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SUMMARY

Excitatory/inhibitory (E/I) balance is thought to play a key role in cortical activity development. We modeled an in vitro cortical network 

deployed of the inhibitory neurons normally migrating from the ventral telencephalon and implemented ventral telencephalic (VT) cul-

tures and co-cultures with mixed proportions of dorsal telencephalic (DT) and VT neurons, containing distinct proportions of inhibitory 

neurons. Interestingly, these pure and mixed cultures developed different patterns of spontaneous activity and functional connectivity. 

Our findings highlighted a critical role for the inhibitory component in developing correlated network activity. Unexpectedly, networks 

with 7% of parvalbumin (PV)+ neurons were not able to generate appreciable network burst activity due to the development of a strong 

network inhibition, despite their lowest E/I ratio. Our observations support the notion that an optimal ratio of PV+ neurons during 

cortical development is essential for the establishment of local inhibitory networks capable of generating and spreading correlated 

activity.

INTRODUCTION

Mouse embryonic stem cells (mESCs) or human induced 

pluripotent cells (hiPSCs) are key tools for modeling the 

development of distinct encephalic regions in vitro by con-

trolling different signaling pathways in precise time win-

dows (Chambers et al., 2009; Chiaradia and Lancaster, 

2020). Forebrain identity is acquired by default and re-

tained primarily through BMP and Wnt inhibition 

(Bertacchi et al., 2015; Watanabe et al., 2005). Dorsal telen-

cephalic (DT) progenitors are generated in vitro using the 

sonic Hedgehog (Shh) inhibitor, cyclopamine (Gaspard 

et al., 2008), while ventral telencephalic (VT) progenitors 

require Shh activation by the Shh agonist, SAG 

(Cederquist et al., 2019; Li et al., 2009). In vivo, the mature 

cerebral cortex forms after VT cells migrate, mainly from 

the medial ganglionic eminence (MGE) (Wonders and 

Anderson, 2006). These cells differentiate into GABAergic 

inhibitory interneurons that connect with glutamatergic 

excitatory neurons generated by local DT progenitors, 

establishing a balanced Excitatory/Inhibitory(E/I) ratio 

(Gelman and Marı́n, 2010; Lodato et al., 2011). Notably, 

an unbalanced E/I ratio is linked to brain disorders such 

as schizophrenia or autism spectrum disorders (Nelson 

and Valakh, 2015; Sohal and Rubenstein, 2019).

To date, relatively few studies have reconstructed 

cortical circuits using defined ratios of VT and DT neu-

rons (Mossink et al., 2022; Parodi et al., 2023, 2024). 

These studies used induced neurons (iNeurons) that 

only partially mimic natural telencephalic neurons. Spe-

cifically, Ngn2-induced neurons comprise a heteroge-

neous population displaying features of both central 

and peripheral nervous system lineages (Lin et al., 

2021), while Ascl1-induced neurons show limited differ-

entiation into parvalbumin-positive interneurons, which 

represent the predominant class of cortical inhibitory 

neurons in vivo (Zhang et al., 2013). To investigate 

more physiological neural networks with different E/I ra-

tios and functionally characterize them during develop-

mental maturation, we modeled two distinct popula-

tions of cells in vitro, DT and VT progenitors obtained 

by modulating the Shh pathway in mESC-derived 

telencephalic cells. We analyzed the activity of a network 

of DT progenitors alone, comparing it to a network of 

VT progenitors and to networks with varying ratios 

of DT and VT cells. Finally, we analyzed basic structural 

and functional network parameters such as synapse 

density, firing activity, network burst synchronization 

and connectivity, together with the ability to respond 

to electrical stimulations. Our findings indicate that the 

E/I balance dramatically affects the development and 

maturation of neuronal cultures, highlighting that a 

proper E/I ratio is required for the formation and 

spreading of correlated activity in cortical networks.
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RESULTS

Cyclopamine and SAG treatments respectively induce 

the production of DT and VT neurons

During the first week of mESC neuralization, early double 

inhibition of Bone Morphogenetic Protein (BMP) and 

Wnt signaling (WiBi) induces a general telencephalic iden-

tity (Terrigno et al., 2018) (Figures 1A and 1B). From in vitro 

differentiation day (DIV)5 to DIV10, we added cyclop-

amine (3 μM) to WiBi-treated mESC to induce DT identity 

(Chen et al., 2002a) and smoothened agonist (SAG) 

(0.1 μM) to induce VT identity (Chen et al., 2002b). At 

DIV11, we confirmed the positional cell identity using 

early markers of telencephalic and subpallial identity 

(Fuccillo et al., 2006; Martynoga et al., 2005) (Figures 1B– 

1E and S1A–S1C). CYC cells expressed high levels of the 

dorsal marker Pax6, while SAG cells exhibited high expres-

sion of the ventral identity marker Nkx2.1. Moreover, both 

types of cells expressed high levels of the telencephalic 

marker FoxG1 compared to control neuralized cells without 

Wnt inhibition (midbrain). We proceeded to analyze spe-

cific early markers of the subpallium and medial and lateral 

ganglionic eminences (MGE-LGE), such as Lhx6, Lhx8, and 

Dlx1 (Chen et al., 2017) and Ascl1, Dlx2, and Sfrp1 (Nery 

et al., 2002). We found an increased expression of these 

genes in SAG cells compared to the other neural population 

(Figures 1F and S1D–S1I).

