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SUMMARY28

The mouse cortex is a canonical model for studying how functional neural networks emerge,29

yet it remains unclear which topological features arise from intrinsic cellular organization ver-30

sus external regional cues. Mouse forebrain organoids provide a powerful system to investigate31

these intrinsic mechanisms. We generated dorsal (DF) and ventral (VF) forebrain organoids32

from mouse pluripotent stem cells and tracked their development using longitudinal electro-33

physiology. DF organoids showed progressively stronger network-wide correlations, while VF34

organoids developed more refined activity patterns, enhanced small-world topology, and in-35

creased modular organization. These differences emerged without extrinsic inputs and may36

be driven by the increased generation of Pvalb+ interneurons in VF organoids. Our findings37

demonstrate how variations in cellular composition influence the self-organization of neural38

circuits, establishing mouse forebrain organoids as a tractable platform to study how neuronal39

populations shape cortical network architecture.40
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1 Introduction41

The assembly of neural circuits during brain development requires precise coordination of42

molecular cues and activity-dependent refinement1,2. Pluripotent stem cell (PSC)-derived fore-43

brain organoids have emerged as invaluable tools for studying neuronal development, matu-44

ration, disease mechanisms, and evolution3–6. Over the past decade, advancements in tissue45

engineering and stem cell biology have significantly improved the reproducibility of forebrain46

organoid generation and their long-term maintenance, particularly in human and nonhuman47

primate models5–10.48

Spontaneous electrical activity arises in forebrain organoids and strengthens as they ma-49

ture11–15. However, the extent to which this activity mirrors normal developmental processes50

remains a topic of debate16,17. A key limitation is the scarcity of primary fetal tissue for compar-51

ative studies, compounded by challenges in maintaining its viability for longitudinal functional52

analyses3,9,18. These issues impede rigorous validation of organoid fidelity to native tissue.53

The emergence of electrical networks in mouse brain development is well-documented19.54

During cortical development, neurons exhibit highly synchronized patterns of spontaneous ac-55

tivity, dominated by correlated bursts of action potential firing that shape early network dynam-56

ics20. As the excitation/inhibition (E-I) ratio shifts toward inhibition, this synchronized activity57

transitions to sparser and less correlated firing among cortical neurons19–22. During postna-58

tal maturation, the network develops two defining characteristics: (1) a small fraction of hub59

neurons make disproportionately many connections and strongly influence overall network ac-60

tivity23, and (2) a “small-world architecture”, characterized by dense local connectivity between61

neighboring neurons with sparse long range connectivity24,25. Current evidence suggests that62

these properties may emerge from intrinsic developmental programs rather than sensory ex-63

perience23, making them ideal targets for organoid-based investigation.64

PSC-derived mouse forebrain organoids were first described by the Sasai group in 200565

and subsequently refined26,27. While most organoid research has focused on human mod-66

els8,28–30, mouse forebrain organoids have typically followed the GMEM-based Sasai proto-67

col31–33 or used reaggregated primary neuronal progenitors34,35. Alternative approaches have68

generated unguided organoids with forebrain properties36,37 or limited cortical induction38. Re-69

cent advances using N2B27 medium enabled generation of cortical projection neurons last-70

ing 40 days39,40, but protocols for electrically mature mouse forebrain organoids suitable for71

network-level comparisons remain needed.72

Here, we established an optimized system for generating dorsal (DF) and ventral forebrain73

(VF) organoids frommouse PSCs. We demonstrate that these models develop distinct network74

architectures. DF organoids exhibit progressive synchronization, whereas VF organoids, which75

are enriched with Pvalb+ interneurons, display refined hub dynamics and stabilized connectiv-76

ity. Both types form small-world networks but show different topological organization, revealing77

how cellular composition shapes intrinsic self-organization. This work establishes mouse fore-78

brain organoids as a valuable model for studying the developmental principles of cortical circuit79

assembly and their dysregulation in disease.80

2 RESULTS81
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2.1 A Standardized Protocol for Dorsal Forebrain Organoid Generation82

Previous work from our group and others has demonstrated that GMEM-based dorsal fore-83

brain (DF) organoids can generate neurons capable of electrophysiological maturation31–33.84

However, these neurons are often sparse and insufficient for modeling circuit-level neuronal85

dynamics31–33. To address this limitation, we optimized a robust protocol for generating DF86

organoids using mouse embryonic stem cells (mESCs) (Figure 1A).87

To establish DF organoids, we aggregated 3,000 mESCs per well in lipidure-coated V-88

bottom 96-well plates. After 24 hours, the resulting embryoid bodies were transitioned to fore-89

brain differentiation medium (DMEM/F12 supplemented with N-2 and B-27 minus Vitamin A).90

Forebrain identity was induced by inhibiting WNT and TGF-β signaling using 5 µM XAV93991

and 5 µM SB431542, with daily media changes being essential. On Day 5, organoids were92

transferred to ultra-low adhesion plates under continuous orbital shaking. From Days 6–14,93

neuronal differentiation was promoted using Neurobasal-A and BrainPhys media (1:1 ratio)94

supplemented with B-27 (minus Vitamin A), N-2, and 200 µM ascorbic acid to support progen-95

itor expansion, with media refreshed every other day. By Day 15, organoids were maintained96

in BrainPhys medium enriched with B-27 Plus, chemically defined lipids, and heparin, while97

ascorbic acid was phased out by Day 25. To maintain consistency, organoid density was strictly98

controlled at 16 per well to ensure uniform nutrient availability (Figure 1A).99

Our updated protocol led to a marked increase in Pax6 expression in DF organoids relative100

to our earlier GMEM-based method33, consistent with enhanced forebrain progenitor specifica-101

tion (Figure S1A-B). In addition, the new protocol reduced the proportion of off-target cell types102

and improved overall neuronal yield compared to the GMEM-based organoids (Figure S1C-F).103

We evaluated marker expression in DF organoids using immunohistochemistry (IHC) at key104

developmental stages. By Day 10, DF organoids expressed progenitor markers (Sox2), exhib-105

ited axial polarity Pkcζ, and displayed extracellular matrix components of the neuroepithelium106

