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ARTICLE INFO ABSTRACT

Editor: Dr. Angela Mally The development of robust human in vitro models is crucial for advancing neurotoxicology and reducing animal

testing. Human-induced pluripotent stem cell (hiPSC)-derived neuronal models hold great promise, but still show

Keywords: limitations in recapitulating certain neurodevelopmental processes. Currently, rodent primary cultures remain
Human IPSCl'der“’ed Neurons the gold standard for studying complex processes such as synaptogenesis. A key mechanism in glutamatergic
Neurotoxicology

synapse maturation is the GluN2B/GluN2A switch, which promotes the recruitment of alpha-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA) receptors, increasing the structural and functional complexity of the
synaptic spines. This study characterizes the development of the glutamatergic machinery in hiPSC-derived
neurons, focusing on the expression and maturation of N-methyl-D-aspartate (NMDA) and AMPA receptors.
The increase of neuronal markers and the reduction of progenitor markers confirmed the differentiation effi-
ciency. However, discrepancies emerged between transcriptional and protein profiles of key receptor subunits.
GluN2A mRNA levels increased over time, while protein levels remained similar to those of neural progenitor
cells (NPCs). Conversely, the GIuN3A transcript increased at 30 and 60 days in vitro (DIV), while protein
abundance decreased. Similar transcript-protein mismatches were observed for some AMPA receptor subunits.
These results suggest that this model does not reach full glutamatergic maturity within the tested timeframe.
Therefore, optimizing differentiation conditions (such as extending culture duration or adding maturation cues)
may be necessary to better reproduce receptor dynamics. Finally, this study highlights the need to integrate
protein-level analyses with transcriptional data to improve the reliability of hiPSC-derived neuronal models for
neurotoxicity and NMDA receptor-mediated excitotoxicity studies.
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1. Introduction by chemicals in these processes can potentially lead to harmful effects at

the organ or whole-organism level (Rice and Barone, 2000; Rodier,

The transition away from animal-based research (Tornqvist et al.,
2014; European Commission 2024; Poh and Stanslas, 2024), driven by
the 3Rs principles (Russell and Burch, 1959) and supported by regula-
tory initiatives (European Union, 2010; FDA, 2025), has led to a growing
emphasis on human-relevant in vitro models. In toxicology, the transi-
tion is moving faster (Grimm et al., 2023) through a combination of
measures involving the Organization for Economic Co-operation and
Development (OECD) and regulatory authorities. In the field of devel-
opmental neurotoxicity (DNT), this shift is exemplified by the OECD’s
development of the DNT in vitro battery (OECD, 2023), which includes
assays targeting key neurodevelopmental processes. Disruptions caused
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1994). An international panel of experts has critically assessed the
currently available in vitro assays, concluding that several of them are
sufficiently robust and reliable to support chemical screening and reg-
ulatory risk assessment (Bal-Price et al., 2018; Fritsche et al., 2017,
Sachana et al., 2019). The assay collection is primarily based on cells of
human origin. This is an advantage because it helps reduce uncertainties
related to interspecies extrapolation. However, some assays still rely on
rodent primary neurons (OECD, 2023), particularly the ones that mark
neurite maturation, synaptogenesis, and neuronal network formation.
This may be because, although the field is rapidly evolving with
numerous protocols for generating different nervous system cell types
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(Nimtz et al., 2020; Hirbec et al., 2020; Fritsche et al., 2021; Serafini
et al., 2024; Telias, 2023; Tal et al., 2024), human-derived neuronal
models still face limitations in fully recapitulating these complex phe-
nomena at the robustness and reproducibility levels required for stan-
dardized screening (Barral and Kurian, 2016; Mateos-Aparicios et al.,
2020; Berryer et al., 2023; OECD, 2023).

Rodent primary neurons have long served as the gold standard for
studying these processes (Banker and Goslin, 1998; Kaech and Banker,
2006), particularly synapse formation and synaptic spine dynamics, due
to their robustness, rapid development, and reproducibility. However,
human-derived models are being increasingly explored to overcome
interspecies limitations and enhance translational relevance (OECD,
2023; Odawara et al. 2016). Synaptogenesis is a key neuro-
developmental process essential for establishing functional neural net-
works and precise brain circuitry (Cohen-Cory, 2002). The NMDA
receptor (NMDAR) plays a fundamental role in both early and late
phases of synaptogenesis in excitatory neurons, contributing to the
maturation of glutamatergic synapses (Paoletti et al., 2013). During
development, a switch from GluN2B-containing NMDA receptors, which
are predominant in early life, to GluN2A-containing receptors, which
are predominant in adulthood, occurs (Yasuda and Mukai, 2015; Ham-
ada et al., 2014). This process is crucial for synaptic maturation and
plasticity (Shipton and Paulsen, 2013) as it alters the kinetics, traf-
ficking, and downstream signalling of receptors (Storey et al., 2025).
Disruptions to the timing or extent of this transition have been associ-
ated with the pathophysiology of various neurodevelopmental disor-
ders, including autism spectrum disorder and intellectual disability
(Burnashev and Szepetowski, 2015; Uzunova et al., 2014). Imbalances
in excitatory neurotransmission resulting from aberrant GluN2 subunit
composition can affect critical periods of brain development, ultimately
contributing to the manifestation of these conditions. The develop-
mental switch from GIuN2B to GluN2A subunits occurs both in vivo and
in vitro (Williams et al., 1993). Rat primary hippocampal neurons, for
example, closely reflect these developmental molecular dynamics of the
glutamatergic system, with changes in NMDAR distribution observed
during maturation (Rao and Craig, 1997). To date, the temporal and
functional dynamics of the GluN2B/GIuN2A switch remain poorly
characterized in human iPSC-derived neurons, raising questions about
their accuracy in modeling NMDAR maturation. To address this gap, and
given the crucial role of NMDARs and AMPARs in synaptogenesis and
neuronal function, this study aims to characterize the glutamatergic
machinery in the human neural precursor cells (hNPCs)-derived
neuronal model recently proposed by Romito and colleagues (Romito
et al. 2024).

