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Preterm birth substantially elevates the risk of neurological and cognitive 
disorders. Recent evidence suggests that the abrupt loss of placental support, 
particularly the cessation of neurotrophic and neuroprotective hormones, alters 
neurodevelopmental trajectories and may contribute to neurodevelopmental 
risk associated with prematurity. Our study investigates how the placental steroid 
hormone, allopregnanolone (ALLO), affects cerebral cortex development using 
human cortical organoid models. Our findings reveal that while ALLO exposure 
produces modest effects on overall cortical development, its withdrawal specifically 
disrupts GABAergic but not glutamatergic neuronal development. These results 
demonstrate that placental hormones, including ALLO, may target specific neuronal 
populations critical for cortical function, identifying potential therapeutic interventions 
following placental loss in human preterm neonates.
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Introduction

Preterm birth and placental conditions are linked to abnormal brain development 
(Kratimenos and Penn, 2019; Vacher et al., 2023, 2025; du Plessis and Volpe, 2025). A 2023 
report revealed that in 2020, an estimated 13.4 million babies lost placental support upon 
premature birth (before 37 gestational weeks), 15% of which occurred at less than 32 weeks of 
gestation, requiring more neonatal care (Ohuma et al., 2023). This can lead to lifelong 
neurological and psychiatric disorders, including autism, epilepsy, and cognitive impairments 
(Hee Chung et al., 2020; Song, 2023). As preterm care has improved, cystic areas of brain 
injury have become less common but cortical dysmaturation has emerged as a significant 
contributor to neurobehavioral impairments in childhood (Back and Miller, 2014; Dean et al., 
2014; Volpe, 2019). Indeed, preterm infants show persistent structural and functional 
connectivity abnormalities, which are increasingly linked to neurodevelopmental impairments 
(Rogers et al., 2018). Recent work has further shown that preterm birth is associated with 
atypical dynamic functional connectivity in the neonatal brain, which correlates with altered 
social, sensory, and repetitive behaviors in early childhood (França et al., 2024), highlighting 
the lasting impact of early disruptions in brain network development.

Research has traditionally focused on in-utero or perinatal injuries (hypoxia, maternal 
immune activation, hyperoxia, and hypoxic–ischemic encephalopathy). However, the loss of 
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placental factors may be equally critical as acquired injuries and could 
inform the development of therapeutic strategies to protect preterm 
brain development. Although human and preclinical studies suggest 
pregnancy hormones influence cognitive development (Reis and 
Petraglia, 2001; Pasca and Penn, 2010; Vacher et al., 2025), few have 
examined the direct effects of alterations in placentally produced 
hormones. Placental ALLO (Gilbert Evans et al., 2005; Vacher et al., 
2021) crosses the blood–brain barrier and acts on neural cells 
primarily as a positive allosteric modulator of GABA-A receptor 
activity (Legesse et al., 2023), regulating cell proliferation, migration, 
survival, and process outgrowth (Charalampopoulos et al., 2004; 
Wang et al., 2005; Shimizu et al., 2015; Zamora-Sánchez et al., 2022). 
Placental ALLO production, and consequently fetal brain levels, peak 
during mid-to-late gestation, coinciding with both cerebral cortex 
neuronal maturation (Kelleher et al., 2011; Vacher et al., 2021) and 
preterm birth. This timing suggests a potential role of acute ALLO 
withdrawal in preterm brain injuries and highlights opportunities for 
hormone replacement therapies. Using a mouse model of placental 
ALLO insufficiency (the plKO mouse model) (Vacher et al., 2021), we 
previously showed that lack of placental ALLO results in impaired 
cerebellar myelination and an autism spectrum disorder (ASD)-like 
phenotype in male mice.

Here, we hypothesize that placental ALLO withdrawal contributes 
to the cortical dysmaturation in preterm survivors. To test this, we 
used cortical organoids derived from human induced pluripotent 
stem cells (hiPSCs) to assess the direct influence of ALLO exposure 
and withdrawal on distinct cortical progenitor cells. These organoids 
serve as a simplified in vitro model that replicates many structural and 
functional characteristics of the developing human cortex (Arlotta 
and Paşca, 2019; Kelley and Pașca, 2022). We further patterned them 
into dorsal (DCOs) and ventral (VCOs) cortical organoids to examine 
the cortical glutamatergic and GABAergic system maturation, 
respectively (Birey et al., 2017; Sloan et al., 2018). We show that ALLO 
withdrawal disrupts the development of the GABAergic system and 
the progression of interneuron progenitor lineage. These findings 
validate the critical role and direct influence of placental hormones in 
cortical development and inform future therapeutic strategies for 
preterm birth-related complications.

