres were measured in duplicate.
Diameters were quantified using the Moticam software measurement tool. Data are expressed as
mean + SD from six independent experiments.

2.6. Immunofluorescence Staining and Confocal Microscopy

Neurospheres (3,000 cells/well) were generated in ultra-low attachment 96-well plates and
maintained in proliferative conditions until they reached ~550-600 um in diameter (Day 6). They
were then transferred to 6-well plates for differentiation (Figure 1C-D). For immunostaining,
neurospheres were fixed at Week 1, Week 2, and Week 3, and stained for TUBB3, GFAP, and
Synaptophysin (SYP).

For outgrowth and migration dynamics, neurospheres of comparable size (~550-600 um) were
embedded in Geltrex™ matrix at the onset of differentiation (adapted from Nickels et al., [47].
Embedded neurospheres were maintained under differentiation conditions and collected at Week 1
and Week 2 for TUBB3 and GFAP staining.

All samples were fixed in 4% PFA (20 min, RT), permeabilized and blocked (0.1% Triton X-100,
3.5% BSA in PBS), and incubated overnight at 4 °C under gentle gyratory shaking with the following
primary antibodies diluted in blocking solution: TUBB3-APC (Thermo Fisher Scientific, Cat. No.
13437495, 1:100), GFAP-AF488 (Santa Cruz/Cliniscience, Cat. No. sc-33673 AF488, 1:100), and SYP-
AF488 (Santa Cruz/Cliniscience, Cat. No. sc-17750 AF488, 1:100). The next day, neurospheres were
washed twice in PBS (15 min, 37 °C, gentle shaking), transferred onto Lab-Tek™ II Chambered
Coverglass Slides (Thermo Fisher Scientific, Cat. No. 155411), and mounted with ProLong™ Glass
Antifade (Thermo Fisher Scientific). Three independent biological replicates were analyzed per
condition.

Confocal imaging was performed on a Leica TCS SP5 microscope. Suspended neurospheres
were imaged with a 40x water-immersion objective, and embedded neurospheres with a 10x dry
objective. Excitation was performed at 488 nm and 630 nm, with emission windows adjusted to the
fluorophores. Z-stacks were acquired and reconstructed using Leica LAS AF software. Maximum-
intensity projections and channel merges were generated in Image] (Fiji, NIH, Bethesda, MD, USA),
and representative images were prepared for figures.

2.7. Migration Assay

Neurospheres (2,000 cells/well) were generated in ultra-low attachment 96-well plates and
maintained in proliferative medium until they reached ~200-300 pm in diameter (Day 3). Individual
neurospheres were then transferred into 24-well adherent plates pre-coated with poly-D-lysine and
laminin (as described in the Cell culture section), and subsequently coated with Geltrex™ (1:100, 100
pL/well, 10 min at 37 °C; Thermo Fisher Scientific, Cat. No. A1413302). After a 10-min incubation at
37 °C to allow partial gelling of the Geltrex layer, one neurosphere was seeded per well in 200 uL of
differentiation medium containing CPF (125 or 250 uM) or a PFAS mixture, allowed to adhere for 5
minutes, and then overlaid with 1 mL of the same medium. For migration assays, smaller
neurospheres (~200-300 um) were intentionally used to optimize radial outgrowth, as larger
spheroids (>500 pm) become too compact and restrict peripheral dispersal, consistent with previous
reports highlighting the impact of spheroid size on migration and differentiation outcomes [48,49].

Radjial migration was monitored by bright-field microscopy using 10x objective at baseline (20
min post-seeding, Day 0), and 4x objective for daily measurements from Day 1 to Day 3.

Medium -containing the test compounds was renewed every 3 days, and cultures were
maintained under repeated exposure until Day 10, when cell viability was assessed using the XTT
assay. Migration distance was quantified as the distance between the neurosphere edge and the
outermost migration front and compared with control neurospheres.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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2.8. Measurement of Neurosphere Size During Differentiation

Neurosphere diameter was monitored longitudinally at defined time points (Day -3 pre-
exposure, Day 0, Week 1, Week 2, and Week 3) under control and toxicant conditions. Bright-field
images were acquired using a Leica inverted microscope equipped with a Moticam camera and Motic
Images software, with a 10x objective. For each condition and time point, six neurospheres were
measured in duplicate. Diameters were quantified using the Moticam software measurement tool.
Growth kinetics were analyzed as described in the Results section.

2.9. RNA Extraction and Quantitative Real-Time PCR (qPCR) Analyses

Total RNA was extracted from 3D cortical neurospheres after 3 weeks of differentiation under
control and treatment conditions using the PureLink™ RNA Mini Kit (Thermo Fisher Scientific, Cat.
No. 12183018A), according to the manufacturer’s instructions. RNA concentration and purity were
assessed using a NanoDrop™ One spectrophotometer (Thermo Fisher Scientific), and 500 ng total
RNA per sample were reverse transcribed with the iScript™ ¢cDNA Synthesis Kit (Bio-Rad, Cat. No.
1708891). qPCR was performed on a CFX96 Real-Time PCR Detection System (Bio-Rad) using iTaq™
Universal SYBR Green Supermix (Bio-Rad, Cat. No. 1725121) with primers corresponding to
TagMan™ Gene Expression Assays (Thermo Fisher Scientific, Table 2). Cycling conditions consisted
of 40 cycles of 95 °C with primer annealing at 60 °C, followed by a final melt-curve analysis (65-95
°C) to confirm specificity.

For baseline characterization, Ct values were normalized to Gapdh (ACt), and relative
expression was expressed as log,(2-2%) to illustrate marker expression levels in solvent-control
neurospheres (Ctr, 0.01% DMSO). For exposure experiments, relative transcript levels were
calculated using the AACt method, with solvent-control neurospheres as the calibrator condition, and
data are presented as fold changes (2-24%) relative to Ctr. All reactions were run in technical
duplicates, and results represent three independent biological replicates. Genes detected in only two
biological replicates (Mbp, Gabbr3, Slc18a, Ntrk1, Cd140a) were reported descriptively but excluded
from quantitative analysis. For CPF at 250 uM, reliable quantification was limited; therefore, only
Gfap expression was consistently evaluated at this concentration.

Table 2. Genes and probes ID used for qPCR analysis of neurospheres.