(N-cadherin) (Figure A-B). Organoids expressed the intermediate progenitor marker Tbr2, the107

neuronal marker Tubb3, and the dorsal forebrainmarkers Tbr1 and Brn2 (Figures 1B, B-D). This108

corresponds to mid corticogenesis, where deep-layer (Tbr1+) neurons have been born, and109

upper-layer progenitors (Brn2+) occupy the ventricular and subventricular zones41–43. Small110

populations of GABA+ interneurons were also detected (Figure E)44,45.111

By Days 30–40, forebrain maturation was evident through the expression of the corticofugal112

projection neuron marker Bcl11b (also known as Ctip2) and continued Brn2 expression in post-113

mitotic callosal projection neurons (Figure 1B)43,46–48. We observed the presence of Gfap+114

astrocytes, along with GABA+ interneurons (Figures 1B, F-H)49–51. Notably, a small population115

of Pvalb+ interneurons was consistently observed, aligning with previous findings that a three-116

dimensional environment supports their development35,52. Additionally, Sst+ interneurons were117

present (Figure 1B).118

To systematically assess the robustness of our protocol, we performed single-cell RNA se-119

quencing (scRNA-seq) on DF organoids derived from three genetically distinct mESC lines120

(Figure 1C-G): BRUCE4 (C57BL/6 background)53, ES-E14TG2a (129/Ola background)54, and121

KH2 (C57BL/6 × 129/Sv hybrid)55. Organoids were collected at Days 16, 30, and 60 to capture122

transcriptional dynamics across differentiation.123

To minimize batch effects, cells from all three lines were pooled before sequencing and124

subsequently de-multiplexed by genotype. In total, we obtained single-cell transcriptomes for125
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17,970 cells (Day 16 = 5,696; Day 30 = 7,215; Day 60 = 5,059). Uniform manifold approxima-126

tion projection (UMAP) visualization and subsequent analysis identified clusters corresponding127

to major cell classes (Figure S2A-B), categorized as Stmn2+/Map2+ neuronal cells, Top2a+128

cycling progenitors, Gfap+/Vim+ glial cells, and ’other’ if unclassified (Figure S2B-C). Further129

subdivision of clusters identified Slc17a6+ glutamatergic neurons, Ctip2+ and Satb2+ forebrain130

neurons, Pvalb+ and Sst+ interneurons, Pax6+ radial glia, and Top2a+ cycling cells (Figure 1C-131

F). Non-neuronal populations included Pdgfra+ oligodendrocytes, Folr1+ choroid plexus cells,132

Dcn+ mesenchymal cells, Krt8+ epithelial cells, and Krt15+ ependymal cells (Figure S2C).133

As differentiation progressed, cellular diversity increased, yet proportional representation134

remained approximately consistent across all three mESC lines (Figures 1D-E and S2D-E). To135

further validate cellular identities, we performed anchor-based label transfer, mapping organoid136

transcriptomes onto a primary tissue reference UMAP56,57. As a reference, we used an atlas of137

the developing mouse cerebral cortex spanning E10.5 to postnatal day (P) 4 (Figure 1G)3 . The138

organoid-derived cells successfully mapped onto the full spectrum of forebrain cell types, in-139

cluding neuronal progenitors, projection neurons, interneurons, and non-neuronal populations.140

Together, these findings indicate that our protocol reliably recapitulates forebrain specification141

while maintaining robustness across multiple genetic backgrounds.142
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Figure 1. An optimized protocol for dorsal forebrain organoid development.
(A) Schematic of the protocol for DF organoid development.
(B) IHC of DF organoids at different time points. (Top) Day 10 DF organoids stained for Pkcζ (green,
marks apical polarity in neuroepithelium) and Sox2 (red, neural progenitor marker); N-cadherin (green,
marks apical adherens junctions) and Brn2 (red, upper-layer neural progenitor marker and callosal
projection neuron marker). (Middle) Day 30 DF organoids stained for Ctip2 (green, marker for
deep-layer corticofugal projection neurons) and Brn2 (red); Map2 (green, neuronal marker) and GABA
(red, inhibitory interneuron marker). (Bottom) Day 40 DF organoids stained for Ctip2 (green, marker for
deep-layer corticofugal projection neurons) and Brn2 (red); Sst (green, somatostatin-expressing
interneuron marker) and Pvalb (red, parvalbumin-expressing interneuron marker). DAPI nuclear
counterstain shown in blue. Scale bars: 50 or 100 µm.
(C) UMAP visualization of cell types in DF organoids. INs = interneurons, PN progenitors = projection
neuron progenitors.
(D) Cell class distribution across three different cell lines: ES-E14TG2a, BRUCE4, and KH2. Cells that
could not be confidently identified by genotype were labeled as ”unassigned”.
(E) Dot plot showing marker expression patterns across neuronal cell populations.
(F) FeaturePlot of canonical neuronal markers: Stmn2, Slc17a6, Bcl11b, Sox2, Pvalb, and Sst.
(G) Anchor-based label transfer mapping between primary tissue (developing mouse cerebral cortex)
and organoid (DF organoids) datasets. DL CPN = deep layer callosal projection neuron, UL CPN =
upper layer callosal projection neuron, SCPN = subcerebral projection neuron, CThPN =
corticothalamic projection neuron, VLMC = vascular and leptomeningeal cells.

2.2 Progressive Network Maturation in Dorsal Forebrain Organoids144

To characterize the development of network activity in DF organoids, we performed longitu-145

dinal extracellular recordings using high-density multi-electrode arrays (HD-MEAs; MaxONE,146

Maxwell Biosystems). These arrays, equipped with 26,400 recording sites and simultaneous147

readout from 1,024 channels, enable network-level analysis at single-cell resolution11–13,32,58.148

Neural activity was analyzed across three developmental stages: early (days 23–33; 15 record-149

ings with 3,678 aggregated putative neurons), intermediate (days 34–45; 55 recordings with150

16,281 aggregated putative neurons), and late (days 46–64; 49 recordings with 10,037 ag-151

gregated putative neurons). We quantified network function using two key measures: firing152

rates, which capture individual neuronal activity (Figure 2B), and the spike-time tiling coefficient153

(STTC) with a window of 10ms, which reflects pairwise temporal correlations independent of154

firing rate23,59 (Figure 2C).155

Both measures exhibited significant developmental increases. Log-transformed mean firing156

rates progressively rose across stages (early = 0.179 ± 0.04 Hz; intermediate = 0.38 ± 0.02157

Hz; late = 0.45 ± 0.03 Hz; p < 0.001) (Table S1), consistent with prior in vivo observations21,23158