Materials and methods

Cortical organoids

Procedure
Human brain organoids were generated as previously described 

(Birey et al., 2017; Sloan et al., 2018) using a human induced 
pluripotent stem cell line (hiPSC) FA0000010 (CUIMCi001-A), 
derived from a healthy male donor (Patel et al., 2020). The cell line was 
obtained from Columbia University Irving Medical Center and is 
available through RUCDR Infinite Biologics.1 Briefly, to generate 
dorsal cortical organoids (DCOs), hiPSC-derived spheroids were 
patterned by double SMAD inhibition (Dorsomorphin and SB431542; 
Tocris, 3,093 and 1,614), for 6 days from DIV (day in vitro) 0 to DIV6, 

1  https://stemcells.nindsgenetics.org

then cultured in presence of FGF2 and EGF (RD Systems, 233-FB and 
236-EG) for 11 days (DIV7 to DIV25). Ventral cortical organoids 
(VCOs) were patterned by double SMAD inhibition supplemented by 
the WNT inhibitor IWP2 (Selleck Chemicals, S7085) for 6 days then 
cultured in presence of FGF2 and EGF with IWP2 and the SHH 
inhibitor SAG (Tocris, 4,366) for 11 days. Both DCOs and VCOs were 
cultured in medium supplemented with BDNF (R&D Systems, 
248-BDB) and NT3 (PeproTech, 450–03) for another 18 days, then 
without growth factors from day 46 onward.

Treatment
DCOs and VCOs were either treated with 125 nM ALLO (Tocris, 

3,653) diluted in DMSO (Millipore Sigma, D4540), or with DMSO 
(equivalent 0.05%) from DIV28 to DIV67. At nanomolar 
concentration, ALLO has neurotrophic properties, promoting 
neuronal proliferation (Wang et al., 2005), neuronal differentiation 
(Chen et al., 2020) and maturation (Wang et al., 2023). A concentration 
of 100–150 nM is comparable to physiological pregnancy levels of 
ALLO during pregnancy in rats (Concas et al., 1998), and human 
(Luisi et al., 2000).

Collection
Cortical organoids were collected at DIV26, 55, 78, 95, and stored 

in TRIzol™ (ThermoFisher Scientific, 15,596,018) for RNA extraction. 
At DIV138, organoids were either collected for RNA extraction or 
stored in PFA (ThermoFisher Scientific, J19943. K2) 
for immunohistochemistry.

Real-time PCR (RT-PCR)

Organoids were homogenized in TRIzol™ Reagent; total RNA 
was extracted with the RNeasy Mini Kit (Qiagen, 74,104) and 
quantified with a NanoDropND-2000C (Thermo Fisher Scientific). A 
total of 300 ng of RNA was converted to cDNA using iScript cDNA 
Synthesis Kit (Bio-Rad, 1,708,891). All primer pairs were validated 
in-house for efficiency and specificity (Supplementary Table S1). 
RT-PCR experiments were performed on cDNA samples with 
SsoAdvanced Universal SYBR Green Supermix (Bio-Rad, 1,725,271) 
and specific primers at 100 nM using the ABI Prism 7,500 Sequence 
Detection System (Thermo Fisher) for 40 cycles. The cDNA-generated 
signals for target genes were normalized to the glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) housekeeping gene. Relative gene 
expression was calculated using the 2−∆∆Cq method. Results are 
expressed as fold change (FC) relative to undifferentiated hiPSCs levels.

Calculation of the segmented developmental 
index

The index was derived from the ratio of averaged expression of 
significantly up-regulated genes to averaged expression of 
significantly down-regulated genes, as previously described 
(Gandal et al., 2012; Lacaille et al., 2021). Details of the calculation 
can be found in Supplementary Figure S1. Briefly, the expression 
of 23 transcripts related to neuronal development, was assessed 
across four developmental segments: DIV26-DIV55, 
DIV55-DIV78, DIV78-DIV95, and DIV95-DIV138. For each 
segment, Pearson correlation coefficients were calculated for each 
gene within the DMSO group. Genes were classified as significantly 
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up- or down-regulated based on the sign of their correlation 
coefficient and a p < 0.05. All genes were given equal weight in the 
calculation. Then, the ratio of averaged up-regulated to averaged 
down-regulated gene expression served as a developmental index. 
The same set of genes was then assessed in the corresponding 
ALLO group, and the index was calculated using the same 
methodology. To quantify the developmental index’s trajectory, 
linear regression slopes were fitted to measure developmental 
changes across these segments and compared between treatment 
with an ANCOVA.

Clustering
To cluster the genes according to their developmental trajectory 

the maSigPro R package was used (Nueda et al., 2014).

Immunohistochemistry

Tissue preparation
Organoids were fixed in 4% PFA, cryoprotected in a 20% sucrose 

solution, then embedded in a 1:1 sucrose-Tissue-Tek® 
O. C. T. Compound (Sakura Finetek, 4,583). Blocks were cut into 
10-μm-thick sections with a cryostat. Frozen sections were allowed to 
equilibrate to room temperature for 1 h before staining.