Gene name Gene Symbol Assay ID
Neurogenic differentiation 1 Neurod] Mm01946604 s1
Microtubule-associated protein 2 Map?2 MmO00485231 ml
Glial fibrillary acidic protein Gfap Mm01253033 ml
Oligodendrocyte transcription factor 1 Oligl MmO00497537 sl
Myelin basic protein Mbp Mm01266402 ml
Synaptophysin Syp MmO00436850 m1
Brain-derived neurotrophic factor Bdnf Mm04230607 sl
PDGF receptor alpha (used as CD140a marker) Pdgfra (Cd140a) MmO00440701_m1
GABA-A receptor subunit beta-3 Gabrb3 Mm00433473 ml
Vesicular acetylcholine transporter Slci8a3 Mm00491465 sl
Neurotrophic receptor tyrosine kinase 1 Ntrkl Mm01219406 _m1
Glyceraldehyde-3-phosphate dehydrogenase (reference) Gapdh Mm99999915 gl

2.10. Statistical Analysis

Statistical analyses were performed using GraphPad Prism (version 8.0.2). Data represent the
mean of independent biological replicates + standard deviation (SD), with the number of replicates
(n) indicated in the Results and figure legends.

Statistical significance was assessed by unpaired two-tailed Student’s t-test (when comparing
treatment vs. vehicle controls). Welch’s correction was applied when variances were unequal. For
longitudinal datasets such as neurosphere growth kinetics (Figure 9C) and radial migration (Figure
11B), two-way repeated-measures ANOVA was performed, followed by Tukey’s post-hoc test to
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evaluate pairwise differences between groups at specific time points. A significance threshold of p <
0.05 was applied for all analyses.

For figures, asterisks indicate significant differences vs. vehicle controls (p < 0.05, *p < 0.01, **p
<0.001).

3. Results

3.1. Characterization of Mouse- Derived NSCs Differentiated Towards Neurons and Glia as 3D
Neurospheres

3.1.1. Model Characterization by Cytometry

Flow cytometry confirmed the heterogeneous cellular composition of the differentiating
neurospheres, including SOX2* (Sox2, SRY-box transcription factor 2) progenitors, GFAP* (Gfap, glial
fibrillary acidic protein) astrocytic precursors, TBB3* (Tubb3, class III beta-tubulin) immature
neurons, and SATB2* (Satb2, special AT-rich sequence-binding protein 2) post-mitotic cortical
neurons (Figure 2A-B). Quantification of SATB2 confirmed the presence of post-mitotic neurons,
while SOX2, GFAP, and BlII-tubulin identified progenitor, astrocytic, and neuronal lineages [50,51].

To complement percentages, mean fluorescence intensity (MFI) was assessed within each gated
population (Figure 2D). SOX2* cells displayed high SOX2 expression but also measurable GFAP and
TUBBS3 signals, suggesting transitional progenitors initiating glial or neuronal programs. Similarly,
GFAP~ cells retained detectable SOX2 and TUBB3, consistent with persistence of progenitor traits
alongside early neuronal priming. In contrast, the average TUBB3 MFI was lower in the broad
TUBB3* population compared with the SOX2* gate. This discrepancy reflects differences in
population composition: the TUBB3* gate encompasses many TUBB3"dim (low-expressing) early
neurons, which reduces the mean signal, whereas the SOX2* gate is enriched in TUBB3"bright (high-
expressing) transitional neurons co-expressing progenitor and neuronal markers, elevating its MFI
[50,51].

Markers of neuronal maturation showed strong expression: MAP2* (Map2, microtubule-
associated protein 2) and BDNF* (Bdnf, brain-derived neurotrophic factor) populations exhibited high
intensities of their respective markers and measurable cross-expression (Figure 2C-D), consistent
with advancing neuronal differentiation. PSD95* (Dlg4, postsynaptic density protein 95) cells were
also identified, indicating acquisition of postsynaptic features (Figure 2E) [52].

Together, these results establish that neurospheres contain both distinct and transitional
neuronal/glial populations, faithfully mirroring lineage dynamics of cortical development and
providing a relevant baseline for subsequent mechanistic analyses [53].
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Figure 2. Flow cytometry-based characterization of cortical neurospheres. (A) Representative dot plot and
quantification of SATB2* (Satb2) cells (% + SD, n = 3), confirming the presence of post-mitotic neurons. (B) Dot
plots and quantification of SOX2* (Sox2) progenitors, GFAP* (Gfap) astrocytic precursors, and TUBB3* (Tubb3)
immature neurons (% * SD, n = 5), illustrating the coexistence of progenitor, astrocytic, and neuronal lineages.
(C) Dot plots and quantification of MAP2* (Map2) and BDNF* (Bdnf) populations (% * SD, n = 5), reflecting
advancing neuronal maturation. (D) Mean fluorescence intensity (MFI) analysis of marker expression within
positive populations. Left: SOX2*, GFAP*, and TUBBIII* gates; right: MAP2* and BDNF* gates. MFI profiles
reveal transitional subpopulations co-expressing lineage markers, including TUBBIII*dim (low-expressing) and
TUBBIII"bright (high-expressing) neurons. (E) Dot plot and quantification of PSD95* (Dig4) cells (% + SD, n = 3),
confirming acquisition of postsynaptic features. Values represent mean + SD from independent biological
replicates.

3.1.2. Confocal Immunofluorescence Analysis of Differentiation, Migration, and Synaptic
Maturation

To complement flow cytometry and assess spatial organization, we first examined neuronal and
astrocytic differentiation of neurospheres over three weeks by confocal immunofluorescence of
GFAP* astrocytes and TUBB3* neurons (Figure 3). At week 1, neurospheres were compact and well
delimited, with GFAP* processes and TUBB3* neuronal somas already detectable throughout the
spheroid. Fine neuronal prolongations (neuritic processes) were visible, marking the onset of
differentiation. By week 2, neurospheres increased in size and displayed irregular contours, with
partial fusion of aggregates. Neuronal marker TUBB3* became abundant, with numerous somas and
neuritic processes distributed across the spheroid, suggesting a peak in neuronal density. GFAP*
processes expanded widely and frequently overlapped with neuronal structures, spanning fusion
interfaces and supporting emerging neuron—glia interactions. By week 3, neuronal somas appeared
less numerous than at week 2, but neuronal prolongations were longer, branched, and
interconnected, forming mesh-like networks. Astrocytic processes also remained abundant,
contributing to an integrated neuronal-glial architecture. This establishes that neurospheres undergo
a temporal shift from cellular expansion to structural integration, reflecting the coordinated dynamics
of cortical differentiation [54].
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1 week Diff

2 week Diff

3 week Diff

Figure 3. Neuronal and astrocytic differentiation in neurospheres over time. Confocal immunofluorescence
staining of GFAP (astrocytes; green) and pPIII-tubulin (neurons; blue) at week 1 (A-C), week 2 (D-F), and week
3 (G-I). GFAP* processes progressively expand, while BIII-tubulin highlights neuronal soma-like structures and
neuritic networks. Merged images (C, F, I) illustrate the progressive formation of mixed neuronal-glial networks.

Representative maximum intensity projections of confocal Z-stacks are shown. Scale bar =100 um.