(Figure 2B). Log-transformed mean STTC values also increased with age (early = -1.11 ± 0.04;159

intermediate = -1.02 ± 0.016; late = -0.92 ± 0.02; p < 0.001), indicating stronger spike-time cor-160

relations and progressive network synchronization (Figure 2C). Notably, this trend differs from161

the sparsification typically observed in the developing mouse brain and may reflect the absence162

of external inputs or interneuron-mediated refinement in DF organoids21,23,60. Despite these163

differences, the distributions of both measures followed log-normal distributions, consistent with164

fundamental electrophysiological features of neural systems61 (Figure S3A–D). These results165

underscore the utility of DF organoids as a minimalistic platform for studying principles of neural166

circuit maturation.167

We next asked whether our differentiation protocol yields consistent electrophysiological pro-168
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files across distinct genetic backgrounds. To this end, we analyzed organoids derived from169

three cell lines (BRUCE4, ES-E14TG2A, KH2), as shown in Figure 1. When comparing log-170

transformed mean firing rates, no significant differences were detected during the early stage171

(BRUCE4: 0.18 ± 0.18 Hz; ES-E14TG2A: 0.12 ± 0.13 Hz; KH2: 0.30 ± 0.17 Hz; Bonferroni-172

corrected p > 0.17) (Figure S4A) (Table S2). In the intermediate stage, both BRUCE4 and KH2173

exhibited slightly but significantly higher rates than ES-E14TG2A (BRUCE4: 0.38 ± 0.06 Hz;174

ES-E14TG2A: 0.24 ± 0.06 Hz; KH2: 0.43 ± 0.05 Hz; p < 0.016), while by the late stage, only175

BRUCE4 remained significantly different from ES-E14TG2A (0.45 ± 0.06 Hz vs. 0.33 ± 0.06176

Hz; p = 0.025). However, linear mixed-effects modeling revealed no significant differences in177

firing rate trajectories across lines (BRUCE4: slope = 0.011, intercept = -0.07; ES-E14TG2A:178

slope = 0.01, intercept = -0.21; KH2: slope = 0.011, intercept = -0.03; p > 0.017) (Figure S4B).179

A similar pattern was observed for STTC values. In the early stage, differences between cell180

lines were not significant (BRUCE4: -1.11 ± 0.03; ES-E14TG2A: -1.124 ± 0.02; KH2: -1.16 ±181

0.03; p > 0.17) (Figure S4C) (Table S2). In the intermediate stage, BRUCE4 exhibited higher182

STTC values than KH2 (-1.02 ± 0.04 vs. -1.14 ± 0.04; p = 0.002), and in the late stage,183

ES-E14TG2A surpassed KH2 (-0.87 ± 0.06 vs. -1.02 ± 0.06; p = 0.010). Yet, as with firing184

rates, developmental trajectories were similar (BRUCE4: slope = 0.006, intercept = -1.23; ES-185

E14TG2A: slope = 0.009, intercept = -1.35; KH2: slope = 0.005, intercept = -1.26; p > 0.05 for186

all comparisons) (Figure S4D).187

In summary, while subtle differences in firing rate and STTC were evident at specific stages,188

overall developmental patterns were conserved across cell lines. These findings suggest that189

our protocol generates comparable electrophysiological networks regardless of genetic back-190

ground.191
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Figure 2. Electrophysiological characterization of dorsal forebrain organoid
development.
(A) Schematic of the recording setup using an HD-MEA chip.
(B) Representative raster plot showing neuronal activity, with the population firing rate over time (blue).
Units sorted by mean firing rate. (C) Spike time tiling coefficient (STTC) matrix showing correlation
between unit spike trains, sorted by mean firing rate.
(D-E) Violin plots showing log transformed mean firing rates (Hz) (D) and log transformed mean STTC
(E) over early (23-33 days), mid (34-45 days), and late (46-64 days). (n = 16 organoids, 28,809 units)
(F-G) Linear mixed-effects model predicted line plot of the log transformed mean firing rate distribution
(F) and log transformed STTC (G).
ns = not significant, * Significant after Bonferroni correction p < 0.017, Kolmogorov–Smirnov test (D-E),
Mixed-effects model (F-G). Data shown as mean ± CI.

2.3 Excitatory-Inhibitory Interplay Modulates Neural Dynamics in Dorsal Fore-192

brain Organoids193

The observed continual increase in DF organoids’ STTC may stem from the relatively low num-194

ber of inhibitory interneurons62. This decrease in correlation is thought to be due to the integra-195

tion andmaturation of interneurons into the circuit shifting the E-I ratio towards inhibition20,23. To196

investigate how the E-I balance affects network dynamics, we pharmacologically manipulated197

synaptic activity.198

As a control, we tested dimethyl sulfoxide (DMSO), the vehicle for drug treatments which had199

an insignificant effect on firing rate and STTC values (FR: baseline = 22.03 ± 1.19; DMSO =200

19.63±1.23; p = 0.2134) (STTC: baseline = 0.168±0.014; DMSO = 0.116±0.010; p = 0.5245)201

(Tables S3,S4) (Figure S5A). Blocking NMDA receptors with APV (2-amino-5-phosphonovaleric202

acid) produced no significant changes in connectivity relative to the vehicle control (STTC:203

baseline = 0.126 ± 0.010; APV = 0.132 ± 0.011; p = 0.4584) (Tables S3,S4) (Figure S5B).204

In contrast, inhibiting AMPA/Kainate receptors with NBQX (2,3-dihydroxy-6-nitro-7-sulfamoyl-205

benzo(F)quinoxaline) significantly disrupted bursting activity and reduced network connectivity206
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(STTC: baseline = 0.063± 0.010; NBQX = 0.022± 0.004; p = 0.0033) (Tables S3,S4) (Figure207

S5C). This result aligns with the established 3:1 AMPA:NMDA receptor ratio in cortical projec-208

tion neurons, which accounts for the differential effects observed where AMPA/Kainate receptor209

inhibition substantially disrupted network connectivity while NMDA receptor blockade produced210

minimal impact63.211

To examine the role of inhibition, we blocked GABAA receptors with Gabazine, which artificially212

elevates the E-I ratio (Figures 3A-B, S5D)12,49,64. This treatment showed prolonged burst du-213

ration and inter-burst intervals (Figure S6). Gabazine also had a pronounced effect on network214

synchrony by increasing STTC values (baseline = 0.107 ± 0.011; Gabazine = 0.188 ± 0.014;215

p = 2.52 × 10–5) (Tables S3,S4), whereas firing rates remained largely unchanged (baseline216

= 20.81 ± 1.24; Gabazine = 23.06 ± 1.46; p = 0.789) (Tables S3,S4) (Figures 3C-D, S5D).217

The artificial reduction of inhibitory control underscores the key role of interneurons in structur-218

ing network activity, supporting the notion that they fine-tune connectivity patterns even in the219

absence of sensory input.220

221
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Figure 3. E-I balance regulates temporal coordination in dorsal forebrain organoid
networks.
(A) Experimental schematic of the recording protocol: 10-minute baseline recording, followed by a
30-minute drug incubation period, and a 10-minute post-incubation recording.
(B-C) Violin plots showing (B) firing rates and (C) STTC distributions during baseline (blue) and after
Gabazine incubation (orange). (n = 3 organoids, 133 total units).
(D) STTC matrices sorted by firing rate (high to low). (Left) STTC matrix for baseline conditions.
(Right) STTC matrix after Gabazine incubation. Color scale indicates STTC values from 0 to 1.
ns = not significant, *p < 0.05, **p < 0.001, ***p < 0.0001, Mixed-effect models.