Procedure
Tissue sections were rinsed in PBS-Triton 0.3% (PBS-T) then 

blocked in PBS-T with 10% normal donkey serum (NDS), followed 
by overnight incubation at 4 °C in PBS-T-10% NDS with the following 
primary antibodies: Beta-3 tubulin (B3TUB; 1:500, Cell Signaling, 
D71G9), Calretinin (CALB2; 1:1000, Millipore Sigma, AB1550), 
Doublecortin (DCX; 1:500, Abcam, ab113435), GABA transporter 
type 1 (GAT1; 1:200, AbClonal, A15099), GABA transporter type 3 
(GAT3; 1:100, Santa Cruz Biotechnology, sc-376001), Glutamate 
decarboxylase 65–67 (GAD65-67; 1:100, Santa Cruz Biotechnology, 
sc-365180), Glial fibrillary acidic protein (GFAP; 1:1000, Dako, 
Z0334), HuC/HuD (HU; 1:500, Invitrogen, A-21271), Ki67 (MKI67; 
1:500, Abcam, ab156956), Nestin (NES; 1:250, Novus Biologicals, 
NB100-1604), NeuN (NEUN; 1:500, Abcam, ab177487), Somatostatin 
(SST; 1:300, Santa Cruz Biotechnology, sc-7819), SRY-box 2 (1:500, 
SOX2; Millipore, AB5603), Vesicular GABA transporter (VGAT; 
1:300, AbClonal, A3129), Vimentin (VIM; 1:500, Santa Cruz 
Biotechnology, sc-373717). For secondary detection, appropriately 
matched Alexa Fluor-conjugated secondary antibodies (1:500, 
ThermoFisher) were incubated for 90 min in PBS-T at room 
temperature. Then, sections were incubated with DAPI, mounted with 
Fluoromount G (ThermoFisher, 0100–01) on a glass coverslip before 
epifluorescence examination at 20x (ZEISS Axio Imager 2). Images 
were tiled (Stereo Investigator, MBF Bioscience).

Quantification
Cell counting was performed using QuPath (version 0.4.3) 

automated quantification for fluorescently labeled cells (Courtney et 
al., 2022). Briefly, DAPI-based detection was used to identify cell 
nuclei. The object classifier was trained independently for each marker 
and applied to all tissue sections for automatic detection 
(Supplementary Figure S2). The results were reviewed for accuracy, 
and cell density was normalized as percentage of DAPI+ cells.

Statistics

All experiments and analyses were performed blind to conditions. 
Statistical analyses were performed using R. Slope differences for the 
developmental index were compared with an ANCOVA. When 
assessing groups with two or more variables, data were analyzed using 
ANOVA with Benjamini-Hochberg correction for multiple 
comparisons. General effects of treatment and day were assessed using 
ANOVA interaction effects (denoted by #), and post hoc comparisons 
are indicated with asterisks (*). The null hypothesis was rejected for 
p < 0.05.

Results

To test the direct effects of ALLO exposure and withdrawal on 
human cortical development, independent of other systemic factors, 
we used cortical organoids. Ventral and dorsal cortical organoids 
(VCOs and DCOs, respectively) were cultured independently for up 
to 138 days (DIV138). Each type of cortical organoid was designed to 
examine distinct neuronal populations: GABAergic cortical 
interneurons in VCOs and glutamatergic principal neurons in DCOs. 
After patterning, organoids were exposed to either ALLO or DMSO 
during the maturation phase (DIV28-67).

Cortical organoids express the GABA-A 
receptor subunits required for ALLO action

We first tested whether organoids express the embryonic GABA-A 
receptor subunits necessary for ALLO’s action (Kilb et al., 2013). 
ALLO’s allosteric action on GABA-A receptors requires its binding at 
the interface between the α and β subunits of the pentameric receptor, 
specifically receptors containing α2-5 assembled with β3 and γ2 (Hosie 
et al., 2009; Legesse et al., 2023; Figure 1A). Although not the primary 
binding site, the δ subunit confers enhanced sensitivity and mediates 
the long-lasting effects of neurosteroids (Smith et al., 2007). We assessed 
GABA-A receptor subunit gene expression in non-ALLO-treated 
organoids between DIV26 and DIV78, covering the ALLO exposure 
period in treated organoids (Figure 1B). Of all 19 subunits tested, both 
organoid types expressed GABA-A receptor subunits α1-3, α5, β1, β3, 
and γ1-3. The remaining subunit transcripts were not detectable. This 
expression profile supports the organoids’ capacity to form functional 
receptors with both GABA and neurosteroid binding sites, as these 
receptors are typically assembled from five subunits, commonly two α, 
two β, and one γ or δ. VCOs showed higher expression of specific 
subunits (α1, α5, β1, β3, γ2) than DCOs, consistent with our re-analysis 
of published second-trimester transcriptomic data (GSE156793) (Cao 
et al., 2020) showing higher GABA-A subunit gene expression in 
interneuron progenitors than in pyramidal progenitors (Figure 1C). Of 
the 11 GABA-A receptor subunits expressed during the second 
trimester in fetal neurons (Figure 1C), nine of these were observed in 
our organoid model (Figure 1B). The δ subunit was absent in both fetal 
neurons and organoids, consistent with its known developmental 
trajectory. Notably, the β3 subunit was the most highly expressed in 
both datasets (Figures 1B,C). Overall, the main subunits expressed and 
those not expressed were consistent between fetal tissue and organoids, 
supporting the developmental relevance of our organoid system. We 
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also examined whether ALLO treatments modified the expression of 
ALLO synthesis enzymes, as this could potentially bias results through 
changes in endogenous ALLO production. Both key synthetic enzyme 
transcripts, AKR1C2 (the main alpha-hydroxysteroid dehydrogenase 
enzyme in humans for ALLO production) and AKR1C3 (an alternative 
synthesis enzyme) (Penning et al., 2000), are expressed in organoids, 
and their gene expressions remained unchanged with ALLO exposure 
(Figures 1D–G). This indicates that any observed effects on neuronal 
development would not be related to changes in the endogenous 
production of ALLO in the cortical organoids.