Analysis of marker expression at the cellular level re-

vealed that a high percentage of both CYC and SAG cells 

were positive for Foxg1 (Figures 1G and 1L). We observed 

that Nkx2.1 expression was largely restricted to SAG cells 

and was nearly absent in CYC cells (Figures 1H and 1L), 

while the dorsal markers Pax6 and Tbr1 were expressed in 

a large proportion of CYC cells but were barely detectable 

in SAG cells (Figures 1I, 1J, and 1L). By DIV20 (approxi-

mately equivalent to postnatal day P0 in mice), the cortical 

marker Satb2 was found in a significant fraction of CYC 

cells but was almost absent in SAG cells (Figures 1K and 

1L). These data confirmed that SAG cultures have a ventral 

identity similar to the MGE and subpallium.

Since the MGE is the source of a wide variety of cortical 

interneurons (Gelman et al., 2011), we evaluated specific 

subtype markers such as parvalbumin (PV) and somato-

statin (SST) (Figures 2A and 2B) (Lim et al., 2018). At 

DIV35, we counted 73% PV+ neurons in SAG cultures, 

while we found a much lower percentage (7%) in CYC cul-

tures (Figure 2A). SST+ neurons accounted for less than 10% 

in SAG cultures and were virtually absent in CYC cultures 

(Figure 2B). Vasoactive intestinal peptide (VIP) neurons 

were not detected in either CYC or SAG cultures, suggesting 

that both culture conditions may lack progenitors from the 

caudal ganglionic eminence, where VIP+ neurons are pre-

dominantly generated (Marı́n, 2012). Given the associa-

tion of PV+ interneurons with perineuronal nets (PNNs) 

(Lupori et al., 2023), we investigated also the reactivity 

against Wisteria floribunda agglutinin (WFA), a common 

marker for PNNs. A typical stained morphology of PNNs 

(Dickens et al., 2022), with this protein occasionally sur-

rounding few PV+ cells (Figure 2C), was observed as early 

as DIV50, suggesting the formation of some early PNNs, 

mostly in SAG cultures.

The immunolabeling of distinct markers of excitatory 

(vGlut1 and vGlut2) and inhibitory (Pvalb and vGat) 

cortical neurons showed a different contribution of the 

two types of cells in SAG and CYC cultures, confirming 

the prevalence of excitatory and inhibitory neurons in 

CYC and SAG cultures, respectively (Figure 2D). We inves-

tigated the early glutamatergic marker vGlut2 at DIV25: we 

evaluated the density of vesicles by observing the colocali-

zation of vGlut2 puncta with Tubβ3+ fibers and found a 

significantly higher density of vGlut2+ vesicles in CYC neu-

rons as compared to the SAG neurons (Figure 2E). More-

over, by counting the number of DAPI-positive nuclei sur-

rounded by vesicle transporters, we evaluated 70% of 

vGlut2+ cells in CYC cultures (Cao et al., 2017), while 

only 15% of them were present in SAG cultures (Kempf 

et al., 2021) (Figures S2A and S2B). We also analyzed the 

later glutamatergic marker vGlut1 and found a signifi-

cantly higher density of vGlut1-positive puncta in CYC 

neurons as compared to SAG neurons (Figure 2E), with 

80% of CYC neurons surrounded by VGlut1+ vesicles 

(Figures S2C and S2D). Focusing on GABAergic markers, 

we analyzed the vGat density at DIV35 in our cultures, 

highlighting a significantly higher number of vGat+ vesi-

cles in SAG neurons as compared to CYC neurons 

(Figure 2E).

To assess the percentage of astrocytes in CYC and SAG 

cultures, we evaluated the presence of GFAP+ cells at two 

time points of maturation, DIV21 and DIV30. At DIV21, 

SAG cultures had a higher percentage of GFAP+ cells than 

CYC cultures, suggesting that they complete neurogenesis 

and start astrogliogenesis earlier. However, by DIV30, both 

cultures reached the same percentage (40%) of GFAP+ cells 

(Figures 2F and 2G), indicating that cell differentiation was 

completed.

Altogether, our data indicate that timely treatment with 

either CYC or SAG from DIV5 to DIV11 generated pallial 

neural progenitor cells (NPCs) with the competence to 

differentiate into neurons with gene expression profiles 

typical of DT and VT neurons, respectively. CYC cells pro-

duced mostly glutamatergic pyramidal neurons while 

SAG cultures were enriched in GABAergic cells, mainly 

PV+ interneurons, similar to those migrating to the embry-

onic developing cortex. Both cultures also produced an 

optimal ratio of astrocytes (40%), which is expected to sup-

port functional network activity.
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Figure 1. Positional identity and characterization of CYC and SAG progenitor cells 

(A) Protocol of mESC neuralization. 

(B) Schematic representation of marker expression in vivo and in vitro. CTX, cortex; STR, striatum; MGE, medial ganglionic eminence; LGE, 

lateral ganglionic eminence. 

(C–E) Relative expression of early pallial markers by quantitative reverse-transcription PCR (RT-qPCR) (n = 4 independent experiments). 