2.4 Generation and Characterization of Ventral Forebrain-Enriched Organoids222

To investigate the role of inhibitory interneurons in network formation, we developed a ventral223

forebrain-enriched (VF) organoid model by temporally activating the Sonic Hedgehog (SHH)224

pathway65–68. Specifically, forebrain progenitors were treated with the smoothened agonist225

(SAG), a potent SHH activator69, during the first 14 days of differentiation (Figure 4A-B). This226

treatment led to the upregulation of the medial ganglionic eminence (MGE) progenitor marker227

Nkx2.170 and downregulation of the dorsal forebrain progenitor marker Pax671 by day 10 (Fig-228

ures 4C, S7A-B and S8A-B). IHC quantification confirmed a significant shift in regional specifi-229

cation: Pax6 expression was enriched in DF organoids compared to VF organoids (DF = 57.78230

± 38.20%; VF = 16.64 ± 17.81%; p = 5.89×10–9), whereas Nkx2.1 expression was significantly231

higher in VF organoids (DF = 1.82 ± 2.12%; VF = 34.64 ± 20.06%; p = 3.77 × 10–15) (Figures232

4D, S7A-B and S8A-B). VF organoids also expressed neuronal progenitor marker Sox2, the233

axial polarity marker Pkcζ, and the neuronal marker Tubb3 (Figure S7C-D). Furthermore, to234

bias the differentiation of interneurons toward a Pvalb+ identity, we treated the organoids with235

the MEK/ERK pathway inhibitor PD0325901 in conjunction with SAG72,73.236

To further characterize VF organoids, we performed scRNAseq at differentiation day 60, inte-237

grating 5,059 DF and 6,111 VF cells into a unified UMAP space (Figure S8C). Cell classes were238

annotated based on marker genes, as shown in Figure 1, and their distributions remained con-239

sistent across the three cell lines analyzed (Figure S8D-F). Sub-setting the neuronal population240

and re-clustering in new UMAP space, cell classes were labeled as Glutamatergic (Slc17a6+),241

Forebrain (Satb2/Ctip2+), Non-forebrain (Satb2/Ctip2– and Map2+), and Pvalb+. This revealed242

a distinct interneuron-enriched cluster in VF organoids, particularly within the Pvalb+ population243

(Figure 4E-G).244

To validate interneuron identity, we performed IHC on serial 20 µm cryosections, confirming245

robust GABA expression in the same regions as Pvalb+ and Sst+ cells (Figure 4H). We also246

examined perineuronal nets (PNNs), which serve as functional markers of mature Pvalb+ in-247

terneurons. In the mature brain, PNNs are induced by surrounding projection and inhibitory248

neurons, but not by Pvalb+ interneurons themselves74. Using Wisteria floribunda agglutinin249

(WFA) labeling74, we observed extensive PNN formation in Pvalb+ regions of VF organoids250

(Figure 4H). This finding is consistent with our previous work, where mouse interneuron pro-251

genitors grafted onto forebrain organoids upregulated Pvalb expression and formed PNNs35,252

further supporting the functional maturation of interneurons in VF organoids.253
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Figure 4. Characterization of the Braingeneers protocol for VF organoid development.
(A) Schematic representation of DF (green) and VF (purple) regions.
(B) Schematic of the Braingeneers protocol for VF organoid development.
(C) IHC of Day 10 organoids showing DF marker Pax6 (green) and VF marker Nkx2.1 (red). DAPI
nuclear counterstain shown in blue. Scale bars: 100 µm. (n = 20 organoids from 4 different batches for
DF and VF each)
(D) Quantification of Pax6+ and Nkx2.1+ cells across DF and VF patterned organoids.
(E) UMAP visualization of neural populations identified in Day 60 single-cell RNA sequencing
(scRNA-seq).
(F) Cell type proportion distribution comparing DF and VF patterning.
(G) Dot plot showing marker expression patterns across neuronal populations.
(H) IHC of Day 30 VF organoids showing GABA (magenta), Sst (green), Pvalb (red), and WFA (gray).
DAPI nuclear counterstain shown in blue. Scale bars: 100 µm and 50 µm (inset).
*** p < 0.0001; Mann-Whitney U test. Data shown as mean ± SEM.

2.5 Dorsal and Ventral Forebrain Organoids Exhibit Distinct Network Dynamics254

To understand the contribution of interneurons to circuit formation in organoids, we compared255

the electrophysiological development of VF organoids to DF organoids. First, we performed256

longitudinal HD-MEA recordings of the VF organoids at the same timepoints as those for the DF257
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organoid recordings Figure 2. In VF organoids, log-transformed mean firing rates significantly258

increased from early to mid (p = 0.001) and early to late stages (p = 0.002), but not between259

mid and late development (p = 0.76). Specifically, firing rates increased from 0.10 ± 0.08 Hz260

(23–33 days) to 0.29 ± 0.09 Hz (34–45 days), and then plateaued at 0.27 ± 0.09 Hz (46–64261

days) (Figure 5B, Table S5).262

When comparing firing rates between VF and DF organoids at matched time points, we found263

no significant differences at early or mid stages. However, DF organoids displayed modest but264

statistically significant higher firing rates at late stages (DF: 0.45 ± 0.03 Hz; VF: 0.37 ± 0.05 Hz;265

p = 0.019) (Table S6). Mixed-effects modeling of age-related changes in firing rates showed no266

significant difference in developmental slopes (DF: 0.01 ± 0.002; VF: 0.0107 ± 0.004; p = 0.74)267

or intercepts (DF: -0.031 ± 0.08; VF: -0.14 ± 0.17; p = 0.54), indicating overall similar temporal268

dynamics between the two types of organoids (Figure 5B).269

In contrast, when examining network synchrony, as measured by STTC, we found divergent270

developmental trajectories. STTC values in VF organoids remained relatively stable across de-271

velopment (Figure 5C, Table S6), whereas DF organoids exhibited a steady increase. Mixed-272

effects analysis confirmed a significant difference in the rate of change (slope) between DF and273