2. Materials and methods
2.1. hiPSCs maintenance and neural induction

HiPSCs were purchased from ThermoFisher Scientific. The cells were
cultured and reprogrammed into neural progenitor cells (NPCs) using a
monolayer neural induction procedure according to the instructions of a
commercial kit (A1647801; ThermoFisher Scientific, Waltham, MA,
US), as Romito and colleagues previously described (Romito et al.
2024).

2.2. hNPCs differentiation

hNPCs were plated in 5 pg/mL Laminin-coated (23017-015; Gibco,
ThermoFisher Scientific, Waltham, MA, US) plastic supports maintained
at 37°C, 5 % CO,. Cell density was set at 2,6 x 10* cells/cm?. For hNPCs
neuronal differentiation, cultures were exposed to Neurobasal medium
(21103-049; Gibco, ThermoFisher Scientific, Waltham, MA, US) sup-
plemented with 1 % GlutaMAX (35050-061; Gibco), 1 % Pen-Strep
(ECB3001D; Euroclone, Pero, Italy), 1 % non-essential amino acids
(M7145-mL; Sigma-Aldrich, Merck KGaA, Darmstadt, Germany), 1 % B-
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27 Supplement (17504-044; Gibco, ThermoFisher Scientific, Waltham,
MA, US) 1 % N2 supplement (17502-048; Gibco, ThermoFisher Scien-
tific, Waltham, MA, US), 200 pM Ascorbic Acid (A92902; Sigma-Aldrich,
Merck KGaA, Darmstadt, Germany), 1 pM Dibutyrryl cyclic AMP (db-
cAMP; D0627; Sigma-Aldrich, Merck KGaA, Darmstadt, Germany) and
10 ng/mL BDNF (GFHA1F-100; Cell Guidance Systems, Babraham,
Cambridge, UK). On the first day of differentiation, rock inhibitor 10 pM
(Y-27632; 281642A; ChemCruz, Dallas, TX, US) was added to the me-
dium. Half of the medium volume was changed twice a week until the
desired time point (5, 15, 30, 60 days in vitro - DIV).

2.3. Immunofluorescence staining

Cells on coverslips were fixed with 4 % paraformaldehyde for 15 min
at RT. Then, coverslips were washed with PBS, and cells were per-
meabilized with 0.1 % Triton X-100 in PBS for 15 min at RT. The
blocking of the non-specific sites was performed by incubating cover-
slips for 1 h at RT with 5 % bovine serum albumin (BSA) in PBS. Cells
were then stained with primary antibody diluted in 5 % BSA overnight at
4°C in a dark, humidified chamber. The day after, cells were washed 3
times with PBS and incubated with fluorophore-conjugated secondary
antibody diluted in 5 % BSA for 1 h at RT in a dark, humidified chamber.
Antibody details are listed in Section 2.7. Finally, cells were washed 3
times with PBS, protected from light, and mounted with Vectashield
mounting medium with DAPI (H-1200, Vector Laboratories, Newark,
CA, US). Slides were stored at 4°C until image acquisition. The images
were acquired with a Zeiss Axio Observer Z1 microscope (40x oil-
immersion objective).

2.4. SOX1 and SOX2 nuclear localization

Fixed cells were stained as described in Section 2.3. All the images
were acquired with a Zeiss Axio Observer Z1 microscope (40x oil-
immersion objective). The range indicator tool was used to monitor
and avoid signal saturation. The number of SOX1- and SOX2-positive
cells was quantified and normalized to the total number of cells in the
field, as determined by DAPI staining.

2.5. RNA extraction and quantitative reverse transcriptase-polymerase
chain reaction (RT-qPCR)

Total RNA was extracted from 1.5 x 10° cells following the in-
structions of TRIzol® reagent (Invitrogen Corporation, Carlsbad, CA,
USA). Two pg of total RNA was retrotranscribed with QuantiTect reverse
transcription kit (Qiagen, Valencia, CA, USA) following the manufac-
turer’s instructions. Gene expression analysis was performed using
QuantiTect SYBR Green PCR kit (Qiagen, Valencia, CA, USA). Human
QuantiTect Primer Assays (Qiagen, Valencia, CA, USA) for the following
genes: NES, PAX6, SOX1, SOX2, TUBB3, GFAP, MAP2, GRIN1, GRIN2A,
GRIN2B, GRIN2C, GRIN2D, GRIN3A, GRIA1, GRIA2, GRIA3, GRIA4,
and 18 s were used. The choice of 18 s as the housekeeping gene was
performed by evaluating the expression stability of 3 different candidate
reference genes using two popular algorithms: BestKeeper (Pfaffl et al.,
2004) and NormFinder (Andersen et al., 2004).