Midbrain in (C): cultures without WiBi-induced neuralization with mesencephalic identity (Bertacchi et al., 2015). Mean ± SD is shown; 

ordinary one-way ANOVA with Tukey’s multiple comparisons test was performed for Foxg1 expression; unpaired t test was performed for 

Pax6 and Nkx2.1 markers. 

(F) Relative expression of MGE-LGE markers by RT-qPCR (n = 4 independent experiments). Mean ± SD is shown; multiple unpaired t test with 

Holm-�Sı́dák correction method. p values: *p value < 0.05, ***p value < 0.001, ****p value < 0.0001. 

(G–L) Bottom: immunolabeling and quantification of CYC and SAG cultures for the indicated markers at the in vitro differentiation day 

(DIV) indicated in labels (blue nuclear counterstaining by DAPI). Scale bar, 30 μm. The in situ hybridization (ISH) insets at the figure top, 

showing the in vivo expression of the markers for comparison, are taken from Allen Brain Atlas: Developing Mouse Brain (https:// 

developingmouse.brain-map.org/). In (L), mean ± SD and multiple unpaired t test with Holm-�Sı́dák correction method are shown: **p 

value < 0.01, ***p value < 0.001, ****p value < 0.0001.

Stem Cell Reports | Vol. 20 | 102646 | October 14, 2025 3 

https://developingmouse.brain-map.org/
https://developingmouse.brain-map.org/


Figure 2. Expression of excitatory and inhibitory neuronal markers in CYC and SAG cultures 

(A and B) Representative images and quantification of CYC and SAG cells stained with Tubβ3, Map2, parvalbumin (PV), somatostatin (Sst), 

and DAPI at DIV35. Scale bar, 20 μm. Mean ± SD and unpaired t test are shown for n = 3 independent experiments: **p value < 0.01, ****p 

value < 0.0001. 

(C) Representative images of CYC and SAG cells stained with the perineuronal net (PNN) markers PV and WFA at DIV50. White arrows 

indicate PNN-like structures surrounding PV+ neurons. Scale bar, 20 μm. 

(D) Representative confocal images of glutamatergic and GABAergic markers: vGlut2 (DIV21), vGat, and vGlut1 (DIV35). Scale bar, 20 μm. 

(E) Quantification of glutamatergic and GABAergic markers shown in (D). Synaptic vesicles were measured in terms of density of Tubβ3 

positive area covered by vesicles. Comparisons showed statistical differences between the two treatments (n = 3 independent experiments; 

unpaired t test). 

(F and G) GFAP expression at DIV21 and DIV30 (Scale bar, 20 μm). In (G), mean ± SD and unpaired t test are shown at distinct DIV; two-way 

ANOVA followed by �Sı́dák’s multiple comparison test was performed for comparison over time. p values: *p value < 0.05, **p value < 0.01, 

***p value < 0.001, ****p value < 0.0001.
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Morphological analysis of CYC and SAG neurons in 

mixed cultures

The correct integration of VT neurons into the cortex 

is a regulated process requiring saltatory migration 

(Marı́n et al., 2010). We evaluated whether early SAG neu-

rons can differentiate when mixed to isochronic CYC neu-

rons and vice versa, in an in vitro environment and in the 

absence of regulated migration. To assess the maturation 

and development processes of CYC and SAG neurons, we 

firstly created four culture conditions: pure CYC, pure 

SAG, and mixed 80:20 and 50:50 (CYC:SAG) ratios. Hence, 

to enable the analysis of single-neuron morphology, we 

used EGFP-labeled CYC or SAG cells at DIV7 and mixed 

them at a 1:100 ratio into the four unlabeled cultures 

(Figures 3A–3C, S3A, and S3B). We observed CYC and SAG 

neurons at DIV21 (early development) and DIV30 (matura-

tion onset), measuring neurite length, branching (nodes), 

and dendritic spine percentage. In the analysis, we avoided 

EGFP-labeled cells showing glial morphology (Figure S3E), 

which appeared in proportions similar to those detected 

through immunodetection.

At DIV30, we found that CYC neurons in the SAG envi-

ronment showed decreased neurite length and fewer nodes 

compared to neurons in other environments, especially in 

80:20 cultures, resulting in lower maturation (Figure 3D). 

Similarly, SAG neurons showed a significant decrease in 

the length of neurites in SAG cultures at DIV30 and 

over time, compared with those in 80:20 cultures. In 

addition, when comparing the two time points, we also 

observed a reduced number of nodes concluding that 

SAG neurons showed altered maturation in branching pat-

terns (Figure 3E).

The analysis of the dendritic spines (Figures S3A and 

S3B) highlighted a reduced percentage of spines on 

CYC neurons in both 50:50 and SAG conditions at 

DIV21 and DIV30 (Figure S3C). In contrast, the 

Figure 3. Morphological analysis of CYC and SAG neurons in pure and mixed cultures 

(A) Method outline. 

(B and C) Images of EGFP+-CYC or EGFP+-SAG neurons, respectively, in pure and mixed unlabeled cultures. Scale bar, 20 μm. 