VF STTC values (DF: 0.008 ± 0.001; VF: 0.002 ± 0.003; p = 0.04), while intercepts were not274

significantly different (DF: -1.33 ± 0.06; VF: -1.10 ± 0.12; p = 0.06) (Figure 5D). These results275

suggest that although firing rates in VF and DF organoids follow similar patterns, their devel-276

opmental progression in network synchrony diverges. Specifically, the absence of increasing277

STTC values in VF organoids suggests that the presence of interneurons alters how network278

synchrony evolves over time, leading to a different pattern of circuit refinement compared to DF279

organoids. However, unlike the progressive decorrelation seen in vivo19,20,23, neither organoid280

model displayed a continual reduction in synchrony, pointing to the likely importance of sensory281

input or other external factors for driving full maturation.282
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Figure 5. Dorsal and ventral forebrain organoids exhibit distinct developmental
trajectories in neural dynamics.
(A) Violin plots showing the distribution of log-transformed firing rates across three developmental
stages in organoids: pink (23-33 days), blue (34-45 days), and yellow (46-64 days) (n = 18 organoids,
7,489 units). Asterisks indicate significant differences between age groups.
(B) Scatter plot with regression lines (LME) showing the relationship between log-transformed firing
rate (y-axis) and age in days (x-axis) for Dorsal (green) and Ventral (purple) organoids. Individual data
points represent recorded units. ”ns” indicates non-significant difference between the slopes of the two
organoid types.
(C) Violin plots displaying the distribution of log-transformed spike time tiling coefficients (STTC)
across the same three developmental stages. Colors correspond to developmental stages: pink
(23–33 days), blue (34–45 days), and yellow (46–64 days). ”ns” indicate non-significant differences
between age groups.
(D) Scatter plot with regression lines illustrating the relationship between log-transformed STTC (y-axis)
and age in days (x-axis) for Dorsal (green) and Ventral (purple) organoids. Statistical comparison was
performed on slope. Asterisk indicates significant difference between the slopes of patterning types.
*p < 0.05, **p < 0.001, ***p < 0.0001, ns = not significant, Mixed-effects model. Data shown as mean ±
CI.

13

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 2, 2025. ; https://doi.org/10.1101/2025.05.01.651773doi: bioRxiv preprint 

https://doi.org/10.1101/2025.05.01.651773
http://creativecommons.org/licenses/by-nc-nd/4.0/


2.6 Ventral Organoids Develop Stronger Small-World Topology Through En-283

hanced Local Clustering284

Understanding how interneurons shape hierarchical activity provides a foundation for exploring285

the broader network topology that emerges during organoid development. Beyond individual286

neuronal firing rates and correlations, network topology encompasses the overall organiza-287

tional patterns that define information flow and processing efficiency75–80. Here, we leverage288

graph-theoretical approaches to examine how DF and VF organoids develop distinct network289

architectures and assess whether interneuron integration drives topological differences in these290

models.291

Neural networks exhibit a spectrum of topological organization that directly impacts their infor-292

mation processing capabilities80 (Figure 6A). At one end, regular networks feature high clus-293

tering coefficients (C) and path lengths (L), creating tight-knit local connections but inefficient294

long-distance communication as signals must navigate through multiple intermediate nodes.295

At the opposite end, random networks with low values for both metrics offer shortcuts that296

reduce path length at the expense of coordinated local processing. Small-world networks rep-297

resent a network architecture that balances local processing power with global efficiency. By298

maintaining high clustering coefficients while achieving short path lengths through strategic299

connections, these networks enable both specialized local computation and rapid information300

integration across distant regions. The small-world index (S) quantifies the extent to which a301

network exhibits these properties, calculated as the ratio of the normalized clustering coefficient302

to the normalized path length (S = Cnorm/Lnorm). Values significantly greater than 1 indicate a303

network structure that preserves local processing efficiency while ensuring rapid communica-304

tion across distant regions75,76.305

To evaluate network properties in our organoids and quantify their position along the topological306

spectrum from regular to small-world to random organization, we implemented an analytical307

framework based on surrogate data comparisons. For each organoid recording, we constructed308

a network representation by generating 1,000 surrogate datasets in which neuron IDs were309

shuffled while preserving mean firing rates and population activity. This approach maintained310

overall activity levels while disrupting temporal relationships between neurons81,82 . STTC311

values exceeding the 90th percentile of the surrogate distributions were considered significant312

and included in the binary adjacency matrix for further analysis. These surrogates were used313

for all subsequent network topology characteristics23.314

We compared S across developmental stages in both DF and VF organoids, revealing a pro-315

gressive increase in small-world organization over development (Table S7, S8). During the316

early developmental stage (23–33 days), S values were significantly lower in DF organoids317

compared to VF organoids (DF mean = 2.46 ± 0.3; VF mean = 3.14 ± 1.7; p < 0.0033) (Fig-318

ure 6B). This difference remained significant through the intermediate stage (34–45 days) (DF319

mean = 2.63±0.3; VF mean = 3.30±2.2; p < 0.0033) and persisted into the late developmen-320

tal stage (46–64 days) (DF mean = 2.65 ± 0.4; VF mean = 3.37 pm1.2; p < 0.0033) (Figure321

6B). These findings indicate that while the magnitude of regional differences remains consistent322

across age groups, VF organoids develop a more pronounced small-world topology over time.323

To further investigate the drivers of these topological differences, we analyzed Lnorm and Cnorm324

across conditions and developmental stages. Both metrics showed significant differences be-325

tween DF and VF organoids at all time points (all p < 0.0033) (Table S9). However, Cnorm326
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emerged as the primary determinant of small-world organization, displaying a strong positive327

correlation with S (p = 3.57×10–32). Notably, VF organoids exhibited significantly higher Cnorm328

than DF organoids, particularly during late maturation (46–64 days) (DF median = 3.37 ± 0.7;329

VF mean = 4.29 ± 1.3; p < 0.0033) (Table S9). This suggests that the more pronounced330

small-world topology observed in VF organoids is largely driven by increased local clustering,331

potentially reflecting enhanced interneuron-mediated connectivity.332

Figure 6. Distinct network topologies highlight organizational differences between
dorsal and ventral forebrain organoids.
(A) Schematic representations of different network topologies: Regular (Top), Small-World (Middle),
and Random (Bottom).
(B) Violin plots showing the distribution of small-world index (S) (Left) for DF (Top) and VF (Bottom),
clustering coefficient (C) (Center), and path length (L) (Right), each normalized against random
surrogate networks.
*p < 0.0167, **p < 0.0033, ***p < 0.00033 (Bonferroni corrected), Mixed-effects model.