To further assess peripheral dynamics in 3D, neurospheres were embedded in Geltrex and
examined after one and two weeks (Figure 4). At week 1 (A-C), compact spheroids displayed thin
outward projections emanating from the contour, visible in both GFAP* astrocytes (A) and TUBB3*
neurons (B), with denser GFAP* filaments at the periphery. The merged image (C) illustrates
overlapping neuronal and astrocytic extensions. These projections were also evident in bright-field
imaging (G). By week 2 (D-F), such discrete filaments were largely lost; instead, cells accumulated at
the spheroid border, forming a continuous rim with an epithelial-like appearance. In this
configuration, GFAP* processes localized along the surface (D), while TUBB3* networks remained
predominantly within the spheroid core (E). The merged panel (F) highlights this rim-like
distribution, consistent with the bright-field appearance (H). Taken together, these observations
suggest an early phase of filamentous outgrowth at week 1 that transitions by week 2 to surface-
restricted organization, likely reflecting the confining properties of the dense Geltrex matrix [55].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.



https://doi.org/10.20944/preprints202509.2170.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 September 2025 d0i:10.20944/preprints202509.2170.v1

11 of 31

Embedded neurospheres week 1

Embedded neurospheres week 2

Embedded neurospheres week 1
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Figure 4. Outgrowth and migration dynamics of neurospheres embedded in Geltrex. Inmunofluorescence
staining for GFAP (green) and TUBB3* (blue). (A—C) Week 1: thin projections extend beyond the spheroid
contour for both markers, with more abundant GFAP* filaments at the periphery (A); neuronal somas and
processes remain mainly interior (B); merged image shows overlapping projections (C). Bright-field (G) confirms
outward extensions. (D-F) Week 2: discrete projections are reduced and a continuous rim forms at the border;
GFAP* processes localize along the surface (D), while TUBB3* networks remain predominantly interior (E);
merged image illustrates rim-like organization (F). Bright-field (H) shows similar peripheral accumulation.

Representative maximum-intensity projections of confocal Z-stacks are shown. Scale bar = 100 pm.

To assess synaptic maturation, neurospheres were immunostained for Synaptophysin (SYP;
Syp) at weeks 1, 2, and 3 of differentiation (Figure 5). At week 1 (A), SYP staining appeared as a
diffuse pattern with scattered puncta distributed across the spheroid, consistent with early protein
expression before its concentration at synaptic vesicles. By week 2 (B), puncta became more numerous
and clearly localized, particularly along neuritic profiles and at the periphery of neuronal clusters,
reflecting ongoing synaptogenesis within emerging networks. At week 3 (C), neurospheres displayed
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a dense and clustered pattern of SYP puncta, indicative of more mature presynaptic specializations.
This temporal progression from diffuse to punctate to clustered staining demonstrates a progressive,
stepwise maturation of presynaptic structures during differentiation. Importantly, this trajectory
mirrors in vivo cortical development, where synaptogenesis accompanies neuronal differentiation
and network assembly [56,57].

A

1 week Diff

Figure 5. Synaptic maturation of neurospheres during differentiation. Immunofluorescence staining for
Synaptophysin (SYP; Syp, green) in differentiating neurospheres at week 1 (A), week 2 (B), and week 3 (C). At
week 1, SYP staining appeared as a diffuse signal with scattered puncta. By week 2, puncta became more
abundant and localized along neurites and cluster peripheries. By week 3, puncta were dense and formed
clusters, reflecting a progressive, stepwise maturation of presynaptic structures. Representative maximum-

intensity projections of confocal Z-stacks are shown. Scale bar = 100 pum.

Together, these confocal analyses demonstrate that cortical neurospheres undergo coordinated
differentiation into neuronal and glial lineages, display early migration-like projections, and show
the progressive, stepwise maturation of synaptic networks. To complement these morphological and
protein-level observations, we next examined the transcriptional landscape of neurodevelopmental
genes by qPCR to determine whether molecular signatures support the phenotypic changes
observed.

3.1.3. Basal Transcriptional Profiling of Neurodevelopmental Genes

To complement the phenotypic and structural characterization, we profiled the expression of a
panel of neurodevelopmental genes by qPCR (Figure 6). The heatmap (Figure 6A) illustrates log,(2-
ACt relative to GAPDH) values for all detected genes, encompassing neuronal (Neurod1, Map2, Syp,
Bdnf), astrocytic (Gfap), and oligodendrocytic markers (Oligl, Mbp), as well as genes related to
neurotransmission and trophic signaling (Gabbr3, Slc18a, Ntrkl, Cd140a). Relative transcript levels
spanned several orders of magnitude, reflecting heterogeneous lineage commitment within the
neurospheres.

Quantitative bar plots were generated for genes with three biological replicates (Neurod1, Map2,
Gfap, Oligl, Syp, and Bdnf; Figure 6B). Neurod1 and Map2 were consistently expressed at moderate
levels, consistent with early neuronal commitment and dendritic specialization, respectively, in
agreement with the presence of TUBB3* neurons observed by flow cytometry and confocal imaging.
Gfap expression confirmed astrocytic differentiation, while Syp and Bdnf transcripts indicated
activation of synaptic and trophic programs.

Other transcripts (Mbp, Gabbr3, Slc18a, Ntrkl, Cd140a) were also detected but only in two
biological replicates; therefore, they were shown descriptively in the heatmap but excluded from the
quantitative bar plot. Their partial detection likely reflects early or partial lineage specification
without full maturation, consistent with the three-week culture period. Notably, the absence of strong
Mbp or Cd140a expression aligns with the later developmental timing of oligodendrocytic maturation
in the cerebral cortex, which is not captured by short-term differentiation protocols [58-61].
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Overall, core lineage markers (Neurod1, Map2, Gfap, Syp, Bdnf) were consistently detected across
replicates, whereas Olig1 expression showed greater variability, consistent with its lower and more
heterogeneous expression in neurospheres [58-61].

Taken together, these transcriptional data confirm that cortical neurospheres recapitulate key
developmental programs, with active neuronal commitment, astrocytic differentiation, and initial
synaptic maturation. The relative abundance of Gfap compared with neuronal markers indicates a
prominent astrocytic contribution at this stage [54], while synaptic and trophic transcripts (Syp, Bdnf)
support the emergence of functional neuronal networks [54]. Importantly, the detection of PSD95*
cells by flow cytometry further supports that neurospheres acquire both presynaptic (SYP) and
postsynaptic (PSD95) features, indicating the initiation of synaptic maturation during the three-week
differentiation period [54].
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Figure 6. Relative expression of neuronal and glial marker genes in 3D cortical neurospheres. (A) Heatmap
showing log, (>t relative to GAPDH) values for all quantified genes (Neurodl, Map2, Gfap, Olig1, Syp, Bdnf, Mbp,
Gabbr3, Slc18a, Ntrkl, Cd140a) in solvent-control neurospheres (Ctr < 0.01% DMSOQO). Biological replicates
were n = 3 for Neurod1, Map2, Gfap, Syp, and Bdnf, and n = 2 for Mbp, Cd140a, Gabbr3, Slc18a, and Ntrk1. (B) Bar
plot showing log,(2-2t relative to GAPDH) values for genes with n = 3 biological replicates only (Neurodl, Map2,
Gfap, Olig1, Syp, Bdnf). Bars represent mean + SD (n = 3). ACt values were calculated as Ct_target - Ct GAPDH
for each replicate, transformed to 2-2%, and log,-transformed before averaging. Negative log, values indicate
expression levels lower than GAPDH.