ALLO withdrawal delays the development 
of ventral cortical organoids

We investigated the effects of ALLO exposure and withdrawal on 
organoid developmental progression by analyzing time-dependent 
expression of genes linked to neural cell development 

(Supplementary Figures S3, S4). We selected genes of interest based on 
the literature, including markers for neuroepithelial cells (SOX10, SOX2, 
PCNA, NES), radial glia (VIM, GFAP, NCAM1, SLC1A3), markers 
associated with region-specific progenitor and early neuronal identities 
(FOXG1, ASCL1, TTF1, NR2F2 for VCOs; and FOXG1, SATB2, FOXP2, 
PAX6 for DCOs), immature neurons (DCX, TUBB3), mature neurons 
(RBFOX3, MAP2, ENO2, SYP, NEFM, NEFL, DLG4), cortical 
interneurons (CALB2, GAD1, GAD2, SST, PVALB, for VCOs) and 
pyramidal cells (CUX1, SATB2, SLC17A7) (Paşca et al., 2015; Birey et al., 
2017; Sloan et al., 2018). First, we examined individual gene expression 
profiles. In VCOs, only FOXG1, critical for the timing and production of 
GABAergic neurons (Miyoshi et al., 2021), was acutely upregulated by 
ALLO exposure at DIV55 (Supplementary Figure S3). Following ALLO 
withdrawal, expression of RBFOX3 (NeuN) and MAP2 (involved in 
dendritic development) increased, while expression of DCX and axonal 
formation genes NEFM and NEFL decreased (Supplementary Figure S3), 
suggesting alterations in neuronal arborization and circuit formation. In 
DCOs, ALLO treatment reduced VIM expression. After ALLO 

FIGURE 1

Cortical organoids as a model to study ALLO exposure and withdrawal (A–C) GABA-A receptor subunit gene expression is enriched in interneuron 
populations compared to principal cells. (A) The GABA-A receptor subunits present in both organoid subtypes allow GABA and neurosteroid binding (ALLO). 
(B) Average expression of GABA-A receptor subunits, in VCOs (ventral cortical organoids, blue) and DCOs (dorsal cortical organoids, brown) treated with 
DMSO, during the period of ALLO treatment (DIV28-DIV67), expressed as scaled relative abundance to GAPDH expression, and multiplied by 10,000. n = 9. 
Two-way ANOVAs with BH correction compared organoid subtypes and subunits. #organoid subtype effect. Multiple comparisons: *p < 0.05. 
(C) Transcriptional expression of GABA-A subunits in human fetal tissues between gestational weeks 13 and 17, after re-analysis of GSE156793 for cerebrum 
inhibitory and excitatory neurons, expressed as average of normalized read counts. (D–G) ALLO does not modulate AKR1Cs expression in cortical 
organoids. Transcriptional profile of ALLO-producing enzyme, in (D,E) VCOs (blue) and (F,G) DCOs (orange) treated with DMSO (dark) or ALLO (125 nM, 
light; from DIV28 to 67, highlighted in green). (D,F) AKR1C2 (Aldo-keto reductase family 1 member C2) and (E,G) AKR1C3 (Aldo-keto reductase family 1 
member C3) at each time point (DIV0, 26, 55, 78, 95, 138). n = 3. Two-way ANOVAs with BH correction compared treatments and days.
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withdrawal, expression of CUX1 and PAX6 (both involved in cortical 
pyramidal cell specification) and DCX decreased, while ENO2 (neuron-
specific enolase expressed in mature neurons) expression increased 
(Supplementary Figure S4). These results suggest that in DCOs ALLO 
promotes and maintains cortical neuron identity, and that its withdrawal 
causes a shift toward neuronal maturation.

To compare how ALLO exposure and withdrawal affected the 
overall developmental progression of VCOs and DCOs, we calculated 

time-segmented developmental indices (see Methods; Lacaille et al., 
2021; Figures 2A,B; Supplementary Figure S1 and 
Supplementary Table S2). While ALLO exposure did not significantly 
alter VCOs’ developmental trajectory (DIV26-DIV55), its removal 
caused an immediate and prolonged developmental delay 
(DIV55-DIV78; p < 0.05) (Figure 2A) that persisted until DIV95 
(DIV78-DIV95; p < 0.005) (Figure 2A). By DIV138, the developmental 
slope of VCOs matched that of untreated controls (Figure 2A). This 