2.6. Western blotting

The total homogenate (HOMO) of the hNPCs was prepared using a
glass-glass potter in ice-cold lysis buffer (sucrose 0.32 M, Hepes 1 mM,
MgCl, 1 mM, 150 NaHCO3 1 mM, PMSF 0.1 mM, at pH 7.4) supple-
mented with cocktails of proteases (Roche Diagnostics, Basel,
Switzerland) and phosphatases inhibitors (Sigma-Aldrich, Merck KGaA,
Darmstadt, Germany). The amount of protein in each sample was
measured through the Bradford assay. The samples were prepared by
dilution in sample buffer (62.5 mM Tris/HCl pH 6.8, 2 % SDS, 10 %
glycerol, 5 % 2-mercaptoethanol, and bromophenol blue) and
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denaturation by boiling for 10 min at 95°C. In each gel lane, 30 pg of
proteins were loaded and separated in a denaturing sodium dodecyl-
sulfate polyacrylamide gel electrophoresis (SDS-PAGE). Proteins were
then blotted onto nitrocellulose membranes. Then, membranes were
blocked in I-block solution (Tris-buffered saline, 1 % Tween 20, TBS-T)
for 1 h at room temperature on a shaker. After the blocking of the
aspecific sites, membranes were incubated with primary antibodies
diluted in I-block. The incubation was performed overnight at 4°C. The
day after, membranes were washed 3 times with TBS-T and subsequently
incubated with the horseradish peroxidase (HRP)-conjugated secondary
antibody diluted in I-block for 1 h at RT. At the end of incubation and
after 3 additional washes with TBS-T, protein signals were detected
through enhanced chemiluminescence (ECL) reagents and the use of a
Chemidoc (Bio-Rad, Hercules, CA, USA). The relative optical density
(OD) was measured using Image Lab Software (Bio-Rad, Hercules, CA,
USA).

2.7. Reagents and antibodies

Information about primary and secondary antibodies is presented in
Table 1 and Table 2.

2.8. Statistical analysis

The statistical analyses were performed using GraphPad PRISM
software (version 10.2). All data are expressed as mean + SEM. The
number of replicates is reported in the figure legends. For group com-
parisons, unpaired two-tailed Student's t-test or one-way ANOVA, fol-
lowed by Tukey or Dunnett post hoc tests, were used. The value of

Table 1
Primary antibodies details. Protein targets, brands, product codes, applications,

and working dilutions are reported. WB: Western Blotting; IF:
Immunofluorescence.
Target Brand Product Code Dilution
Anti-Nestin Invitrogen A24345 1:50 (IF)
Anti-SOX2 Invitrogen A24339 1:50 (IF)
Anti-SOX1 Invitrogen A24347 1:50 (IF)
Anti-PAX6 Invitrogen A24340 1:50 (IF)
Anti-MAP2 Abcam ab5392 1:500 (IF)
Anti-p-III-Tubulin Invitrogen PA5-85639 1:500 (IF)
1:1000
(WB)
Anti- Cell Signaling D8F6H 1:250 (IF)
Synaptophysin Technology
Anti-PSD95 Cell Signaling 7E3 1:250 (IF)
Technology
Anti-GFAP Cell Signaling D1F4Q 1:1000
Technology (WB)
Anti-GluN1 Invitrogen 32-0500 1:1000
(WB)
Anti-GluN2A Sigma-Aldrich M264 1:1000
(WB)
Anti-GluN2B Cell Signaling D8E10 1:1000
Technology (WB)
Anti-GluN2C Biorbyt 0Orb215473 1:1000
(WB)
Anti-GluN2D Biorbyt Orb539724 1:1000
(WB)
Anti-GluN3A Millipore 07-356 1:1000
(WB)
Anti-GluAl Cell Signaling D4N9V 1:1000
Technology (WB)
Anti-GluA2 Neuromab 75-002 clone L21/ 1:1000
32 (WB)
Anti-GluA3 Cell Signaling D47E3 1:1000
Technology (WB)
Anti-GluA4 Cell Signaling D41A11 1:1000
Technology (WB)
Anti-Actin Sigma Aldrich A5441 1:2500

(WB)
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Table 2

Secondary antibodies details. Conjugations, fluorophores, brands, product
codes, applications, and working dilutions are reported. WB: Western Blotting;
IF: Immunofluorescence.

Target Brand Product Dilution
Code
HRP-Conjugated anti-mouse Bio-Rad 172-1011 1:10,000
(WB)
HRP-Conjugated anti-rabbit Bio-Rad 172-1019 1:10,000
(WB)
HRP-Conjugated anti-chicken Invitrogen A16054 1:10,000
(WB)
AlexaFluor 488-conjugated Life A24349 1:250 (IF)
anti-goat Technologies
AlexaFluor 488-conjugated Life A24350 1:250 (IF)
anti-mouse Technologies
AlexaFluor 555-conjugated Life A24342 1:250 (IF)
anti-rabbit Technologies
AlexaFluor 488-conjugated Invitrogen A11039 1:500 (IF)

anti-chicken

p < 0.05 was considered statistically significant. Before statistical
analysis, outliers were removed (a maximum of 1 for each dataset) using
a standard deviation (SD) criterion. Values with SD from the mean
greater than +2.5 were discarded.