3.1.4. Proliferation Assay Under Growth Factor Conditions

To evaluate the proliferative responsiveness of cortical neurospheres, we monitored their
growth in the presence or absence of epidermal growth factor (EGF) for 96 h (Figure 7). Under EGF*
conditions, neurospheres exhibited a progressive increase in diameter between 0 h, 48 h, and 96 h,
reflecting active proliferation. In contrast, neurospheres cultured without EGF (EGF-) showed only
limited size increase, with diameters remaining close to baseline levels. Quantification confirmed a
significant difference between EGF* and EGF- conditions at 48 h and 96 h. These findings confirm
that neurospheres respond to EGF as expected, demonstrating proliferative capacity under mitogenic
stimulation. Importantly, this growth factor responsiveness provides a functional baseline for
subsequent toxicant exposure experiments, ensuring that observed effects can be distinguished from
normal growth dynamics.
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Figure 7. Proliferation assay of neurospheres under EGF+ and EGF- conditions. (A) Representative bright-
field images of neurospheres at 0 h, 48 h, and 96 h in the presence (EGF*) or absence (EGF-) of growth factor.
Scale bar = 100 um. (B) Quantification of neurosphere diameter under EGF* and EGF- conditions over time. Data
are mean + SD (n = 6). Statistical significance was determined using Student’s t-test. ***p < 0.001 vs. EGF- at the

same time point.

3.2. Effects of CPF and PFAS on 3D Neuronal/Glial Culture
3.2.1. Effects of CPF and PFAS on Proliferative Neurospheres

To evaluate the sensitivity of proliferative neurospheres (undifferentiated stage) to toxicant
exposure, cultures were treated with chlorpyrifos (CPF) or a PFAS mixture for 10 days (Figure 8A).
Viability assays revealed a clear dose-dependent effect of CPF (Figure 8B), with significant
cytotoxicity at 125 uM and 250 uM consistent with previous reports in neurosphere assays [62]. At
37.1 uM, CPF did not significantly reduce viability in our model, and PFAS exposure likewise yielded
values comparable to controls.

Because higher CPF doses induced overt cytotoxicity, mechanistic analyses were restricted to
the sub-toxic concentration (37.1 M) to probe effects on stemness and proliferation. As PFAS did not
significantly alter viability at this stage, marker expression (SOX2, SATB2, Ki67, and cell cycle) was
not further assessed in PFAS-exposed proliferative neurospheres. Flow cytometry showed that the
proportion of SOX2* progenitors (Figure 8D) was largely maintained, with a consistent upward
tendency across replicates. SATB2* cortical neurons (Figure 8C) also remained stable. Similarly, Ki67
expression (Figure 8E) and cell cycle distribution assessed by Ki67/PI double staining (Figure 8F)
showed no detectable deviations from controls.

Altogether, these findings demonstrate that CPF induces cytotoxicity only at high
concentrations, whereas Sub-toxic CPF exposure preserved SOX2* progenitors, with a tendency
toward higher percentages across replicates. Cortical neurons identified by SATB2 were maintained,
and proliferation markers (Ki67 expression and cell cycle distribution) remained stable under CPF
exposure. PFAS did not significantly affect viability at this stage. As mechanistic analyses were
focused on CPF as a reference neurotoxicant, marker expression (SOX2, SATB2, Ki67, and cell cycle)
was not assessed for PFAS in proliferative neurospheres, but PFAS effects were evaluated in detail
during the differentiation phase (section 3.2.2).
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Figure 8. Effects of chlorpyrifos (CPF) and PFAS mixture on proliferative neurospheres. (A) Schematic
representation of the experimental design: neurospheres were cultured in suspension, exposed at day 0, and
maintained for 10 days before analysis. (B) Cell viability (XTT assay) after 10 days of exposure to CPF (37.1-250
uM) or PFAS mixture. CPF induced cytotoxicity at 2125 puM, whereas the PFAS mixture did not significantly
affect viability. Data are mean + SD (n = 6). (C) Percentage of SATB2* cortical neurons after 10 days of CPF
exposure (37.1 uM). (D) Percentage of SOX2* progenitors after 10 days of CPF exposure (37.1 uM). (E) Ki67
expression in control and CPF-exposed neurospheres after 10 days. (F) Cell cycle distribution determined by
Ki67/PI double staining after 10 days of CPF exposure. Data in (C-F) are mean + SD (n = 3). Statistical significance
was determined using Student’s t-test or Welch’s correction when variances were unequal. p < 0.05 was
considered significant compared to Ctr. While viability assays were performed after exposure to both CPF and

PFAS mixture, marker expression and proliferation analyses were carried out after CPF exposure only.

3.2.2. Effects of CPF and PFAS on Differentiated Neurospheres

3.2.2.1. Effects of CPF and PFAS Mixture on Neurosphere Viability and Growth During
Differentiation

The 37.1 uM CPF condition, identified as a probable sub-toxic concentration, was not further
analyzed during differentiation or migration since it did not produce measurable viability changes
in our preliminary assays.

To assess the long-term impact of toxicant exposure during differentiation, cortical neurospheres
were treated with CPF (125 or 250 uM) or a PFAS mixture from day 0 and monitored for three weeks
repeated exposure with medium renewal to mimic chronic conditions (Figure 9A). In controls,
neurosphere diameter increased between Day 0 and Week 1, then reached a plateau phase (Figure
9C). Size kinetics were therefore tracked as a longitudinal, non-destructive readout to determine
whether toxicants altered the early expansion phase—which reflects residual proliferation and
process outgrowth after induction—and/or the timing of the plateau associated with maturation.

Cell viability measured at day 21 revealed a concentration-dependent effect of CPF, with a
significant reduction at 250 pM. At 125 uM, CPF reduced viability to ~69.5% of control, which
represents moderate cytotoxicity but did not reach statistical significance due to replicate variability.
Importantly, this level remains above the OECD overt cytotoxicity threshold (~55% relative survival),
and was therefore not considered maximally cytotoxic. PFAS exposure induced only a modest but
significant decrease compared with controls(Figure 9B).