(D and E) Quantitative analysis of neurite length and path nodes at DIV21 and DIV30. Mean ± SD and ordinary one-way ANOVA with Tukey’s 

multiple comparisons test are shown to compare samples at each time point; two-way ANOVA followed by �Sı́dák’s multiple comparisons test 

was performed for comparison over time. p values: *p value < 0.05, **p value < 0.01, ***p value < 0.001, ****p value < 0.0001; ns, not 

significant.
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maturation of SAG neurons’ spines seemed impaired at 

DIV21 in inhibitory-rich environments but showed no 

difference at DIV30 (Figure S3D). However, their spine 

percentage increased over time only in the 50:50 and 

SAG conditions, which is in line with the knowledge 

that medium spiny neurons in the striatum form abun-

dant dendritic spines during development (Steiner and 

Tseng, 2017). Overall, our results indicate that the 

composition of the surrounding neuronal population 

might influence the morphological maturation of a 

neuron. We observed alterations in neurite length, 

branching complexity, and dendritic spine density in 

both CYC and SAG neurons when cultured in mostly 

inhibitory environments, suggesting that the diverse 

cellular environments may impact the functional inte-

gration and connectivity of these neurons within cortical 

circuits.

Functional activity development of pure and mixed 

CYC and SAG neuronal networks

Primary cortical neurons in culture spontaneously 

develop neuronal networks with various activity patterns 

(Charlesworth et al., 2015; Dias et al., 2021). The E/I bal-

ance forms the basis for functional neural networks, sup-

porting cognition and memory. This balance is main-

tained at a single-neuron level by an appropriate ratio of 

excitatory to inhibitory synaptic inputs and at the 

network level by regulating the interaction between 

various excitatory and inhibitory circuits (He and Cline, 

2019). To simulate various E/I conditions, we analyzed 

pure CYC cultures (lacking ventrally migrated interneu-

rons), pure SAG cultures (enriched with GABAergic 

neurons), and mixed CYC:SAG cultures with different 

E/I ratios. Our analysis focused on the development of 

network activity patterns, specifically targeting the most 

abundant inhibitory neuron types, PV+ and SST+ neurons, 

which were maintained at consistent proportions 

throughout the maturation period. The immunostaining 

analysis showed that the relative proportions of PV+ 

(Figures S4A and S4B) and SST+ (Figures S4C and S4D) 

neurons remained the same at DIV30 and DIV45 

(Figures S4E and S4F).

Using a high-density microelectrode array (HD-MEA) 

comprising 4,096 channels, we conducted a longitudinal 

study of pure CYC and SAG cultures and mixed cultures 

with an 80:20 or 50:50 ratio (Figure 4A). As CYC culture 

contained 7% of PV+ cells and a negligible ratio of SST+ 

cells (Figure 2A) and SAG culture contained 73% of PV+ 

cells and 7% of SST+ cells (Figure 2B), the theoretical 

number of PV+ and SST+ inhibitory neurons in 80:20 

and 50:50 cultures is 21.6% and 43.5%, respectively. It 

should be noted, however, that the relative proportions 

of PV+ and SST+ neurons in both pure and mixed cultures 

differ from those observed in the cortex, where the ratio 

of inhibitory interneurons PV:Sst:VIP is approximately 

40:30:30 (Druga et al., 2023), thus representing an artifi-

cial experimental condition.

We first analyzed the mean firing rate (MFR) per chan-

nel, the mean burst rate (MBR) and duration (MBD), and 

the percentage of bursting electrodes and of random 

spikes. MFR increased over the time in all cultures with 

no significant differences between them (Figure 4B; 

Videos S1, S2, S3, S4, and S5). However, a clear difference 

was observed in bursting activity. Mixed cultures had a 

much higher number of bursting electrodes (Figures 4C 

and 4D, Supplementary movies VS1,3,4), with bursts ap-

pearing first in 50:50 and 80:20 cultures (DIV33), fol-

lowed by SAG cultures (DIV39) and finally CYC cultures 

(DIV45) (Figures 4E and 4F). MBR and MBD were also 

higher in mixed cultures compared to pure cultures 

(Figures 4E and 4F), indicating that combining the two 

cell types greatly enhances the ability to generate burst 

activity. Pure cultures showed the highest percentage of 

random spikes (Figure 4G), despite having a comparable 

MFR to mixed cultures (Figure 4B).

The pure CYC network developed different adhesion 

properties than SAG cultures (Figures S4G–S4I). They 

tended to form clusters (Figure S4G) with a thicker cell layer 

than SAG cultures (Figure S4I), although the average cell 

density was comparable between the two types of cultures 

(Figure S4H), suggesting different adhesion and connectiv-

ity properties. This led to a lower number of active channels 

in CYC cultures compared to mixed and SAG cultures 

(Figure S4J). However, the analysis of double-density cul-

tures confirmed that the difference in activity between 

CYC and 80:20 networks was not due to cell proportion 

on the electrodes (Figure S4K).

Because SAG cultures are predominantly inhibitory 

(80% inhibitory neurons) and CYC cultures have only 

7% inhibitory neurons, it appears that inhibitory neu-

rons play a key role in establishing bursting activities. 