3. Results
3.1. hNPCs differentiation

To monitor the progression of hNPC differentiation, four key markers
were analyzed at 0, 5, 15, 30, and 60 DIV: sex-determining region Y
(SRY)-related HMG box 1 and 2 (SOX1 and SOX2), the paired box pro-
tein (PAX6), and the neuroepithelial stem cell protein (Nestin). These
markers are commonly associated with neural progenitor identity and
are expected to decrease as differentiation progresses.

To quantitatively assess the progression of hNPC differentiation,
mRNA expression levels of Nestin, SOX1, SOX2, and PAX6 were
analyzed by RT-qPCR at 0, 30, and 60 DIV. A significant downregulation
of Nestin (Fig. 1C), SOX1 (Fig. 1E), and SOX2 (Fig. 1F) were observed at
30 and 60 DIV compared to undifferentiated hNPCs (0 DIV). PAX6
(Fig. 1D) also showed a decreasing trend, although without reaching
statistical significance, likely due to high data dispersion. To further
quantify protein-level changes, co-localization analysis of SOX1
(Fig. 1G) and SOX2 (Fig. 1H) with the fluorescent nuclear probe 4',6-
diamidino-2-phenylindole (DAPI) was performed. This analysis
confirmed a marked reduction in SOX1- and SOX2-positive cells at 30
and 60 DIV, supporting the RT-qPCR findings. These quantitative ana-
lyses provide robust evidence of the downregulation of progenitor
markers during differentiation. This trend is further supported by
complementary immunofluorescence staining, which revealed a pro-
gressive decrease in Nestin and SOX2 protein levels (Fig. 1A), as well as
SOX1 and PAX6 (Fig. 1B). Furthermore, Nestin staining, the only cyto-
plasmic protein analyzed in this first panel, allows visualization of
progressive changes in cell morphology during neuronal differentiation
over the days in vitro.

At the same time points, the known markers of neuronal differenti-
ation, Microtubule-Associated Protein 2 (MAP2) and p-III-Tubulin, were
analyzed. To quantitatively assess neuronal differentiation, the expres-
sion of p-III-tubulin and MAP2 was analyzed by RT-qPCR and Western
blot. The gene encoding p-III-tubulin showed a significant increase at 15
and 30 DIV compared to hNPCs (0 DIV), with no further changes be-
tween 30 and 60 DIV (Fig. 2C). Western blot analysis confirmed a sig-
nificant increase in p-IlI-tubulin protein levels at 30 and 60 DIV
(Fig. 2F). For MAP2, RT-qPCR revealed a progressive upregulation
during differentiation, with a statistically significant increase at 30 DIV
compared to hNPCs (Fig. 2E). These quantitative findings were
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Fig. 1. hNPCs differentiation into neurons - stem cell markers. Representative images of immunofluorescence staining of Nestin-SOX2 (A) and SOX1-PAX6 (B) at
different time points of hNPCs differentiation (0, 7, 15, 30, 60 DIV). Scale bar 50 pm. DAPI was used to stain cell nuclei. QRT-PCR analysis of mRNA levels of genes
coding for Nestin (C), PAX6 (D), SOX1 (E), and SOX2 (F) during hNPCs differentiation at 0, 30, and 60 DIV. Data are expressed as mean + SEM (n > 4) of relative fold
gene expression calculated with the 2724Ct method. Quantitative analysis of SOX1- (G) and SOX2- (H) positive cells at 0, 30, and 60 DIV. Data are expressed as % of
SOX1 or SOX2 immunoreactive cells. Data are expressed as mean + SEM (n = 3). One-way ANOVA followed by Dunnett’s post-hoc test * p < 0.05; ** p < 0.01; ***
p < 0.001; **** p < 0.0001.
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Fig. 2. hNPCs differentiation into neurons - neuronal and glial markers. Representative images of immunofluorescence staining of p-III-tubulin/SOX1 (A) and MAP2/
SOX2 (B) at different time points of hNPCs differentiation (0, 7, 15, 30, 60 DIV). Scale bar 50 pm. DAPI was used to stain cell nuclei. QRT-PCR analysis of mRNA
levels of genes coding for p-III-tubulin (C), and MAP2 (E) during hNPCs differentiation at 0, 15, and 30 DIV, and for GFAP (D) at 0, 30, and 60 DIV. Data are expressed
as mean + SEM (n > 5) of relative fold gene expression calculated with the 272ACt method. Western blot analysis of B-III-tubulin (F) and MAP2 (G) during hNPCs
differentiation at 0, 30, and 60 DIV. Protein levels were normalized to actin and expressed as % of NPCs (0 DIV). Data are expressed as mean + SEM (n > 4).
Representative western blot images (H). One-way ANOVA followed by Dunnett’s post-hoc test * p < 0.05; ** p < 0.01; **** p < 0.0001.

supported by immunofluorescence staining. p-IlI-tubulin was barely intensified from 15 DIV onward, forming a complex neuronal network
detectable at 0 DIV and weakly expressed at 7 DIV, but its signal by 30 DIV (Fig. 2A). MAP2 showed a distinct pattern: it was already
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present in the cytoplasm at 0 DIV, and from 15 DIV, the signal adopted a
filamentous distribution, reflecting the morphological transition of
hNPCs into elongated, polarized neurons (Fig. 2B).