FIGURE 2

ALLO exposure and ALLO withdrawal alter the development of VCOs. (A,B) Segmented developmental index based on the average of up versus down-
regulated genes, in (A) VCOs (ventral cortical organoids, blue) and (B) DCOs (dorsal cortical organoids, orange) treated with DMSO (dark) or ALLO 
(125 nM, light, from DIV28 to 67, highlighted in green), at each segment, DIV (days in vitro) 26-DIV55, DIV55-DIV78, DIV78-DIV95, and DIV95-DIV138. 
ANCOVA compared slope differences. (C) Simplified schematic of the embryonic and mature fate of the cortical interneuron markers in the MGE 
(medial) and CGE (caudal ganglionic eminence) analyzed in this study. (D–J) Transcriptional profiles of interneuron-related transcripts in VCOs (ventral 
cortical organoids) treated with DMSO (dark) or ALLO (light) at each time point (DIV0, 26, 55, 78, 95, 138). (D–G) Interneuron progenitors and (H–J) 
mature interneuron subtypes. (D) TTF1 (Thyroid Transcription Factor 1). (E) LHX6 (LIM homeobox 6). (F) ASCL1 (Achaete-Scute Family BHLH 
Transcription Factor 1). (G) NR2F2 (Nuclear Receptor Subfamily 2 Group F Member 2). (H) PVALB (Parvalbumin). (I) SST (Somatostatin). (J) CALB2 
(Calbindin 2). DIV0-DIV95 n = 3, DIV138 n = 3–9. Two-way ANOVAs with BH correction compared treatments and days. Multiple comparisons: 
*p < 0.05.
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developmental delay was marked by a short and long term 
downregulation of neuronal lineage genes. The short-term effect of 
ALLO withdrawal at DIV78 (Cluster 1) (Supplementary Figure S5) 
affected neuronal development broadly, including genes involved in 
neurogenesis and early neuronal differentiation (SOX2, TUBB3, GFAP), 
neuronal maturation (MAP2, RBFOX3), functional specialization 
(CALB2, PVALB), and synaptic formation (SYP). The long-term effect 
at DIV95 (Cluster 2) (Supplementary Figure S5) impacted genes 
involved in interneuron progenitor progression (DCX, ASCL1, NEFL, 
TTF1). In contrast, DCO developmental trajectory remained unaffected 
by either ALLO exposure or withdrawal (Figure 2B).

Since ALLO treatments primarily altered developmental 
trajectories in VCOs (which model the ganglionic eminences that 
generate GABAergic interneurons), we investigated effects on 
interneuron lineage progression. We analyzed transcripts associated 
with the medial (TTF1, LHX6) and caudal (ASCL1, NRF2) ganglionic 
eminences and their resulting cortical interneurons (PVALB, SST, and 
CALB2, respectively) (Figure 2C). While ALLO exposure itself (DIV55) 
did not affect interneuron lineage marker gene expression 
(Figures 2D–J), its withdrawal led to significant downregulation of key 
interneuron progenitor and specification markers: TTF1 (DIV95; 
−68%, p < 0.05) (Figure 2D), LHX6 (DIV138; −72%, p < 0.05); 
(Figure 2E) and, ASCL1 (DIV95; −68%, p < 0.05) (Figure 2F) as well as 
the cortical interneuron marker PVALB (DIV138; −62%, p < 0.05) 
(Figure 2H). The downregulation of TTF1, LHX6, and PVALB supports 
a specific impact on the medial ganglionic eminence progenitors.

ALLO withdrawal alters the development of 
cortical interneurons

Histological analysis (Figures 3A–D; Supplementary Figure S6) of 
VCOs at DIV138 (approximating late fetal stages) (Gordon et al., 2021) 
complemented these transcriptional findings, revealing increased 
densities of immature neurons (NES: +84%, p < 0.05; DCX: +115%, trend 
with p = 0.066) (Figure 3C) and decreased densities of mature neurons 
(NEUN: −55%, p = 0.12; HU: −54%, p < 0.01) (Figure 3C). This indicates 
a long-term impact of ALLO exposure and withdrawal on neuronal 
maturation, most likely affecting the interneuron population that VCOs 
were designed to produce. This effect was specific to neuronal 
development, as proliferation and glial differentiation remained 
unchanged in VCOs (Supplementary Figure S7). We therefore focused on 
interneurons, which VCOs are designed to produce, and found a long-
term reduction in the density of mature interneurons (immunostained 
for GAD65-67, CALB2, or SST) at DIV138 (treatment effect, p < 0.05) 
(Figures 3E–G; Supplementary Figure S8). DCOs only showed decreased 
VIM-positive cells (−33%, p < 0.05) (Supplementary Figure S7), 
suggesting ALLO altered the regulation of neuronal progenitors or radial 
glia development.