Growth kinetics further highlighted divergent trajectories across treatments (Figure 9C). Two-
way repeated measures ANOVA showed a strong effect of time and a significant treatment x time
interaction, indicating that growth trajectories differed across groups, whereas the overall main effect
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of treatment was not significant. Post-hoc Tukey’s tests indicated that at Week 1, both CPF125 and
CPF250 spheroids were significantly larger than controls. By Week 2, none of the treatment groups
differed from control. By Week 3, CPF-treated spheroids were no longer enlarged, with CPF250
showing a tendency toward reduced size relative to controls. PEAS-treated spheroids did not differ
significantly from controls at any time point.

Within-group time-course analyses confirmed these patterns. Control neurospheres grew
significantly from pre-exposure (-3 days) to Week 1 but plateaued thereafter. CPF125 spheroids also
expanded from Day 0 to later time points, with a modest additional increase between Week 1 and
Week 3. In contrast, CPF250 spheroids failed to grow significantly beyond Week 1, indicating growth
arrest. PFAS-treated spheroids followed a trajectory similar to controls, with early expansion until
Week 1 and stabilization thereafter.

Together, these results demonstrate that CPF exerted a biphasic effect during differentiation,
with initial enlargement at 125 uM followed by growth arrest and reduced viability at 250 uM, in
agreement with previous reports of CPF-induced toxicity at high micromolar concentrations in
neurosphere models [30]. Importantly, the moderate reduction in viability at 125 puM (~69.5% of
control) remained above the OECD overt cytotoxicity threshold of 55% relative survival [63]. PFAS
exposure induced only a modest but significant viability reduction without altering growth
dynamics, consistent with environmentally relevant exposure levels.
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Figure 9. Effects of CPF and PFAS mixture on long-term neurosphere growth and viability. (A) Experimental
design: cortical neurospheres were exposed to CPF (125 or 250 uM) or a PFAS mixture from the onset of
differentiation (Day 0) and maintained under repeated exposure with medium renewal for 21 days to mimic
chronic conditions. (B) Cell viability (XTT assay) at Day 21 showed a concentration-dependent decrease under
CPF, with significant reduction at 250 pM, while PFAS induced a modest decrease. Data are mean + SD (n = 6).
(C) Growth kinetics from -3 days (pre-exposure) to Week 3 revealed distinct trajectories across treatments. Two-
way repeated measures ANOVA indicated significant effects of time and treatment x time interaction, followed
by Tukey’s post-hoc test (*p < 0.05, ***p < 0.001). PEAS-treated spheroids followed a control-like trajectory with
early expansion and plateauing thereafter. Data are mean + SD (n = 6). Statistical significance was determined
using Student’s t-test for viability assays and two-way repeated measures ANOVA with Tukey’s post-hoc test
for growth kinetics. p < 0.05 was considered significant compared to Ctr.

3.2.2.2. Effects of CPF and PFAS Mixture on Neurosphere Migration and Viability

To investigate the impact of chronic exposure on neuronal-glial dynamics, migration assays
were performed under repeated exposure with medium renewal to mimic chronic conditions (Figure
10A). Bright-field imaging revealed marked differences in radial migration across treatments. Control
neurospheres displayed regular and homogeneous migration by Day 6, which further expanded by
Day 10. In contrast, CPF-exposed neurospheres showed dose-dependent impairments: at 125 uM,
migration was visibly reduced and spheroids retained a denser core, whereas at 250 uM, migration
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was strongly suppressed, with disrupted borders and limited cell dispersal. PFAS exposure also
restricted migration, although the effect was less pronounced than that observed with CPF.

Cell viability quantified at Day 10 confirmed significant cytotoxicity under CPF exposure, while
PFAS induced a milder but significant reduction (Figure 10B). Notably, the magnitude of toxicity
observed in the migration assay was greater than that detected in viability assays on proliferative
neurospheres, where PFAS showed no effect and CPF cytotoxicity was restricted to high
concentrations. Compared with differentiated neurospheres assessed at 21 days, migration measured
at Day 10 revealed CPF- and PFAS-induced impairments that were not as apparent in bulk viability
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Figure 10. Effects of CPF and PFAS mixture on neurosphere migration and viability. (A) Experimental design:
neurospheres were pre-formed for 3 days and seeded on Day 0 in Geltrex-coated adherent culture, followed by
exposure to CPF (125 or 250 uM) or a PFAS mixture. Radial migration was quantified at 20 min post-seeding
(baseline) and daily until Day 3. Cultures were then maintained under repeated exposure with medium renewal
until Day 10, when cell viability was assessed by XTT assay. (B) Representative bright-field images of cortical
neurospheres exposed to CPF (125-250 uM) or PFAS mixture under repeated exposure with medium renewal.
Control neurospheres (Ctr) displayed regular radial migration by Day 6 and Day 10, whereas CPF impaired
migration in a dose-dependent manner and PFAS also restricted migration, albeit to a lesser extent. Scale bar =
100 pm. (C) Cell viability (XTT assay) at Day 10 showed significant cytotoxicity with CPF and a milder but
significant reduction with PFAS. Data are mean + SD (n = 3). Statistical significance was determined using
Student’s t-test. p < 0.05, **p < 0.001 compared to Ctr.

3.2.2.3. Quantitative Analysis of Early Radial Migration Dynamic

Radial migration was quantified during the first three days of differentiation under repeated
exposure with medium renewal (Figure 11A-B). In controls, migration distance increased sharply
between Day 0—1 (p < 0.0001, paired t-test) and Day 1—2 (p < 0.01), but then reached a plateau
between Day 2—3 (ns). CPF125-treated neurospheres followed a similar early pattern (Day 0—1, p <
0.001; Day 1—2, p <0.001), but unlike controls, they continued to expand between Day 2—3 (p <0.05).
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However, despite this delayed plateau, the final migration distance at Day 3 was not significantly
different from controls. CPF250 exposure also induced significant migration between Day 0—1 (p <
0.01) and Day 1—-2 (p <0.01), but no further increase thereafter, closely mirroring the control plateau.
At Day 3, CPF250 neurospheres showed a downward trend versus control (Welch’s t-test, p = 0.02),
but this did not remain significant after correction for multiple comparisons (Tukey’s post-hoc test).

PFAS exposure induced significant migration during the first two days (Day 0—1, p < 0.0001;
Day 1—2, p < 0.0001), but migration prematurely arrested between Day 2—3 (ns). At Day 3, PFAS
significantly reduced migration compared with both control (p <0.01) and CPF125 (p < 0.05, Tukey’s
test).

Together, these results indicate that CPF and PFAS differentially affect radial migration
dynamics. CPF125 delayed the plateau phase without altering final migration distance, CPF250 did
not exert robust effects, and PFAS consistently impaired migration by prematurely halting expansion
and reducing final migration distance.
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Figure 11. Effects of CPF and PFAS mixture on radial migration of differentiated neurospheres. (A)
Representative bright-field images of neurospheres after 3 days of radial migration under control conditions or
after exposure to CPF (125-250 uM) or PFAS mixture. Circles indicate the migration front used for distance
quantification. Scale bar = 100 um. (B) Quantification of migration distance from Day 0 (20 min post-seeding) to
Day 3. Control neurospheres exhibited progressive expansion, whereas CPF- and PFAS-exposed spheroids
showed impaired migration. Statistical significance between groups is indicated at Day 3 (p < 0.05, *p <0.01 vs.
control; Tukey’s post-hoc test) compared to Ctr. Within-group comparisons over time are described in the
Results section. Data are mean + SD (n = 6 independent experiments). Statistical analysis was performed using
two-way repeated measures ANOVA followed by Tukey’s post-hoc test.