Together with markers of neuronal differentiation, we checked for
the presence of GFAP, a protein expressed in the CNS in astrocyte cells
(Li et al. 2020). RT-qPCR data revealed that hNPCs had also differenti-
ated into glial cells (Fig. 2D) since a trend of increased mRNA expression
was detected at 30 and 60 DIV. This data was strengthened by western
blot analysis showing that GFAP protein abundance is enhanced at 60
DIV versus both hNPCs (0 DIV) and 30 DIV (Fig. 2G).

3.2. Transcript levels of genes coding for the main subunits of NMDA and
AMPA receptors

For mRNA expression analysis of the glutamatergic machinery, we
focused on a single time point (30 DIV) because our previous assessment
of neuronal differentiation markers did not reveal significant differences
between 30 and 60 DIV. In addition, we observed an increase in astro-
cytic markers (i.e., GFAP) at 60 DIV. In line with our neurocentric
approach, we conducted experiments at 30 DIV to minimize the
contribution of glial cells and mitigate the interference of astrocytes,
whose known expression of glutamate receptors could confound our
analysis (Belachew and Gallo, 2004; Verkhratsky and Chvatal, 2020;
Kosenkov et al., 2024). The mRNA levels of genes coding for the main
subunits of NMDA and AMPA receptors were assessed. Of the 6 NMDA
receptor subunits analyzed, increased levels of GRIN2A, GRIN2B,
GRIN2D, and GRIN3A (Fig. 3B, C, E, and F) were found at 30 DIV
compared to hNPCs at 0 DIV. For the GRIN1 subunit, an increasing trend
at 30 DIV compared to 0 DIV was found, although not significant,
possibly due to high data dispersion (Fig. 3A). For the GRIN2C subunit,
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there was no significant change over time (Fig. 3D).

As for AMPA receptor subunit gene expression, increased levels of
GRIA2 and GRIA4 (Fig. 4B and D) were found at 30 DIV compared to
hNPCs at 0 DIV. While for the GRIA1 and GRIA3 subunits, there was no
significant change over time (Fig. 4A and C).

3.3. Protein abundance of the main subunits of NMDA and AMPA
receptors

The protein abundance of the major subunits of NMDA and AMPA
receptors was assessed at two time points: at 30 DIV for comparison with
the mRNA results, and at 60 DIV to investigate a more mature devel-
opmental stage. For GluN1 and GluN2A, no differences were found be-
tween 0, 30, and 60 DIV, but an increase (for GluN1) and decreasing (for
GluN2A) trends were observed (Fig. 5A and B). GluN2B protein abun-
dance was found to be significantly increased at 30 and 60 DIV
compared to hNPCs at 0 DIV (Fig. 5C). A trend of increase was found for
GluN2C (Fig. 5D), although not significant, possibly due to high data
dispersion. On the contrary, the GluN2D subunit showed a trend of
decrease over time (Fig. 5E), and GluN3A protein abundance signifi-
cantly decreased during differentiation, at 30 and 60 DIV, compared to
hNPCs at 0 DIV (Fig. 5F). There was no statistically significant difference
between 30 and 60 DIV for any of the subunits analyzed.

As for AMPA receptor expression, a time-dependent trend of increase
was found for GluAl (Fig. 6A). The GluA2 subunit showed a trend of
increase at 30 DIV compared to hNPCs, although the levels at 60 DIV
showed a trend of decrease, with levels similar to those at 0 DIV
(Fig. 6B). The GluA3 and GluA4 subunits were significantly increased,
respectively, at 60 and 30 DIV of differentiation compared to hNPCs at
0 DIV (Fig. 6C and D).
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Fig. 3. mRNA levels of the main NMDA receptor subunits. RNA from total cellular extracts of 30 DIV differentiated hNPCs was analyzed for GRIN1 (A), GRIN2A (B),
GRIN2B (C), GRIN2C (D), GRIN2D (E), and GRIN3A (F) mRNA expression by qRT-PCR. 18 s was used as the housekeeping gene. Data are expressed as mean + SEM
(n > 5) of relative fold gene expression calculated with the 2724 method. Unpaired two-tailed Student's t-test, * p < 0.05; ** p < 0.01; *** p < 0.001.
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Fig. 4. mRNA levels of the AMPA receptor subunits. RNA from total cellular
extracts of 30 DIV differentiated hNPCs was analyzed for GRIA1 (A), GRIA2 (B),
GRIA3 (C), and GRIA4 (D) mRNA expression by RT-qPCR. 18 s was used as the
housekeeping gene. Data are expressed as mean + SEM (n > 5) of relative fold
gene expression calculated with the 272" method. Unpaired two-tailed Stu-
dent's t-test, ** p < 0.01.

To complement the molecular analysis of glutamatergic receptor
subunits, synaptic organization was evaluated by immunofluorescence
staining of the pre-synaptic marker synaptophysin and the post-synaptic
marker PSD95 at 30 and 60 DIV (Supplementary Figure 1). At both time
points, staining appeared diffuse and did not display the punctate
pattern typically associated with the formation of synaptic contacts.