ALLO loss alters the developmental 
trajectory of cortical GABAergic signaling 
components

We next examined the effects of ALLO exposure and withdrawal 
on GABAergic signaling elements in VCOs. Consistent with our 
observations of interneuron lineage markers, ALLO exposure did not 

significantly alter GABAergic signaling gene expression at DIV55 
(Figures 4A,B). However, after ALLO was removed, a complex 
dynamic response emerged. At DIV78, we observed an overall 
downregulation of GABA-A receptor subunits (Figure 4A), with a 
notable decrease in GABRB3 (DIV78; −80%, p < 0.05) 
(Supplementary Figure S9A). GABRB3 is a subunit crucial for ALLO 
binding, and its reduced expression is linked to receptor desensitization 
(Sugasawa et al., 2020). At DIV138, several GABA-A receptor 
subunits, specifically GABRA1, GABRA5, GABRB1, GABRB3, and 
GABRG2, were overexpressed (Supplementary Figure S9A), suggesting 
long-term dysregulation of GABA-A receptor developmental 
expression with possible receptor subunit rearrangement. These 
receptors mediate both synaptic GABA responses present in VCOs 
(Birey et al., 2017) and non-synaptic GABA responses that regulate 
interneuron proliferation, migration, and differentiation (Kilb et al., 
2013). Initial receptor reduction may impair the organoids’ ability to 
sense ambient GABA, while later overexpression at DIV138 suggests 
a long-term dysregulation of GABA signaling after ALLO removal. 
ALLO withdrawal also led to overall downregulation of key 
GABAergic signaling genes, including GABAergic transporters 
(SLC32A1, SLC6A1, SLC6A11) and postsynaptic elements (KCNJ3, 
GPHN, GABARAP, GABBR2, GABBR1) (DIV78, p < 0.001) 
(Figure 4B). The downregulation persisted at DIV138 with a significant 
treatment effect observed (p < 0.05; Figure 4B), although only GPHN 
and GABARAP remained individually significant at this timepoint 
(Supplementary Figure S9B). Immunohistochemistry at DIV138 
confirmed a sustained reduction of signaling marker levels (i.e., 
VGAT, GAT1, GAT3; treatment effect, p < 0.05; GAT1: −42%, 
p < 0.05) (Figures 4C–E), suggesting less mature neurons since the 
expression of these markers normally increases over time.

Discussion

Cortical subdomain-specific effects of 
ALLO

Cortical organoids offer a unique platform to investigate ALLO’s 
direct effects, withdrawal consequences, and cumulative impact on 
human cortical development. While exposure of human brain 
organoids to ALLO exposure alone produced minimal effects, its 
withdrawal impaired cortical maturation, particularly within the 
GABAergic system, a finding with important implications for 
neurodevelopmental disorders. Here we showed that transient ALLO 
exposure impacted the developmental trajectory of VCOs (i.e., 
interneurons-producing-organoids) but not DCOs (i.e., principal-
cells-producing-organoids), demonstrating cortical subdomain 
specificity in steroid allosteric effects. This difference between VCOs 
and DCOs may stem from both higher VCO GABA concentration, 
due to the presence of interneurons, and higher density of GABA-A 
receptors in VCOs, confirmed in our model and through the analysis 
of published fetal brain datasets (Cao et al., 2020). Additionally, the 
earlier onset of GABA-A receptor subunit expression in VCOs (DIV55 
vs. DCOs at DIV78) suggests a window of susceptibility that likely 
amplified ALLO’s impact. While we propose that the effects we 
observed are mediated by ALLO’s allosteric action on GABA-A 
receptors, we acknowledge that neurosteroids like ALLO also act on 
various molecular targets beyond these receptors (Kumar et al., 2025).
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FIGURE 3

ALLO delays the expression of the GABAergic neuronal lineage. (A–D) Cumulative effect of ALLO exposure and withdrawal at DIV138 on markers of 
neuronal lineage. (A) Representative illustration of whole organoid staining, scale = 100 μm. (B) Representative high magnification illustrations of 
positive cells, scale = 10 μm, arrows. (C,D) Quantification in (C) VCOs (ventral cortical organoids, blue) and (D) DCOs (dorsal cortical organoids, 
orange) treated with DMSO (dark) or ALLO (125 nM, light, from DIV28 to 67), normalized as percentage of DAPI+ cells. NES, nestin; DCX, Doublecortin; 
NEUN; HU; and B3TUB, Beta III Tubulin. (E–G) Cumulative effect of ALLO exposure and withdrawal at DIV138 on interneuron markers in VCOs. 
(E) Representative illustration of whole organoid staining, scale = 100 μm. (F) Representative high magnification illustrations of positive cells, 
scale = 10 μm, arrows. (G) Quantification in VCOs treated with DMSO (dark) or ALLO (light), normalized as percentage of DAPI+ cells. GAD65-67, 
Glutamate Decarboxylase 65–67; CALB2, Calretinin; SST, Somatostatin. n = 5–9. Two-way ANOVAs with BH correction compared treatments and 
markers. Multiple comparisons: *p < 0.05.
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ALLO’S role in GABAergic system 
development