2.7 Divergent Network Specialization in Dorsal and Ventral Organoids333

Given the differences in small-world organization between DF and VF organoids, we next an-334

alyzed network specialization to further characterize their functional architecture. We applied335

k-core decomposition to assess hierarchical organization within the networks83. This iterative336

method identifies densely connected core regions by systematically removing nodes with fewer337

than k connections, beginning at k = 1. After each step, node degrees are recalculated, and338

the process continues until no more nodes can be pruned. The remaining subgraph at the339

highest k value represents the most interconnected ”core” of the network, while the removed340

nodes constitute the ”periphery”84,85 (Figure 7A). This approach allows us to probe the balance341

between centralized hubs and distributed connectivity across development.342

Core-periphery comparisons revealed no significant differences in functional connectivity be-343

tween DF and VF organoids at early stages (days 23–33) (DF = 0.17±0.02; VF = 0.13±0.03; p344

= 0.54). However, by the intermediate stage, DF organoids exhibited significantly higher core-345

periphery interaction than VF organoids (DF = 0.17± 0.01; VF = 0.10± 0.03; p = 2.11× 10–4),346
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a difference that became more pronounced in later stages (DF = 0.18±0.01; VF = 0.08±0.02;347

p = 6.14 × 10–5) (Figure 7B-C). These results show a divergence in network organization:348

DF organoids sustain a highly integrated architecture with strong core-periphery connectivity,349

whereas VF organoids progressively adopt a more segregated and modular structure. This350

contrast suggests that dorsal networks prioritize globally integrated processing, while ventral351

networks increasingly rely on functionally distinct communities. Together, these findings re-352

veal distinct organizational principles governing DF and VF networks, reflecting their divergent353

developmental trajectories and potential functional specializations.354

Figure 7. Divergent Core-Periphery Organization Reveals Distinct Network
Specialization in Dorsal and Ventral Forebrain Organoids.
(A) Schematic representation of the k-core algorithm used to identify core and peripheral regions within
neural networks.
(B) Violin plots showing core/periphery density measures across developmental stages (23–33, 34–45,
and 46–64 days) for DF (green) and VF (purple) organoids.
(C) Representative force-directed graph visualizations of core/periphery labeled nodes showing age
group 46-64 DF (Top) core (dark green), DF periphery (blue), VF (Bottom) core (purple), and VF
periphery (yellow) regions.
*p < 0.05, **p < 0.001, ***p < 0.0001, Mixed-effects model
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2.8 Dorsal and Ventral Forebrain Organoids Develop Distinct Hub-Based Orga-355

nization356

We next examined network hubness, a key property of complex systems that highlights neurons357

with disproportionately high connectivity and influence over network dynamics (Figure 8A). Hub358

neurons have been identified in vivo and in vitro across multiple brain regions and species86–92.359

Given the distinct small-world and modular topologies of DF and VF organoids, we investigated360

whether these differences extend to the development and organization of hub neurons.361

We calculated the composite hubness score that incorporated the node degree, node strength,362

betweenness, and closeness centrality23,79. This approach allowed us to identify neurons that363

not only had many connections but also occupied strategically important positions bridging364

network communities or enabling efficient signal propagation across the entire network. Our365

analysis revealed differences in hub organization between DF and VF organoids (Figure 8B,366

S9 S10). DF organoids formed densely interconnected networks with hub neurons distributed367

throughout the network core. In contrast, VF organoids developed more segregated clusters368

with localized hubs, exhibiting a more modular organization.369

To better understand how hub units shape network topology, we sorted STTC matrices by370

hubness scores (Figure 8C, S9 S10). In DF organoids, highly synchronized activity was broadly371

distributed, consistent with an integrated network structure. In contrast, VF organoids exhibited372

spatially cohesive clusters of high-hubness nodes. These clusters emerged early, expanded373

during mid-stages, and became more spatially refined by late development, coinciding with374

increased modularity (23-33 days, DF = 0.226 ± 0.09, VF = 0.281 ± 0.1, p = 0.298; 34-45375

days, DF = 0.273 ± 0.09, VF = 0.484 ± 0.2, p = 0.007; 46-64 days, DF = 0.262 ± 0.1, VF =376

0.435 ± 0.2, p = 0.002) (Fig S11) (Table S10) and reduced core-periphery integration (Figure377

7B-C). These observations suggest that hubs not only drive synchronization but also contribute378

to the structural compartmentalization of VF networks.379
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Figure 8. Network modularity dynamics distinguish dorsal and ventral forebrain
organoid development.
(A) Schematics illustrating network modularity, comparing low and high modularity states and
highlighting the role of high-hub units.
(B) Comparison of examples between DF and VF forebrain organoids at mature stage (46-64 days).
(C) STTC matrix of units sorted by hubness score.

2.9 Distinct Core-Periphery Dynamics Underpin Developmental Specialization380

in Dorsal and Ventral Forebrain Organoids381

To understand the functionality of the network, we examined the rigidity of bursting dynam-382

ics between DF and VF organoids. Specifically, we focused on backbone units, defined as383

neurons that spike at least twice in 90% of network bursts12,93,94. These backbone units are384

thought to form the stable core of sequential activity patterns, serving as a temporal scaffold385

for coordinated ensemble dynamics. Previous studies suggest that interneurons play a critical386
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role in modulating these protosequences12. Our analysis revealed a significant difference in the387

proportion of rigid units between DF and VF organoids that was age-dependent. While no signif-388

icant differences were observed in early (23-33 days: DF = 0.033±0.078, VF = 0.068±0.155,389

p = 0.8601) or intermediate stages (34-45 days: DF = 0.076 ± 0.124, VF = 0.136 ± 0.270,390

p = 0.1572), the late stage showed significantly higher proportion of rigid units in DF compared391

to VF organoids (46-64 days: DF = 0.112 ± 0.137, VF = 0.022 ± 0.035, p = 0.0003) (Figure392

S12A) (Table S11). This increase in rigidity suggests that DF organoids exhibit greater and393

more consistment unit recruitment in bursting activity.394

To further investigate the organization of bursting dynamics, we applied Louvain community395

detection to identify functionally clustered modules95(Figure 9A-B). Burst events were detected396

within modules containing more than 10 units, a threshold chosen to reduce the likelihood of397

artifacts from coincidental firing among small groups of neurons. This analysis revealed that DF398

organoids exhibited higher burst-to-burst correlation across modules (DF = 0.239 ± 0.01; VF399

= 0.19± 0.01), indicating more stable and recurrent activation of specific neuronal ensembles400