4. Discussion

hNPCs differentiation is a complex, multistep process orchestrated
by several transcription factors (Singh et al., 2023). We monitored hNPC
differentiation by analyzing the time-dependent expression of key pro-
genitor markers. SOX1 and SOX2 are members of the SOXB1 family of
transcription factors, which are central regulators of neurodevelopment.
SOX1 is one of the earliest markers of neuroectodermal commitment
(Pevny et al., 1998), while SOX2 is essential for stem cell maintenance in
the CNS and is broadly expressed in undifferentiated neural cells
(Amador-Arjona et al., 2015). PAX6 plays a dual role in embryonic and
adult neurogenesis, contributing to the maintenance of the NSC pool
(Sansom et al., 2009). Nestin is typically restricted to progenitor cells
and is downregulated upon neuronal commitment (Bernal and Arranz,
2018). The decrease in these markers supports the successful transition
from a progenitor to a more differentiated neuronal state. These findings
align with previous reports on the temporal dynamics of transcription
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factor expression during neurogenesis (Wegner and Stolt, 2005). The
differentiation protocol we adopted successfully generated neurons, as
demonstrated by the upregulation of neuronal markers MAP2 and
p-II-tubulin. These are well-established indicators of neuronal identity
(Marei et al.,, 2018): MAP2 is predominantly expressed in dendrites
(Harada et al., 2002), while B-III-tubulin is mainly localized in axons
(Niwa et al., 2013). The detection of glial cell marker (i.e., GFAP) at 30
DIV and its increase at 60 DIV revealed the possible presence of glial
cells (i.e., astrocytes). This dynamic is consistent with previous evidence
reporting an increased expression of the astrocytic marker GFAP as early
as 30 DIV (Szabo et al., 2021). These findings confirm that the in vitro
model follows the expected differentiation trajectory described by
Romito et al. (2024).

Despite successful differentiation, the analysis of ionotropic gluta-
matergic receptors revealed a discrepancy between mRNA and protein
levels, especially for NMDAR subunits. NMDARs are heterotetrameric
receptors. Two GluN1 subunits are required for proper assembly along
with two modulatory subunits. These modulatory components are
encoded by four grin2 genes (GluN2A-D) and two grin3 genes (GluN3A
and GluN3B) (Vyklicky et al., 2014), and their specific combination
determines the receptor’s physiological and pharmacological charac-
teristics (Paoletti et al., 2013). A previous study conducted under
feeder-free conditions revealed that grinl mRNA was undetectable in
NPCs and only appeared in differentiated neurons, peaking at 45 days in
vitro (DIV) (Baldassari et al., 2022). A similar trend was also reported by
Cheng and colleagues, who found that grin] mRNA levels tend to in-
crease at 4 and 6 weeks, although with high variability (Cheng et al.,
2024). In line with these studies, we found that grinI mRNA increased
over time in our system. However, our data showed no difference in
GluN1 protein levels between NPCs and 30 DIV-differentiated neurons,
though we did observe a trend toward increased levels at 60 DIV.
Single-cell RNA sequencing on iPSC-induced glutamatergic neurons at
28 DIV shows that the expression of grinl and grin2a mRNA is markedly
lower than that of grin2b. In this study, no data are available to evaluate
the mRNA temporal expression pattern (Gameiro-Ros et al., 2025), and
the authors did not measure protein levels. These data, together, suggest
that a longer differentiation period might enhance GluN1 protein
abundance, which is often considered an indicator of functional
neuronal maturation. NMDAR subunit composition is known to change
over development. The expression of the different subunits is tightly
regulated, and this regulation occurs in a specific temporal pattern that
coincides with synapse maturation (Gambrill and Barria, 2011). This
refers particularly to the subunits GluN2A and GluN2B in the hippo-
campus and cortical areas (Williams et al., 1993) and has been
demonstrated not only in animal models, but also in human brains
(Bar-Shira et al., 2015). During maturation, GluN2A expression in-
creases while GIluN2B predominates in immature neurons
(Sanz-Clemente et al., 2013), making their ratio a hallmark of synaptic
development (Paoletti et al., 2013). Findings in shGluN2A-transduced
neurons showed that the reduction in GluN2A in hippocampal cultures
induces an imbalance in the GluN2A/GluN2B ratio, which reflects a
more immature phenotype (Acutain et al., 2021). In rodent models, the
failure of the subunit switch has been associated with impaired synaptic
plasticity and neurodevelopmental phenotypes (Shipton and Paulsen,
2013). Similarly, the disruption in temporal and spatial NMDARs dy-
namics in humans is linked to neurodevelopmental disorders (Tumdam
etal., 2024), while human GRIN2A mutations lead to deficits in receptor
trafficking and function (Addis et al., 2017; Vieira et al., 2020; Yong
et al., 2021; Vieira et al., 2024). A recent study in iPSC-derived cortical
neurons reports that the mRNA levels of GluN2A and GluN2B follow a
similar trend, both peaking at 4 weeks (Cheng et al., 2024). These data
are consistent with our observations of an increase in both transcripts at
30 DIV (~4 weeks). The human mixed cortical neurons obtained by
Klima and colleagues showed an increase in mRNA expression from 10
to 21 DIV, with a similar trend for all three analyzed subunits (grini,
grin2a, and grin2b) (Klima et al., 2021). A separate publication
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Fig. 5. Protein abundance of the NMDA receptor subunits. Western blot analysis of GluN1 (A), GluN2A (B), GluN2B (C), GluN2C (D), GluN2D (E), and GIuN3A (F) at
30 and 60 DIV of hNPCs differentiation. Data are expressed as % of NPCs (0 DIV). Protein levels were normalized to actin and expressed as mean + SEM (n > 5).
Representative western blot images (G). One-way ANOVA followed by Dunnett’s post-hoc test * p < 0.05; *** p < 0.001.
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demonstrated the presence of the GIluN2A/GIluN2B switch in
hiPSC-derived ventral mesencephalic neurons at the transcript level