ALLO primarily altered GABAergic system development, 
supporting our hypothesis that it would change interneuron 
development both acutely and long-term. Previous research reported 
that subpallial spheroids (equivalent to VCOs) show no alterations in 
GABAergic neuron development after ALLO exposure (Birey et al., 
2017), but importantly, the conditions of ALLO exposure differed in 
timing, duration, and concentration. ALLO exhibits concentration-
dependent effects at GABA-A receptors (Puia et al., 1990; Hosie et al., 
2006, 2009; Zheleznova et al., 2009; Chang et al., 2010), promoting 
neural progenitor proliferation at nanomolar levels through allosteric 
modulation, and affecting neurogenesis and survival at micromolar 

concentrations through direct binding to the agonist site (Gago et al., 
2004; Wang et al., 2005). Treating VCOs with 125 nM ALLO revealed 
a complex gene regulation pattern. ALLO directly upregulated FOXG1, 
a key regulator of interneuron specification and GABAergic circuit 
formation. Dynamic expression of FOXG1 functions as a 
developmental clock for interneuron precursors, influencing their 
identity, migration, and final cortical allocation in a dose-dependent 
manner (Mariani et al., 2015; Miyoshi et al., 2021, 2024). Then 
following ALLO exposure and subsequent withdrawal, the ganglionic 
eminence interneuron progenitor genes TTF1, LHX6, and ASCL1 were 
downregulated, suggesting that these genes are acutely sensitive to 
changes in neurosteroid levels, consistent with ALLO’s known 
neurotrophic effects (Bakalar et al., 2022; Hernandez and Brinton, 
2022). Given that parvalbumin protein is absent during early cortical 

FIGURE 4

ALLO withdrawal downregulates elements of the GABAergic system in VCOs. (A) Heatmap representing the fold change of GABA-A receptor subunits 
transcripts of ALLO-exposed organoids (125 nM; from DIV28 to 67) over DMSO-exposed organoids at each time point (DIV55, 78, 95, 138) in VCOs 
(ventral cortical organoids), ###treatment effect, ###treatment:day effect. (B) Heatmap representing the fold change of eight transcripts involved in 
GABAergic signaling of ALLO-exposed over DMSO-exposed VCOs at each time point (DIV55, 78, 95, 138), #treatment:day. n = 3. Two-way ANOVAs 
with BH correction compared treatments and days. Multiple comparisons: *p < 0.05, ***p < 0.001. (C–E) Cumulative effect of ALLO exposure and 
withdrawal at DIV138 on markers of GABAergic signaling. (C) Representative illustration of whole organoid staining, scale = 100 μm. (D) Representative 
high magnification illustrations of positive cells, scale = 10 μm, arrows. (E) Quantification in VCOs treated with DMSO (dark) or ALLO (light), normalized 
as percentage of DAPI+ cells. #treatment effect. VGAT, Vesicular GABA transporter; GAT1, GABA transporter 1; GAT3, GABA transporter 3. n = 5–6. 
Two-way ANOVAs with BH correction compared treatments and markers. Multiple comparisons: *p < 0.05.

https://doi.org/10.3389/fncel.2025.1715823
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org


Lacaille et al.� 10.3389/fncel.2025.1715823

Frontiers in Cellular Neuroscience 09 frontiersin.org

development (de Lecea et al., 1995), we interpret the decrease in PVALB 
gene expression as an early marker of lineage commitment, reflecting 
the delayed maturation of this interneuron subtype. Mechanistically, in 
immature neurons, ALLO’s positive modulation of GABA-A receptors 
causes chloride efflux that depolarizes the cell membrane, subsequently 
opening L-type calcium channels and leading to calcium influx (Wang 
et al., 2023). The rise in intracellular calcium activates a CREB/ELK1/
c-Jun signaling pathway via CaMKII and ERK1/2, known regulator of 
neuronal development (Landeira et al., 2018).

Long-term impact of transient ALLO 
exposure

We hypothesize that ALLO has a lasting, programming effect on 
gene expression that extends beyond the period of exposure. This is 
evidenced by the persistent downregulation of GABA signaling-related 
genes, and is supported by recent findings on epigenetic barriers in 
neural progenitors that control neuronal maturation (Ciceri et al., 
2024). Indeed, at the end of our culture experiments (DIV138, i.e., late 
fetal stages), we observed an increased density of immature neurons 
(NES, DCX) and a decreased density of mature neurons (HU, NeuN, 
CALB2, SST, GAD65-67) in VCOs. Interestingly, this cellular 
phenotype contrasts with the elevated expression of mature neuronal 
genes (RBFOX3, MAP2), suggesting a disconnect between gene and 
protein expression. This discrepancy may be due to factors such as 
differential translation, protein degradation, or protein-level buffering 
(Buccitelli and Selbach, 2020). Additionally, the transcriptional changes 
observed following ALLO withdrawal (i.e., downregulation of 
proliferation and migration markers alongside upregulation of synaptic 
and maturation markers) may initially appear contradictory. However, 
these changes likely reflect premature developmental progression 
rather than accelerated healthy maturation. Neuroactive steroid 
signaling plays critical roles in maintaining progenitor cell proliferation 
and supporting neuronal migration. Withdrawal of this signaling may 
trigger premature exit from these developmental programs, forcing 
cells into post-mitotic states before completing normal developmental 
processes (Bakalar et al., 2022). This precocious differentiation can 
result in neurons with immature morphologies, reduced connectivity, 
and altered functional properties. Similarly, premature birth disrupts 
the normal timing of brain development, as shown in human studies 
reporting accelerated maturation of sensory and inhibitory circuits 
(Witteveen et al., 2023), altered dynamic functional connectivity linked 
to later behavioral outcomes (França et al., 2024), and stress-induced 
reorganization of large-scale brain networks (Lammertink et al., 2022). 
Our findings support a model where neuroactive steroid withdrawal 
disrupts the temporal coordination of developmental processes.