3.2.2.4. CPF and PFAS Mixture Differentially Affect Neuronal and Glial Gene Expression in
Differentiated Neurospheres

To further investigate the molecular underpinnings of CPF- and PFAS-induced effects, we
assessed the expression of neurodevelopmental genes by qPCR after 21 days of differentiation.
Heatmap visualization revealed distinct transcriptional responses between treatments (Figure 12A).
CPF at 125 uM did not significantly alter most markers but showed a trend toward reduced Gfap
expression. At the higher concentration (250 pM), CPF significantly suppressed Gfap levels (Figure
12D-E), indicating impaired astrocytic maturation at cytotoxic doses. PFAS exposure significantly
downregulated both Gfap and Syp, pointing to dual effects on astrocytic and synaptic programs
(Figure 12D, F). By contrast, Neurodl, Map2, and Bdnf remained unaffected (Figure 12B-C, G),
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suggesting preserved neuronal commitment and trophic signaling under these conditions.
Additional transcripts (Mbp, Gabbr3, Slc18a, Ntrkl, and Cd140a) were detected but only in two
biological replicates; these are presented descriptively in the heatmap (Figure 12A) and excluded
from quantitative analysis due to insufficient power. Notably, inclusion of CPF250 uM was limited
to Gfap because of excessive variability or lack of replicates for other markers at this concentration.
Overall, these results demonstrate that CPF and PFAS disrupt neurodevelopmental gene programs
in distinct ways: CPF primarily reduces astrocytic maturation at high concentrations, whereas PFAS

affects both astrocytic (Gfap) and synaptic (Syp) markers without overt cytotoxicity, revealing lineage-
specific transcriptional vulnerabilities.

>
)
(@]

NeuroD1 Map2
"3 - o —_
2  NeuroD1 g g 1.5
8 Map2 < <
= Gfap o o
€ Olig1 - s & 1.01
g Mbp 8 a ]
Syp ~ ] 9]
& Banf | S g
o (9] I3 >
> CD140a - w Wi 0.5+
8 Gabbrb3 e e
2 Slc18a = =1
5 k] I
z 2 2 oo
S <&
r{?Q . d._@
& f
<
o A
QQ
D E F
Gfap Gfap Syp Bdnf
P K R R RRRLREEREY e i S 1.5+ s 2.0+
g g 1.0 g g
< 3 < <
o 0.8 o 0.8 o o
c c =3 c
o 064 o o ':%
g O 08 2 2
g o 2 g
o 0.4 o 0.4 Q. Q.
i & i n}
2 021 " 2 021 " 2 s
® B © 5
Q Q
e  00- ¢ ool —— © 2
&
b‘$ 45*" Sy
N S «
& %@ Qq‘\'
(&) QQ?' (&)

Figure 12. Effects of CPF and PFAS mixture on the expression of neurodevelopmental genes in differentiated
neurospheres. (A) Heatmap representation of log, fold change (2-22¢t) values relative to control, normalized to
GAPDH, for neuronal (Neurod1, Map2, Bdnf, Syp), astrocytic (Gfap), oligodendrocytic (Oligl, Mbp), and signaling-
related (Gabbr3, Slc18a, Ntrkl, Cd140a) genes after 21 days of exposure to CPF (125 uM or 250 uM for Gfap) or
PFAS mixture. Genes detected in only two biological replicates (Mbp, Gabbr3, Slc18a, Ntrk1, Cd140a) are shown
descriptively in the heatmap only. (B—C) Relative expression of Neurodl and Map2 (n = 3). (D) Gfap expression
after CPF125 uM and PFAS exposure (n = 3), left panel, and after CPF250 uM exposure, right panel. (E) Gfap
expression under CPF250 uM exposure (n = 3). (F) Syp expression after CPF125 uM and PFAS exposure (n = 3).
(G) Bdnf expression (n = 3). Data are mean + SD. Statistical significance was determined using Welch’s t-test (two-

tailed, unequal variances). p < 0.05 was considered significant compared to Ctr.

4. Discussion

The present study aimed to validate the neurosphere assay (NSA) as part of the DNT in vitro
battery, combining baseline characterization with toxicant testing under environmentally relevant
exposures. Previous reports have shown that neurosphere models can recapitulate key
developmental processes such as proliferation, neuronal and glial differentiation, migration, and
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synaptogenesis, making them promising tools for developmental neurotoxicity assessment
[14,54,57,64-67]. By aligning our observations with mechanistic insights from in vivo corticogenesis
and other in vitro studies, we highlight the translational relevance of NSA endpoints and their
potential integration into regulatory new approach methodologies (NAMs) [68-72].

Our multiparametric baseline characterization confirmed that the NSA reproduces key lineage
dynamics over a three-week differentiation period, with progenitors (SOX2*), astrocytic precursors
(GFAP%), immature neurons (TUBB3*), and post-mitotic cortical neurons (SATB2*) coexisting
alongside transitional subpopulations. This pattern is consistent with rodent and human neurosphere
studies describing heterogeneous yet developmentally ordered differentiation [46,73-76]. Confocal
imaging further highlighted the temporal dynamics of differentiation: compact, cell-dense
neurospheres at week one, peak neuronal density and extensive neuron—glia interconnection at week
two, and more integrated neuritic networks at week three. Automated fluorescence microscopy and
confocal imaging allow quantification of GFAP+ and TUBB3+ populations, revealing dynamic
changes in marker expression as neurospheres differentiate. For example, neurospheres
differentiated for several days show both markers, with proportions shifting over time [77,78]. The
apparent reduction of neuronal soma at week three likely reflects redistribution into interconnected
neuritic meshes rather than neuronal loss, consistent with persistent expression of Neurodl, Map2,
and Syp, a phenomenon previously observed in maturing neural networks [79,80]. Synaptic
maturation was evidenced by the progressive accumulation of Synaptophysin (SYP) puncta and the
detection of PSD95* cells, while qPCR confirmed stable expression of Neurodl, Map2, Gfap, Syp, and
Bdnf. However, oligodendrocytic markers Olig]l and Mbp show weak and variable expression after
three weeks of differentiation, reflecting the later onset of oligodendrocyte maturation and
myelination in cortical development. This timing aligns with in vivo studies, where Oligl and Mbp
expression increases as oligodendrocyte precursor cells mature and myelination begins, typically
after neuronal and astrocytic lineages are established [58-61]

Importantly, embedding assays revealed thin outward GFAP* filaments at week one, consistent
with glial-driven motility. GFAP is a key intermediate filament protein in astrocytes, providing
structural support for process extension and modulating cell shape and movement during
development and migration [81,82]. This migration transitioned into a dense rim at the spheroid
surface under Geltrex confinement by week two, whereas adherent cultures better captured the radial
expansion of migration fronts. Finally, the proliferation assay confirmed that neurospheres require
mitogenic signaling for sustained growth: removal of EGF markedly reduced expansion, whereas
EGEF* conditions supported continued proliferation. This mirrors in vivo NSC biology, where EGF and
FGF act as essential mitogens [Reynolds & Weiss, 1992; Sun et al., 2005], and validates proliferation
as a functional endpoint within the DNT IVB [83-86]. Together, these features establish the NSA as a
biologically faithful NAM that integrates cellular, functional, and molecular readouts of
corticogenesis.