(Figure 9A-B). In contrast, VF organoids showed more distributed and variable burst-to-burst401

correlation patterns (p = 0.001) (Figure 9C). Additionally, the temporal structure of bursting in402

DF organoids was more regular, as reflected by a narrower distribution in the standard deviation403

of burst-to-burst lag times (DF = 95.2 ± 0.9 ms; VF = 94.0 ± 1.4 ms; p = 0.019), whereas VF404

organoids exhibited a heterogeneous distribution, consistent with higher variance and reduced405

temporal precision in module recruitment (Figure 9D).406

These findings align with the divergent developmental trajectories identified in our core-407

periphery analysis and likely reflect the complementary computational roles of excitatory and408

inhibitory circuits in neural processing. DF networks establish stable hierarchical structures,409

whereas VF networks develop flexible sub-circuits that enable context-dependent control and410

functional specialization.411
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Figure 9. Functional community structure reveals functional differences between
dorsal and ventral forebrain networks
(A) Network community structure of DF organoids at age group 46-64 showing a densely integrated
organization with extensive interconnections between modules. (Top) Force-directed graph
representation of STTC-derived network structure with node colors representing different modules.
(Bottom) Representative time-series showing concurrent activity across modules, with Module 4
(green) and Module 6 (red) displaying highly correlated burst patterns.
(B) VF organoids at the same developmental stage exhibit a more segregated community structure.
(Top) Network visualization demonstrating reduced inter-module connectivity compared to DF
organoids. (Bottom) Module activity patterns show distinct temporal signatures with less correlation
between different functional communities.
(C) Module burst correlation distribution reveals fundamental architectural differences between DF
(green) and VF (purple) organoids. DF modules display higher probability of correlated bursting.
(D) Module burst timing variability distribution demonstrates that VF modules (purple) exhibit broader
temporal spread compared to DF modules (green), which show a narrower, more synchronized timing
profile.
*p < 0.05, ***p < 0.0001, Kolmogorov–Smirnov test.
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3 DISCUSSION412

Our study shows that mouse forebrain organoids can self-organize into physiologically relevant413

circuits that capture key principles of cortical network development. By optimizing protocols to414

generate DF and VF identities from mESCs, we systematically evaluated how cellular compo-415

sition influences network dynamics. The emergence of small-world topology in both DF and416

VF organoids supports the idea that intrinsic developmental programs are sufficient to assem-417

ble complex network architectures, even in the absence of sensory input23–25. These findings418

establish forebrain organoids as a robust model to study how cortical circuits emerge from419

self-organizing developmental rules15.420

Our results reveal that regional identity plays a central role in shaping both the dynamics and421

architecture of developing neural networks. DF organoids, composed primarily of excitatory422

projection neurons, exhibit progressive increases in firing rates and synchronization, culmi-423

nating in more centralized network structures. In contrast, VF organoids, enriched in Pvalb+424

interneurons, develop refined temporal coordination and stronger modular spatial organization425

without substantial changes in spike-time correlations over time. These differences highlight426

how projection neurons and inhibitory interneurons contribute in distinct ways to circuit refine-427

ment19,22,23,96. The emergence of hubs and spatial clustering in VF organoids reflects known428

organizational principles of Pvalb+ interneuron networks97,98, and the developmental timing and429

spatial features of hub formation align with the maturation trajectory of Pvalb+ cells96. Although430

this study did not resolve interneuron subtypes, future experiments using optogenetic, chemo-431

genetic, or juxtacellular tagging approaches could enable selective manipulation of interneuron432

subclasses to define their contributions to network topology and reconfiguration99–103.433

Despite their capacity for spontaneous self-organization, organoids do not fully recapitulate in434

vivo developmental trajectories, particularly the gradual activity decorrelation observed in the435

developing cortex19,20,23. These findings suggest that while intrinsic programs are sufficient to436

initiate network formation, additional external inputs, such as patterned sensory activity or long-437

range connections, may be required for full maturation19,104. Previous studies have shown that438

early postnatal sensory input is not essential for the emergence of several network features, in-439

cluding activity decorrelation, at least in the barrel cortex20. However, embryonic thalamic input440

has been demonstrated to be critical for functional specialization of the cerebral cortex105–108,441

suggesting that prenatal activity patterns may drive the formation of network topologies. Given442

their developmental stage, forebrain organoids could offer a platform to dissect how early ac-443

tivity inputs contribute to circuit assembly.444

By establishing protocols for both DF and VF organoids, we provide a flexible platform for dis-445

secting intrinsic mechanisms of cortical circuit assembly. Mouse organoids serve as a powerful446

complement to human models, particularly for applications that benefit from genetic precision447

and lineage control. While initiatives such as the MorPhic and SSPsyGene consortia are gener-448

ating genome-edited human iPSC lines at scale109–111, the mouse research community already449

has access to thousands of well-characterized mESC lines. Resources such as the Mutant450

Mouse Resource and Research Center (MMRRC)112, the Texas A&M Institute for Genomic451

Medicine (TIGM)113, and the European Mouse Mutant Cell Repository (EuMMCR)114 offer ge-452

netically consistent lines, often derived from C57BL/6 backgrounds. This consistency enables453

controlled comparisons both within and across experiments, as well as between in vitro and in454

vivo systems.455
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Moreover, mouse organoids provide unique access to early stages of circuit formation. Chronic456

recordings in neonatal mice remain challenging due to factors such as skull fragility and ma-457

ternal behavior, even with advanced platforms designed for in vivo use, such as Neuropixels458

probes115,116. Importantly, several neurodevelopmental disorders, including Autism spectrum459

disorders, schizophrenia, and Rett syndrome, are thought to arise from critical alterations in460

neural activity during embryonic and neonatal periods, particularly during Pvalb+ interneuron461

maturation19,22,117–119. Forebrain organoids offer a scalable and accessible platform to inves-462

tigate how different neuronal subtypes contribute to circuit assembly and maturation during463

these sensitive windows. Advances in recording technologies further enhance this potential:464

coupling organoids with HD-MEA recordings enables high-throughput, longitudinal analysis of465

network activity. Notably, HD-MEAs can often be cleaned and reused across experiments, of-466

fering logistical and cost advantages over traditional in vivo electrophysiology platforms120–122.467