Relevance to human gestation

Our organoid cultures show a developmental trajectory consistent 
with mid-to-late fetal cortical maturation. We observed a steep decline 
in the proliferation marker PCNA over time, accompanied by increased 
expression of GABAergic synaptic elements. Among GABA-A receptor 
subunits, β3 was the most highly expressed, while the postnatally 
expressed δ subunit was not detected, consistent with second-trimester 
fetal brain transcriptomic data (Cao et al., 2020). Similarly, 
parvalbumin-positive interneurons, typically born later in development, 

were absent from our cultures. These findings align with previous 
transcriptomic studies showing that cortical organoid development in 
vitro parallels human cortical maturation through the mid-to-late fetal 
periods (PCW19–24), characterized by enrichment of synaptic 
transmission genes and downregulation of cell cycle-related genes 
(Paşca et al., 2015). Building on this, by exposing organoid cultures to 
ALLO from DIV27 to DIV68, corresponding to the maturation phase 
analogous to the second trimester, we aimed to model placental ALLO 
exposure during mid-gestation. This design allowed us to assess ALLO’s 
presence at DIV55 (approximating PCW19) (Paşca et al., 2015), when 
placental ALLO is normally available) and ALLO withdrawal at DIV78 
(approximating PCW24) (Paşca et al., 2015, or extremely premature 
birth, when placental support is lost, Supplementary Figure S10).

We highlight ALLO withdrawal’s role, which occurs during birth, 
notably preterm birth, in supporting the GABAergic system. Indeed, 
preterm birth and subsequent placental loss significantly increase the 
risk for neuropsychiatric disorders characterized by disrupted 
GABAergic signaling. This association is supported by multiple lines 
of evidence: impaired cortical GABAergic system maturation (Lacaille 
et al., 2021), decreased density of cortical GABAergic interneurons 
(Lacaille et al., 2019), reduced GABA concentrations in preterm infant 
prefrontal cortex (Basu et al., 2023), GABA-A receptor disruptions in 
schizophrenia (Nosarti et al., 2012; Bristow et al., 2015), and the 
prevalence of conditions like epilepsy, ASD, and attention deficits and 
hyperactivity disorders in preterm survivors (Schür et al., 2016; Crump 
et al., 2021) Complementing these observations, accumulating 
evidence indicates that prenatal sex steroids and placental growth 
factor (PlGF) are associated with autistic traits in offspring (Kratimenos 
and Penn, 2019; Vacher et al., 2021, 2025; Bakalar et al., 2022; 
Tsompanidis et al., 2023). Here, we provide a robust foundation for 
understanding how ALLO directly influences cortical transcriptional 
changes, using a consistent experimental approach, and differentiating 
organoids into ventral and dorsal cortical progenitors. By focusing on 
developmental points relevant to preterm birth, and examining both 
ALLO exposure and withdrawal, we offer new perspectives on ALLO’s 
role in shaping the cortical GABAergic system.

Limitations and future directions

Several limitations warrant consideration and point toward 
important directions for future research. Our use of organoids is 
derived from a single cell line and limits genetic diversity, potentially 
not fully representing population-wide responses to ALLO. Future 
studies should incorporate multiple cell lines, particularly individuals 
with disorders involving GABAergic dysfunction such as ASD or 
schizophrenia (Levy and Paşca, 2023; Hali et al., 2025), and models of 
prematurity (Pașca et al., 2019), to address variations in neurosteroid 
sensitivity and enhance translational relevance. More extensive 
temporal protein analysis will be essential to validate our gene 
expression findings, characterize the cellular mechanisms involved and 
track cell lineage changes. More frequent sampling would provide finer 
resolution of the temporal dynamics, especially during immediate 
ALLO exposure and post-withdrawal periods. Additionally, we used 
commercially available culture media and serum, which may contain 
baseline levels of steroids. Current limitations of organoid technology 
include the difficulty of studying sex differences (Kelava et al., 2022; 
Pavlinek et al., 2024), a critical aspect for understanding neurosteroid 
actions in neurodevelopment. Finally, as an in vitro model, cortical 
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organoids cannot replicate the systemic interactions and environmental 
complexity of a living organism. They lack the complex maternal-fetal 
interface, including interactions with other placental hormones, 
immune factors, and neural cell types that may modulate ALLO effects 
in vivo. This limitation highlights the need for complementary in vivo 
approaches or co-culture systems to better capture the physiological 
context of cortical development.

Conclusion

In conclusion, using human organoids, we present robust evidence 
that ALLO is a critical regulator of cortical maturation and GABAergic 
system development. Our findings align with clinical observations of 
impaired cortical GABAergic signaling in preterm infants, who 
experience placental ALLO withdrawal many weeks before reaching 
term. Given the limited treatment options currently available for 
addressing neurodevelopmental risks in this population, this research 
paves the way for novel therapies based on placental hormone 
replacement. While neurosteroid-based interventions represent one 
potential avenue for neuroprotection in preterm infants, extensive 
preclinical and clinical development is still required. Our organoid 
model provides a platform for testing candidate interventions and 
understanding their mechanisms in human cortical tissue.
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