To test this, we simulated self-organizing artificial neural 

networks with varying neuronal E/I ratios using the Izhi-

kevich spiking neuron model (2006). The model is 

simpler and faster than more complex biophysical 

models, making it ideal for studying large-scale networks 

(Izhikevich and Edelman, 2008). Our simulations of a 

1,000-neuron network with varying E/I ratios showed 

that the Instantaneous Network Firing (INF, see 

methods), a metric that in Izhikevich’s formulation 

most closely resembles the burst rate observed in biolog-

ical networks, followed a trend similar to our biological 

networks: maximum INF occurred at E/I ratios between 

800:200 and 500:500 (Figure S4L). Although the model 

aims to replicate the excitability and connectivity char-

acteristics of cortical excitatory and inhibitory neurons, 
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it remains a simplification. Nonetheless, the consistent 

results across two fundamentally different network types 

suggest that the E/I ratio’s effect on burst activity is an 

emergent property arising from complex network inter-

actions rather than being solely determined by individ-

ual neuronal characteristics.

Pure and mixed CYC and SAG cultures show distinct 

patterns of network burst activity

Spontaneous network activity underpins the development 

of functional networks in early stages (Teppola et al., 2019), 

and a key feature of this activity is the recurrence of intense 

network bursts (NBs) that rapidly propagate throughout 

the culture (Weihberger et al., 2013). We analyzed NBs in 

our cultures and found that they first appeared in mixed 

CYC:SAG cultures starting from DIV31 and then in pure 

SAG cultures, although at a very low extent, from DIV35, 

whereas they were almost absent in pure CYC cultures 

(Figures 5A and 5B).

At DIV45, NB duration (NBD) was comparable in the 

four cultures (Figure 5C), indicating that this parameter 

is independent of the NB frequency. The contrasting 

NB trends between CYC and 80:20 cultures, despite 

both having low PV+ and high glutamatergic neuron per-

centages, suggest a difference in their excitatory/inhibi-

tory connectivity. We thus investigated the role of 

Figure 4. Longitudinal analysis of elec-

trophysiological activity of CYC, SAG, 

and mixed cultures 

(A) Experimental outline. 

(B) Mean firing rate (MFR) of individual 

channels over time (n = 3 independent ex-

periments; mean ± SEM is shown). 

(C) Firing rate (spk/s) heatmap of repre-

sentative HD-MEAs; each pixel represents 

the integrated activity (5 min) of one 

channel at different DIV. 

(D–G) Percentage of bursting electrodes, 

mean burst rate (MBR), mean burst duration 

(MBD), and percentage of random spikes of 

individual channels at distinct DIV (n = 3 

independent experiments; mean ± SEM is 

shown).
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Figure 5. GABA inhibition critically affects network activity in pure and mixed CYC and SAG cultures 

(A) Top: activity raster plot (spike times per channel) of representative HD-MEA at the analysis endpoint (DIV45); bottom: average network 

firing rate. 

(B and C) Network burst rate (NBR) and network burst duration (NBD) (n = 3 independent experiments; mean ± SEM is shown). 

(D) Analysis as in (A), after BIC administration. 

(E and F) NBR and NBD after BIC administration (n = 3 independent experiments). 

(G) Analysis of the center of activity trajectories (CATs). Each blue dot represents the physical center of mass of the activity where the NB starts, 

while the colored line represents its own trajectory. The colored scale bar represents the time elapsed during the propagation of an NB.
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GABA, AMPA, and NMDA receptors in NB occurrence 

of mature networks (DIV45). Antagonists for AMPA 

(CNQX) and NMDA (AP5) receptors blocked NBs in all 

cultures (Figures S5A–S5E), consistent with their known 

role in burst activity (Jimbo et al., 2000). As the four cul-

tures have different degrees of GABAergic signaling, 

mainly due to the presence of different percentages of 

PV+ and SST+ interneurons, they respond differently to 

the administration of bicuculline (BIC), a GABAA recep-

tor antagonist. Mixed 80:20 and 50:50 cultures showed 

a slight increase in NB rate after BIC administration, 

while pure CYC and SAG cultures showed a massive in-

crease in both rate and duration (Figures 5D–5F). 

Notably, CYC NBR was even higher than the 80:20 

one, suggesting that this effect involves the activity 

recruitment of new neurons and is independent of cell 

density (see Figure S5F). This observation in the CYC cul-

ture, despite its low number of inhibitory neurons, indi-

cates that the ratio of PV+ and SST+ cells does not directly 

correlate with NB activity. We believe that this may be 

due to the development of different structural and func-

tional connectivity patterns, although this hypothesis 

requires further experimental investigation.

Using center of activity trajectory analysis (Chao et al., 

2007) to quantify network burst events, we found that 

when inhibitory activity was suppressed by BIC, NBs prop-

agated with similar properties across all four cultures 

(Figure 5G). In conclusion, BIC appeared to unmask an 

intrinsic capacity of CYC and SAG cultures to generate 

and propagate NBs.

Figure 6. GABA inhibition unmasks complex connectivity of the CYC network 

(A) Connectivity plots of representative neuronal cultures during spontaneous activity before (pre-BIC) and after (post-BIC) BIC 

administration. Each yellow point represents a node of the functional graph; colored lines represent the correlation strength between two 

points (only the 10% of the functional links are shown). The color bar indicates the correlation index. 