A central methodological choice was the exposure window: toxicants were applied after three
days of proliferation and maintained chronically throughout the three-week differentiation period,
coinciding with the onset of differentiation and migration. This window reflects a critical
developmental transition when neural progenitors exit the cell cycle, begin to differentiate into
astrocytes and neurons, and establish migration scaffolds. During this period, neural progenitors
undergo tightly regulated fate transitions, driven by both intrinsic genetic programs and extrinsic
signaling cues, such as changes in Wnt and BMP signaling, which orchestrate the shift from
proliferative progenitors to differentiating neurons and glia [87-89]. Single-cell transcriptomic
studies have shown that these transitions are marked by dynamic changes in gene expression,
independent of cell cycle status, and are essential for generating neuronal diversity and proper
cortical organization [89,90]. Most developmental neurotoxicity studies, however, evaluate exposure
windows that occur either earlier (prenatally) or later (postnatally), and do not specifically target this
precise point of differentiation and migration, despite evidence that vulnerability to toxicants can
vary greatly depending on the developmental stage [91]. This makes the chosen window particularly
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relevant, as it captures a phase when progenitor identity, differentiation, and migration are most
sensitive to disruption by toxicants.

Our results confirm that toxicant effects depend on both the developmental stage and the
endpoint measured, a finding supported by research showing that sensitivity to toxicants can vary
widely across life stages and according to the specific biological outcome assessed [92-94]

In proliferative neurospheres, CPF reduced viability only at 2125 uM, while a sub-toxic
concentration (37 pM) left progenitors, SATB2* neurons, Ki67 expression, and cell-cycle distribution
largely unchanged. In differentiating neurospheres, however, CPF altered growth kinetics: spheroids
enlarged at week one but subsequently arrested, with overt cytotoxicity at 250 uM, illustrating how
developmental stage influences toxicant response [92]. PFAS mixture exposure caused only modest
but significant viability reduction at day 21, consistent with findings from both in vitro and animal
studies. Research using human stem cell and zebrafish models shows that PFAS, including PFOS and
PFOA, can decrease viability or survival at certain concentrations, but these effects are often limited
or subtle at environmentally relevant doses, especially during differentiation stages [95-97].
Similarly, studies in human stem cell models report that PFAS can reduce embryoid body size and
affect differentiation at higher concentrations, but overt cytotoxicity is generally not observed at
lower, more relevant exposures [95]. These findings suggest that while PFAS mixtures can impair
viability during differentiation, the effects are typically modest, highlighting the importance of using
sensitive and stage-specific endpoints to detect subtle developmental toxicity.

Strikingly, radial migration proved more sensitive than bulk viability: CPF impaired migration
in a dose-dependent manner, while PFAS consistently reduced migration distance by halting
expansion prematurely between days two and three, despite limited effects on size or viability. This
demonstrates that viability assays alone can underestimate functionally relevant
neurodevelopmental liabilities and highlights migration as a particularly valuable endpoint for
developmental neurotoxicity (DNT) assessment, as supported by previous research emphasizing the
sensitivity and specificity of migration disturbances as early indicators of neurotoxicant exposure
[63,98,99].

Comparison of CPF and PFAS revealed divergent mechanistic signatures. CPF, a validated
DNT-positive compound, produced a biphasic phenotype: early enlargement, later growth arrest,
overt viability loss at 250 uM, dose-dependent migration impairment, and transcriptional down-
regulation of Gfap. At 250 uM, only Gfap expression could be reliably assessed due to variability in
other markers, but this consistent down-regulation highlights astrocytic vulnerability under overtly
toxic conditions. These findings align with literature showing that CPF disrupts progenitor
proliferation, astrocytic maturation, neurite extension, and cytoskeletal remodeling in rodent and
human models [26,27,29,100]. Astrocytes have been repeatedly highlighted as CPF targets, with
reduced GFAP expression impairing guidance, extracellular matrix remodeling, and neuronal
support [28,101].

By contrast, PFAS exposure yielded a distinct phenotype characterized by functional
impairments in migration and selective down-regulation of both Gfap and Syp, which emerged before
overt cytotoxicity, while Neurod1, Map2, and Bdnf remained unaffected. This suggests that PFAS
target astrocytic and synaptic maturation rather than global survival, consistent with mechanistic
evidence of PFAS interfering with lipid metabolism, calcium regulation, and nuclear receptor
signaling [102-104].

Several studies support this interpretation. In vitro, PFOS reduced synaptic protein levels and
altered neuronal gene expression at concentrations as low as 0.1 uM (100 nM), with effects on
GABA_A receptor function observed at this level, and broader neuronal network activity changes at
100 uM [105]. In differentiated neuronal cells, PFAS mixtures inhibited neurite outgrowth at
concentrations around or below cytotoxicity, which were comparable to those found in human blood
and the environment—often in the low nanomolar to micromolar range [106]. Animal studies have
shown that PFOS exposure impairs astrocyte and neuron function, with effects on glutamate cycling
and neurite outgrowth observed at micromolar concentrations [107,108]. Human epidemiological
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studies converge with these findings, linking PFAS serum levels in the nM range to increased risk of
ADHD, reduced IQ, and impaired executive function [31-33,35,109-112]. Notably, whereas CPF
required relatively high concentrations to induce modest transcriptional changes, PFAS mixtures
affected astrocytic and synaptic markers at biomonitoring-relevant nM levels. This is consistent with
recent evidence that mixtures act additively [106] and that even low-dose PFAS exposures can
synergistically trigger oxidative stress and DNA damage [Kebieche et al., 2025]. Altogether, this
highlights the higher sensitivity of astrocytic and synaptic endpoints to PFAS, even under chronic,
low-nanomolar exposure.