(Antonov et al., 2019). Crucially, our in vitro system failed to reproduce
this expected GluN2A/GluN2B developmental switch. Despite an
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increase in its transcript level, GluN2A protein levels remained low at
the analyzed time points. This observation is supported by other studies
that have also noted maturational challenges in human iPSC-derived
neuronal models. For example, a study by Neagoe et al. (2018) char-
acterized NMDAR subunit expression in human iPSC-derived cortical
neurons and found an immature expression profile. Their Western blot
analysis revealed a time-dependent increase in GluN1 subunit expres-
sion from 3 to 15 DIV, yet GluN2B was the most highly expressed subunit
and remained stable. Consistent with an immature phenotype, GIuN2A,
GluN2C, and GluN2D subunits showed minimal or undetectable protein
expression. These molecular findings were further corroborated by
electrophysiological analysis using ifenprodil, a selective antagonist for
GluN2B-containing receptors, confirming that GluN2B was the pre-
dominant subunit underlying NMDA-induced currents (Neagoe et al.,
2018). On the contrary, Ruden et al. (2021) demonstrated the presence
of all NMDAR subunits in their human forebrain neuron model at 5
weeks of differentiation. Their time-course analysis indicated a potential
GluN2B/GluN2A developmental switch, as both mRNA and protein
levels for the GIuN2A subunit increased at late time points, above 30
DIV, while GluN1 and GluN2B subunits appeared stable. However, this
conclusion should be interpreted with caution due to some limitations.
The data were from a single time course, lacking statistical power from
multiple biological replicates. Furthermore, the term “forebrain-type
neurons" is relatively generic, as this broad category encompasses
multiple specific brain areas with distinct maturational trajectories.
Disse et al. (2023) also demonstrated by RT-qPCR at 8 weeks of differ-
entiation the presence of all NMDA receptor subunits; however, the
assay was not quantitative. Moreover, no time course was provided, so
expression dynamics at earlier or later stages remain unknown, and no
quantitative protein-level analysis was reported. This collection of data,
together with ours, suggests that functional NMDAR expression and
subunit composition in hiPSC-derived neurons often require an
extended culture period beyond 60 DIV or additional maturation cues to
emerge (Odawara et al., 2016), highlighting a common challenge in the
field. In addition to the peculiar switch between GluN2B and GluN2A
subunits of the NMDAR, other subunits also exhibit precise temporal
expression patterns. For example, GluN3A expression is known to peak
during early development and then sharply decline in mature neurons
(Wong et al., 2002; Pérez-Otano et al., 2006). In our system, we detected
an increase in grin3a mRNA levels at 30 DIV. Another study reported a
similar trend of increased grin3a mRNA levels at 4 and 6 weeks, though
the authors did not provide information about protein expression
(Cheng et al., 2024). Here, our data again revealed a discrepancy be-
tween mRNA expression and protein abundance: at both 30 and 60 DIV,
the protein levels were significantly lower than those of NPCs at 0 DIV.
The GluN3A-containing NMDARs play a role in limiting calcium
permeability and synaptic maturation (Corlew et al., 2008;
Gonzalez-Gonzdlez et al., 2023); thus, their removal promotes synaptic
maturation while their sustained expression may contribute to immature
electrophysiological properties (Roberts et al., 2009).