(B and C) Number of nodes and links before and after drug administration, respectively (n = 3 independent experiments).
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GABAergic and glutamatergic components differently 

impact on pure and mixed CYC and SAG functional 

networks

As GABAergic inhibition is responsible for masking the 

intrinsic NB activity of pure cultures compared to mixed 

cultures, we investigated whether a specific functional con-

nectivity analysis could explain the different effect of BIC 

on the NB activity of the four conditions. We compared 

functional network connectivity, which is the activity cor-

relation between channels, before and after administering 

BIC (Figure 6A), CNQX, and AP5 (Figure S6). The correla-

tion analysis allowed us to calculate the number of nodes 

and links of the spontaneous network activity (Figure 6B) 

and their changes after drug administration (Figure 6C). 

In the absence of drugs, the mixed cultures showed a 

similar number of nodes and links while SAG and CYC net-

works had fewer, with CYC showing the lowest number 

(Figure 6B). Each drug affected the four cultures differently 

(Figures 6C and S6). BIC had its most pronounced effect on 

CYC cultures, where it dramatically increased the number 

of nodes and links. This is significant because SAG cultures 

have a much higher proportion of PV+ and SST+ neurons 

than CYC cultures. Our results suggest that a very complex 

part of the CYC functional network was under strong 

GABAergic inhibition. This is consistent with studies 

showing that PV+ interneurons can significantly influence 

the excitatory activity of pyramidal neurons to compensate 

for overactive excitatory forces (Haider et al., 2006; Xue 

et al., 2014). Finally, while CNQX had almost no effect 

on SAG and 50:50 cultures as compared to CYC and 

80:20, AP5 decreased the number of nodes and links in 

all the cultures, although at different extents (Figure 6C). 

This indicates that the activity of NMDA receptors is impor-

tant in the developmental regulation of synaptic transmis-

sion, also mediated by both AMPA and GABAA receptors 

(Lu et al., 2011; Marsden et al., 2007), and plays a pivotal 

role in establishing NB activity and maintaining the deli-

cate E/I balance.

Network stimulation discloses different signal 

propagation properties of pure and mixed cultures

We analyzed the patterns of activity evoked by electrical 

stimulation in our cultures and compared them to the pat-

terns of spontaneous activity. At DIV50, we stimulated a 

single channel with 25 biphasic pulses. We measured the 

response by comparing spike counts before and after each 

pulse and averaging the responses over 25 repetitions. 

The single-channel stimulation evoked the activity of 

channels located at different distances within a 5 ms delay, 

suggesting direct functional connectivity (Figures 7A and 

S7A–S7D). The 80:20 condition was the most responsive, 

with the stimulus first recruiting a high number of posi-

tively correlated channels (red channels in Figure S7B), fol-

lowed by the appearance of negatively correlated channels 

(yellow channels in Figure S7B). In 50:50 and SAG cultures, 

the induction of positively correlated active channels was 

moderate, while the appearance of negatively correlated 

channels was more pronounced and earlier compared to 

80:20 cultures (Figures S7C and S7D). CYC cultures 

behaved differently, showing recruitment of almost all acti-

vated channels within 5 ms and appearance of negatively 

correlated channels with a 60 ms delay, more like the 

80:20 culture (Figure S7A).

We also analyzed the spatial dispersion of the signal 

based on the physical distance from the stimulation point 

(dispersion index in Figure 7B). Our findings reveal a corre-

lation between the dispersion index of the signal evoked by 

the stimulus and the PV+ cell ratio. All four cultures had a 

common peak in the dispersion index around 0.3– 

0.4 mm at 150 ms post stimulation. The 80:20 cultures 

had the most robust overall response but a low dispersion 

index at early times, suggesting a tendency to form local 

circuits. Conversely, 50:50 and SAG cultures showed 

more distant initial responses but a significantly lower 

overall response. We hypothesized that stronger inhibition 

in these cultures may locally suppress the initial response, 

promoting it farther from the stimulation site. We 

concluded that intermediate ratios of inhibitory neurons 

provide the best global activity due to a balance between 

signal propagation and inhibition.

Single-channel stimulation was never able to propagate 

to the entire network and to generate NBs. We speculated 

that stimulating a sufficient number of spontaneously 

active electrodes could evoke NBs. We selected the 7 

most active channels in each culture for simultaneous 

stimulation. In 80:20, 50:50, and SAG conditions, the 

electrical stimulation evoked a synchronized network ac-

tivity comparable to spontaneous NBs (Figures 7C–7E). 

CYC cultures did not generate NBs in response to the 

stimulus (Figure 7F): indeed, the response did not propa-

gate beyond the activated channels (enlarged detail of 

the raster plot in Figure 7F). This last observation suggests 

that a proper inhibitory ratio is required to integrate and 

organize a network circuit capable of propagating NBs 

(Tremblay et al., 2016). Moreover, we evaluated the dura-

tion of the induced NB (NBD). In the 80:20 configuration 

(Figure 7C), the duration was similar to the one of spon-

taneous NBs, leaving the network almost unchanged. In 

50:50 and SAG conditions, the duration of the induced 

NBs was shorter than the spontaneous NBs (Figures 7D 

and 7E) and chemically induced NBs (Figure 5F). These 

findings demonstrate that the presence of PV+ interneu-

rons significantly impacts the dispersion of neuronal ac-

tivity, influencing network connectivity and determining 

the capacity of cortical networks to generate synchro-

nous NBs.
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DISCUSSION

We studied how isolated and mixed cultures of DT and VT 

neurons develop and mature in vitro. Our analysis showed 

that these cultures, which have different molecular identi-

ties, also develop distinct network activity patterns.