The PFAS mixture tested here was directly based on the French Esteban biomonitoring study
(2014-2016), which quantified PFOS, PFOA, PFUnDA, and PFHxS in more than 40% of children at
0.1-2.2 pg/L [37]. Thus, our exposures reflect environmentally realistic, chronic, low-nM conditions.
Observing functional effects at these levels is coherent with the broader literature, where sub- to low-
UM PFAS exposures impair migration, synaptogenesis, and cognition in animals, while nM-range
serum levels correlate with neurodevelopmental disorders in humans. By bridging mechanistic in
vitro observations with biomonitoring data, our results strengthen the argument that PFAS mixtures
contribute to developmental neurotoxicity below cytotoxic thresholds [113].

These results also resonate with regulatory priorities. Both EFSA and OECD [6,10,11,63] have
emphasized the need for mixture-based testing and the use of NAMs addressing human-relevant
concentrations [114,115]. Our approach responds directly to these calls by demonstrating that mouse
neurospheres, assessed through a complementary battery of endpoints—including proliferation,
neuronal and glial differentiation, radial migration, synaptogenesis, astrocytic maturation, and
viability —can reveal toxicant-specific signatures at biomonitoring-relevant levels. The use of stage-
resolved testing ensures developmental windows of susceptibility are captured, enhancing the
biological relevance and regulatory utility of the approach. Together, these features demonstrate that
the NSA is not only biologically faithful but also reproducible, robust, and fit-for-purpose in the
context of regulatory DNT testing , supporting the integration of mixture-based and NAM-driven
strategies in regulatory framework [106,114,115].

Some limitations must be acknowledged. The three-week differentiation period models early
neuron-glia interactions but not later oligodendrocyte maturation and myelination, which would
require six- to eight-week cultures [116,117]. Another consideration is that the present model is
mouse-derived rather than human. While rodent-based neurospheres are included in OECD and
EFSA frameworks, the use of human iPSC-derived neurospheres could enhance translational
relevance [118-121]. Thus, mouse and human systems should be viewed as complementary within
the NAM landscape. Rodent-derived neurospheres offer robust, reproducible models that are well
established in developmental neurotoxicity testing and enable mechanistic anchoring to in vivo
reference data . Human iPSC-derived neurospheres, on the other hand, provide higher translational
relevance by capturing human-specific developmental trajectories and genetic variability [57,122].
Together, the parallel use of mouse and human systems can strengthen confidence in hazard
identification and facilitate regulatory acceptance of neurosphere assays within the DNT IVB. Finally,
although Synaptophysin and PSD95 confirmed presynaptic and postsynaptic marker acquisition, co-
localization and electrophysiological recordings are needed to confirm functional synaptogenesis.

5. Conclusion

This study provides proof-of-concept that CPF primarily impairs astrocytic maturation under
overtly toxic conditions, whereas PFAS mixtures disrupt astrocytic and synaptic programs and
impair migration at biomonitoring-relevant levels. Migration consistently emerged as more sensitive
than viability, underscoring its value for developmental neurotoxicity testing. A key strength of this
work lies in the integration of complementary endpoints —proliferation, differentiation, migration,
synaptogenesis, and astrocytic maturation —within a single assay, together with a stage-resolved
exposure design. Toxicants were applied both during the proliferative stage and at the onset of
differentiation, and were maintained under chronic conditions across the three-week differentiation
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period, thereby capturing distinct developmental windows of susceptibility. By combining
multiparametric endpoints with environmentally realistic PFAS mixtures, this study extends the
canonical neurosphere assay beyond existing validation efforts and positions it as a mechanistic,
regulatory-ready NAM for DNT assessment, supporting its potential integration into the OECD DNT
IVB framework.

Author Contributions: Conceptualization, N.K,, R.S. and C.L.; methodology, N.K., C.L. and S.Y.; formal
analysis, N.K. and C.L.; investigation, N.K. and S.Y.; resources, R.S.; data curation, N.K.; writing —original draft
preparation, N.K.; writing—review and editing, N.K. and R.S.; supervision, R.S.; project administration, R.S.;

funding acquisition, R.S. All authors have read and agreed to the published version of the manuscript.

Funding: This review received financial support from the Eurométropole (PredctTox 2023) and the University

of Lorraine.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study.
Conflicts of Interest: The authors declare no conflicts of interest.

Data Availability Statement: The datasets generated and analyzed during the current study are available from

the corresponding author upon reasonable request.

Acknowledgments: We thank Dominique Dumas from the Imaging Core Facility (PTIBC) of UMS2008 IBSLor
(Université de Lorraine-CNRS-INSERM) for technical support and access to the confocal platform. We also
thank Jean-Michel Girardet from the qPCR Platform (Plateforme ASIA, Université de Lorraine) for providing
access and technical assistance. During the preparation of this manuscript, the authors used ChatGPT (OpenAl,
GPT-5, 2025) for language editing and text refinement, and Consensus.app for literature searching and evidence
aggregation. The authors have reviewed and edited the outputs and take full responsibility for the content of
this publication.

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

Abbreviations

The following abbreviations are used in this manuscript:

ADHD Attention Deficit Hyperactivity Disorder

ANOVA Analysis of Variance

BDNF Brain-Derived Neurotrophic Factor

BMP Bone Morphogenetic Protein

CPF Chlorpyrifos

Dlg4 / PSD95 Discs Large MAGUK Scaffold Protein 4 / Postsynaptic Density Protein 95
DMEM/F12 Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12
DMSO Dimethyl Sulfoxide

DNT Developmental Neurotoxicity

DNT IVB Developmental Neurotoxicity In Vitro Battery

EGF Epidermal Growth Factor

EFSA European Food Safety Authority

FGF Fibroblast Growth Factor

GAPDH Glyceraldehyde-3-Phosphate Dehydrogenase

GFAP Glial Fibrillary Acidic Protein

1C20 20% Inhibitory Concentration

MAP2 Microtubule-Associated Protein 2

Mbp Myelin Basic Protein

NAM New Approach Methodology

Neurodl Neurogenic Differentiation 1

NSA Neurosphere Assay

NSC Neural Stem Cell

OECD Organisation for Economic Co-operation and Development
Oligl Oligodendrocyte Transcription Factor 1
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PFA Paraformaldehyde

PFAS Per- and Polyfluoroalkyl Substances

PFHxS Perfluorohexane Sulfonic Acid

PFOS Perfluorooctane Sulfonic Acid

PFOA Perfluorooctanoic Acid

PFUnDA Perfluoroundecanoic Acid

qPCR Quantitative Polymerase Chain Reaction

SYP Synaptophysin

SATB2 Special AT-Rich Sequence-Binding Protein 2

SD Standard Deviation

SOX2 SRY-Box Transcription Factor 2

Tubb3 / BllI-tubulin Class III Beta-Tubulin

XTT 2,3-Bis(2-Methoxy-4-Nitro-5-Sulfophenyl)-2H-Tetrazolium-5-Carboxanilide Sodium Salt
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