Similar to NMDARs, during neurodevelopment, AMPARs also change
their subunit composition; these are fundamental processes for: excit-
atory synapse formation and stabilization, synaptic plasticity, and the
establishment of neural circuits (Henley and Wilkinson, 2016; Traynelis
et al., 2010). Evidence indicates that functional surface AMPARs are
expressed by neuronal progenitors (Hagimura et al., 2004). Early syn-
apses predominantly express calcium-permeable AMPARs (Pickard
et al., 2000), including GluA1 (Henley and Wilkinson, 2016) and GluA4
(Bassani et al., 2013) subunits. As the CNS matures, a significant shift
occurs, leading to the replacement of calcium-permeable AMPARs with
calcium-impermeable AMPARs (Pellegrini-Giampietro et al., 1992). In
fully developed synapses, AMPARs with GluA4 are replaced by those
with GluA2, leading to higher GluA2 expression (Zhu et al., 2000).
Moreover, a crucial mechanism is the Q/R modification of the GluA2
subunit, where glutamine (Q) is modified to arginine (R) (Whitney et al.,
2008). Q/R editing of GluA2 subunits regulates calcium permeability,
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with unedited forms allowing higher conductance (Greger et al., 2003).
Evidence has been found that, during development, astrocytes can in-
fluence the composition and surface expression of synaptic AMPAR
subunits by secreting specific factors (Allen, 2013). In rats, almost all
AMPAR-positive synapses express GluA2 by postnatal day 14 (Monyer
et al., 1991). A similar maturation process occurs in the human brain,
although the exact timing may differ across species (Pachernegg et al.,
2015). Finally, GluA3 is also expressed, present, though at lower levels
compared to GluAl and GluA2. In our system, we observed several
patterns in AMPAR subunit expression. We detected an increase in gria2
mRNA at 30 DIV, which is consistent with the developmental upregu-
lation of GluA2. This increase in gria2 mRNA, along with gria3 mRNA,
aligns with the findings of Cheng et al. (2024), who reported a peak
expression for these subunits at 4 weeks in hiPSC-derived neurons. For
GluAl, our findings of non-significant differences in grial mRNA levels
between 0 and 30 DIV contrast with the 4-week peak reported by Cheng
and colleagues (Cheng et al., 2024). Our data further revealed a clear
uncoupling between mRNA and protein levels for certain subunits.
While gria3 and gria4 mRNA levels increased at 30 DIV, which was
consistent with an increase in their corresponding proteins, GluA3
protein levels showed a delayed increase at 60 DIV, whereas GluA4 was
already increased by 30 DIV. Most notably, although the GluA2 protein
showed a time-dependent increasing trend, it seemed to return to the
levels observed in NPCs by 60 DIV. This suggests that the
GluA2-mediated developmental maturation may be incomplete or stal-
led in our model, further reinforcing the challenges in fully recapitu-
lating synaptic development in a standard in vitro setting.

The discrepancy between transcript and protein levels of gluta-
matergic receptors is a critical finding that highlights a key challenge in
our model: achieving molecular and functional maturity. While our
protocol successfully generated neurons, which is consistent with the
initial differentiation trajectory (Romito et al., 2024), the lack of a
proper developmental switch in NMDARs and AMPARs might suggest
that the neuronal population has not reached a fully mature state, with
transcriptional programs initiated but not yet translated into functional
protein expression. This is further supported by the analysis of pre- and
post-synaptic markers, which did not reveal the formation of organized
synaptic contacts, suggesting an absence of synaptic maturation. Since
the formation of synaptic contacts represents a functional readout of
NMDA receptor membrane insertion and maturation, these findings are
in line with previous reports, using the same differentiation protocol,
which described immature glutamatergic signaling at comparable time
points (Romito et al., 2024). Moreover, it is important to acknowledge
that the model may not reach full electrophysiological maturity within
the tested timeframe. Romito et al. (2024) have shown limited action
potential firing and immature passive properties. The acquisition of
functional neurotransmitter receptors, together with mature electro-
physiological profiles and morphological features like complex neurite
arborization, is widely considered a hallmark of neuronal maturity in
vitro (Baldassari et al., 2022). Our observations align with other pub-
lished studies suggesting that functional NMDAR expression might
require a longer culture time. For instance, studies have shown that
mature synaptic network activity can take over 20-30 weeks to develop
(Lepski et al., 2011; Odawara et al., 2016). Environmental conditions
also play a key role, with co-culture with astrocytes being shown to
enhance synaptogenesis and NMDAR trafficking (Antonov et al., 2019;
Autar et al. 2022). While our cultures did contain astrocytic markers (i.
e., GFAP), they were generated under feeder-free conditions, which may
lack essential trophic support and contribute to the observed inefficient
receptor assembly.

These findings have three major implications. First, they suggest that
our neuronal population, within the tested time frame, may not be fully
suitable for modeling NMDAR-mediated excitotoxicity, a key functional
readout in neurotoxicology (Zhou et al., 2013). Second, our results
emphasize the importance of model selection and rigorous character-
ization not only in neurotoxicity studies, but more generally in in vitro
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neuroscience research. Substantial variability in receptor composition
and function can arise from different differentiation protocols and
maturation conditions (Gunhanlar et al., 2018). Third, relying solely on
transcriptional profiling may lead to an overestimation of neuronal
development. Without comprehensive molecular data, functional vali-
dation, particularly through electrophysiological recordings, is essen-
tial. The use of selective pharmacological inhibitors targeting individual
NMDA and AMPA receptor subunits could offer critical insights into
actual receptor expression and synaptic functionality. These strategies
help determine whether receptors are not only transcribed, but also
translated, assembled, and functionally incorporated into synapses.

Future work should aim to enhance the expression of a complete
receptor repertoire, following temporal patterns that better mimic in
vivo neurodevelopment. Such efforts are crucial for achieving the
functional sophistication required for reliable in vitro models
(Masjosthusmann et al., 2020; Bartmann et al., 2023). Accelerated dif-
ferentiation protocols (e.g., NGN-2 induction) show promise in reducing
heterogeneity and improving electrophysiological and synaptic features
(Servetti et al., 2025), though challenges such as scalability remain.
Comparative studies are needed to identify the most appropriate models
for specific toxicological endpoints. Ultimately, our findings underscore
the need to validate in vitro models not only by differentiation markers,
but by their ability to recapitulate the molecular and functional hall-
marks of mature neurons. This is essential for generating reproducible
data and ensuring the translational relevance of NAMs in neurotoxicity
testing.
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