CYC and SAG cultures expressed key marker genes 

consistent with DT and VT identity and matured opposite 

ratios of PV+ and SST+ inhibitory interneurons, very high 

(73% and 7%) in SAG cultures and very low (7% and less 

than 1%) in CYC cultures. Moreover, CYC cultures were en-

riched in glutamatergic vGlut1+ neurons (73%) whereas 

vGlut1+ neurons were 16% in SAG cultures. We observed 

that isolated CYC and SAG neurons could mature in each 

other’s cultures, allowing us to investigate the activity 

properties of networks with different E/I balance. We aimed 

to understand the basic requirements for generating 

neuronal networks that can produce spontaneous, corre-

lated activity, similar to what’s seen in early brain regions 

(Chiu and Weliky, 2001; Crochet et al., 2005). Although 

pure CYC cultures and mixed cultures had a similar MFR, 

the pure CYC cultures showed very little correlated (burst) 

activity. This changed when a low percentage of SAG neu-

rons were added: the 80:20 cultures exhibited more syn-

chronous firing patterns. This also reduced the percentage 

of random spikes and increased the number of bursting 

electrodes, significantly boosting the network burst rate 

(NBR) and NBD. This is a puzzling finding, because SAG 

Figure 7. Global response, dispersion index, and NBs evoked by stimulus are affected by E/I ratio 

(A) Distribution of the global response to single-channel stimulation, showing the average fraction of spikes starting from 5 to 150 ms 

(n = 3 independent experiments; mean ± SEM is shown). 

(B) Dispersion index indicating the distance of responses from the stimulated channel at different times from the stimulus (n = 3 in-

dependent experiments; mean ± SEM is shown). 

(C–F) Representative raster plots (C–F) and boxplots (C–E) showing NBs and NBD, respectively, during multiple electrode stimulation. The 

stimulus time is indicated by the blue line. On the right in (F): enlarged detail of CYC raster plot, highlighting only the electrodes that show 

a response to the stimulus (n = 3 independent experiments).
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cultures, which contain 80% PV+ and SST+ GABAergic neu-

rons, show almost no network bursting activity on 

their own.

Sukenik et al. sorted hippocampal neurons from E17 

mouse embryos by fluorescence-activated cell sorting into 

GAD+ and GAD− populations, which were then seeded at 

different ratios onto glial layers in microfluidic chambers 

(Sukenik et al., 2021). Using patch-clamp analysis, the au-

thors observed that an increase in the percentage of inhib-

itory neurons in primary neuronal cultures leads to a reduc-

tion of the total number of active incoming connections 

received by a neuron. This mechanism allows the network 

to maintain a similar E/I balance and, consequently, to sta-

bilize its spontaneous excitatory activity, adapting to 

diverse cellular compositions. While this observation is in 

line with the similar values of channel MFR that we 

observed in our different cultures (Figure 4B), it does not 

explain the lack of proportionality between E/I and syn-

chronous network activity. Thus, we speculated that a 

proper ratio of GABAergic neurons is required to mature 

local circuitry capable of burst activity formation and 

spreading. Our findings indicate that bursting activity 

peaks within an intermediate range of E/I ratios, both 

in vitro and in silico networks. The remarkable consistency 

across these disparate network models—namely in vivo bio-

logical systems and in silico computational simulations— 

suggests that the observed relationship between E/I ratio 

and bursting activity is not merely a sum of individual 

neuronal characteristics. Instead, it appears to be an emer-

gent property, arising from the intricate and complex inter-

actions within the neural network itself. This emphasizes 

the critical role of network dynamics in shaping neuronal 

activity patterns, rather than solely attributing them to 

intrinsic cellular properties. However, the mechanistic 

explanation of this phenomenon remains to be addressed 

both through in silico network models and in biological 

networks.

The presence of different circuits in pure and mixed 

cultures is suggested by the different types of network activ-

ity generated under spontaneous conditions, upon 

GABAergic release by BIC administration or electrical stimu-

lation. CYC cultures, which showed the lowest spontaneous 

NBR, generated the highest NBR together with SAG cultures 

after BIC treatment but were unable to induce NBs upon 

electrical stimulation. These observations, together with 

the shortest dispersion index shown by CYC cultures, point 

out that a too high E/I ratio develops a different network cir-

cuitry, confirming that an optimal E/I ratio is required to 

form local inhibitory networks capable of developing and 

spreading correlated activity.

Few studies have so far modeled cortical networks with 

precise E/I ratios. Different E/I ratios of iNeurons were 

used to evaluate the seizure liability of compounds by 

microelectrode array (MEA), identifying the 84/16 E/I bal-

ance as the best suited to detect concentration-dependent 

changes and to classify the mechanism of action of seiz-

urogenic compounds (Yokoi et al., 2022). Interestingly, 

this intermediate E/I balance showed the highest NB ac-

tivity compared to higher and lower balances, in accor-

dance with our observations that NBs are better supported 

by an intermediate E/I balance. Yokoi and co-workers 

observed that iNeuron cultures with the lowest E/I bal-

ance have the highest activity and the lowest response 

to GABA inhibitors, contrary to our observations in 

mESC cultures. A possible explanation for this difference 

could lie in the diverse characteristics and composition 

of the cell subtypes (i.e., different ratios of PV+ SST+ inter-

neurons) and the connectivity of the circuits formed in 

the two types of culture. MEA recordings were also utilized 

by other groups to study hiPSC-derived networks with 

varying E/I balance (see introduction) (Parodi et al., 

2023, 2024). These studies, which used different types of 

iNeurons, reported contrasting behaviors of networks 

with the highest E/I balance (100:0), showing lower or 

higher network activity and NBR than the other E/I bal-

ances in the case of low- or high-density MEAs, respec-

tively. However, the different molecular nature of iNeur-

ons compared to our cultures, especially the expression 

of non-telencephalic markers (Lin et al., 2021) and the 

lack of PV+ interneurons (Zhang et al., 2013) (see 

introduction), makes it difficult to compare the different 

datasets.

In our study, we expanded the analysis of various net-

works by examining their capacity to propagate stimulus- 

induced activity, underscoring the pivotal role of E/I 

balance. In addition, our study analyzes the network con-

nectivity at two levels, structural (dendritic branching 

and number of nodes, Figure 3) and functional (Figures 4, 

5, 6, and 7). By taking into account these network parame-

ters, which were neglected in previous research, we could 

better explain divergent activity patterns in networks 

with different E/I balances.

Our current in vitro cortical network model, derived from 

in vivo observations, has limitations compared to an intact 

in vivo network. These include differing ratios of PV+ and 

SST+ inhibitory interneurons, absence of VIP+ neurons, 

lack of thalamic afferents, and the general absence of vascu-

larization, microglia, and fine cellular complexity. Despite 

these differences, our findings suggest that our model offers 

significant advantages over iNeuron-based models, as it 

more faithfully recapitulates the cortical identity of gluta-

matergic neurons and PV+ interneurons. When applied to 

hiPSs, it represents a powerful tool for studying the role 

of E/I balance in shaping network activity during human 

neurodevelopment, particularly in the context of neurode-

velopmental disorders.
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METHODS

mESCs were differentiated into DT or VT lineages 

following a four-step protocol. In the first step (DIV0– 

DIV5), cells were cultured in a chemically defined mini-

mal medium supplemented with Wnt and BMP inhibitors 

(WiBi) and plated on poly-ornithine/laminin-coated (PL) 

surfaces. In the second step (DIV6–DIV10), DT and VT 

cells were generated adding cyclopamine (3 μM) and 

SAG (0.1 μM), respectively, to the WiBi medium. In the 

third step (DIV11-DIV20), cells were replated onto PL 

and maintained in neurobasal-A. From DIV20 onward, 

neurons were maintained in neurobasal-A medium sup-

plemented with 0.2 mM ascorbic acid and 20 ng/mL re-

combinant human BDNF protein. To prepare the mixed 

cultures of 80:20 and 50:50, neurons were splitted at spe-

cific time points. For MEA preparation, CYC and SAG neu-

rons were detached at DIV22, counted, mixed with the 

designed proportions and seeded on sterilized HD-MEA 

(Accura, 3Brain) (60,000 cells/chip), and allowed to 

adhere O/N.

Quantification analyses for density of glutamatergic 

and GABAergic vesicles were done by using the ImageJ 

Synapse Counter plugin (https://github.com/SynPuCo/ 

SynapseCounter). To study neuronal development in 

pure and mixed cultures, CYC and SAG cells were trans-

duced with EGFP lentivirus at DIV7 and selected via PuroR. 

At DIV17, EGFP-labeled and unlabeled neurons were com-

bined to create pure (cyclopamine-only, SAG-only) and 

mixed (80:20, 50:50) cultures, each with 1% EGFP-positive 

cells, and seeded on PL-treated glass (150,000 cells/cm2). 

Cultures were fixed with 2% paraformaldehyde at DIV21 

and DIV30 and analyzed by immunofluorescence. Neural 

length and the node number were evaluated by the Fiji 

SNT plugin.

Electrophysiological recordings were conducted using 

high-density CMOS-based 4096 microelectrode arrays 

(Accura, 3Brain) to evaluate spiking activity, bursting 

behavior, and network synchronization. Drug responses 

and functional connectivity were analyzed using custom 

Python scripts, with spike sorting and network analysis 

performed using principal-component analysis and cross- 

correlation methods.

The response to stimuli was measured by comparing 

spike counts before and after the stimulus within a defined 

time window (5–150 ms). The stimulus was repeated 25 

times, responses were averaged, and statistical confidence 

intervals were calculated. For data visualization, responses 

were displayed on a grid, with pixel intensity indicating 

response strength. The dispersion index, quantifying how 

spread out significant responses were across the grid, was 

calculated by estimating the average distances between 

responsive electrodes.

The self-organizing artificial neural network modeling 

was performed as described by Izhikevich, 2006 (see 

supplemental methods).

Comprehensive descriptions of all experimental proced-

ures are provided in the methods section of the 

supplemental information.
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