Altogether, mouse forebrain organoids represent a scalable, genetically tractable system for468

linking molecular perturbations to emergent circuit phenotypes, providing a valuable interme-469

diate between genetic manipulation and behavioral outcomes.470

4 LIMITATIONS OF THE STUDY471

Several limitations should be considered when interpreting our findings. First, while organoids472

recapitulate core network properties, they lack key in vivo features including vascularization123473

and complete cellular diversity35,124,125, such as Vip+ interneurons that can modulate network474

activity126, and microglia that have a role in synaptic prunning127. Structural differences may475

further limit their physiological relevance. Second, planar MEAs primarily sample surface neu-476

rons, potentially biasing our network analyses and hub characterizations128. While high-density477

configurations improve resolution, they cannot fully capture three-dimensional circuit organiza-478

tion128. Third, our model simplifies the complex synaptic landscape of developing circuits. We479

demonstrate global E-I balance effects but do not resolve subtype-specific synaptic mecha-480

nisms or short-term plasticity dynamics that shape network refinement129. The self-contained481

nature of organoids also precludes studying how sensory inputs or long-range connections in-482

fluence development, despite their known importance in vivo130. These limitations define clear483

paths for future work: (1) incorporating additional cell types like vasculature, microglia and ad-484

ditional interneurons subtypes, (2) implementing 3D recording technologies to sample deeper485

networks, and (3) developing stimulation paradigms to study input-dependent maturation.486

5 RESOURCE AVAILABILITY487

5.1 Lead Contact488

Further information and requests for resources and reagents should be directed to and will be489

fulfilled by the Lead Contact, Mohammed A. Mostajo-Radji (mmostajo@ucsc.edu)490

5.2 Materials availability491

This study did not generate new unique reagents.492
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5.3 Data and code availability493

• All scRNAseq data has been deposited in GEO under accession number GSE290330.494

• All HD-MEA data has been deposited in DANDI under accession number 001374.495

• All code used for plotting and analysis has been deposited at Github:496

https://github.com/braingeneers/Sakura_final497

• Any additional information required to reanalyze the data reported in this article is avail-498

able from the lead contact upon request.499
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10 STAR METHODS539

11 EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS540

11.1 Mouse embryonic stem cell lines541

We used three established mESC lines: BRUCE4 (C57BL/6 background)53542

(RRID:CVCL_K037, Millipore Sigma # SF-CMTI-2); ES-E14TG2a (129/Ola back-543

ground)54 (RRID:CVCL_Y481, ATCC # CRL-1821), and KH2 (C57BL/6 × 129/Sv hybrid)55544

(RRID:CVCL_C317, Gift from Rudolf Jaenisch’s lab). All mESC lines are male. Mycoplasma545

testing by MycoAlert (Lonza #LT07-318) confirmed lack of contamination.546

12 METHOD DETAILS547

12.1 mESC Maintenance548

mESCs were maintained on plates coated with 0.5 µg/mL recombinant human vitronectin549

(Thermo Fisher Scientific # A14700) in 1× PBS (pH 7.4; Thermo Fisher Scientific # 70011044)550

for 15 min at room temperature. Cells were cultured in mESC maintenance medium consisting551

of Glasgow Minimum Essential Medium (GMEM; Thermo Fisher Scientific # 11710035) supple-552

mented with 10% embryonic stem cell-qualified fetal bovine serum (Thermo Fisher Scientific #553

10439001), 0.1 mM MEM Non-Essential Amino Acids (Thermo Fisher Scientific # 11140050),554

1mM sodium pyruvate (Millipore Sigma # S8636), 2 mMGlutaMAX supplement (Thermo Fisher555

Scientific # 35050061), 0.1 mM 2-mercaptoethanol (Millipore Sigma # M3148), 0.05 mg/mL Pri-556

mocin (InvivoGen # ant-pm-05), and 1000 U/mL recombinant mouse leukemia inhibitory factor557

(Millipore Sigma # ESG1107), with daily medium changes. Cells were passaged using ReLeSR558

(Stem Cell Technologies # 05872) according to manufacturer instructions and cryopreserved559

in mFreSR medium (Stem Cell Technologies # 05855).560
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12.2 GMEM-Based Dorsal Forebrain Protocol561

Mouse forebrain organoids were generated following a modified version of a previously de-562

scribed protocol27,32. mESCs were dissociated into single cells using TrypLE Express Enzyme563

(Thermo Fisher Scientific # 12604021) for 5 minutes at 37°C. The cells were re-aggregated in564

Lipidure-coated 96-well V-bottom plates at a density of 3,000 cells per well in 100 µL of dif-565

ferentiation medium containing Glasgow Minimum Essential Medium (GMEM; Thermo Fisher566

Scientific # 11710035) supplemented with 10% Knockout Serum Replacement (Thermo Fisher567

Scientific # 10828028), 0.1 mM MEM Non-Essential Amino Acids (Thermo Fisher Scientific #568

11140050), 1 mM Sodium Pyruvate (Millipore Sigma # S8636), 2 mM GlutaMAX supplement569

(Thermo Fisher Scientific # 35050061), 0.1 mM 2-Mercaptoethanol (Millipore Sigma # M3148),570

and 0.05 mg/mL Primocin (InvivoGen # ant-pm-05). The medium was further supplemented571

with 20 µM Rho kinase inhibitor Y-27632 (Tocris Bioscience # 1254), 3 µMWNT inhibitor IWR1-572

ϵ(Cayman Chemical # 13659), and 5 µM TGF-β inhibitor SB431542 ( Tocris Bioscience # 1614).573

Medium was changed daily from days 0 to 7.574

On day 7, organoids were transferred to ultra-low adhesion plates (Millipore Sigma # CLS3471)575

containing N2 medium composed of DMEM/F12 with GlutaMAX (Thermo Fisher Scientific #576

10565018), 1X N-2 Supplement (Thermo Fisher Scientific # 17502048), and 0.05 mg/mL Pri-577

mocin (InvivoGen # ant-pm-05). Organoids were maintained on an orbital shaker at 60 rpm578

under 5% CO2, with medium changes every 2-3 days.579

From day 14 onward, organoids were cultured in neuronal maturation medium consisting of580

BrainPhys Neuronal Medium (Stem Cell Technologies # 05790) supplemented with 1X N-2581

Supplement (Thermo Fisher Scientific # 17502048), 1X Chemically Defined Lipid Concen-582

trate (Thermo Fisher Scientific # 11905031), 1X B-27 Supplement (Thermo Fisher Scientific583

# 17504044), 0.05 mg/mL Primocin (InvivoGen # ant-pm-05), and 0.5% (v/v) Matrigel GFR584

Basement Membrane Matrix (LDEV-free) (Corning # 354230).585

12.3 DMEM-based Dorsal Forebrain Protocol586

mESCs were dissociated into single cells using TrypLE Express Enzyme (Thermo Fisher Sci-587

entific # 12604021) for 5 minutes at 37°C. After dissociation, the cells were re-aggregated588

in Lipidure-coated 96-well V-bottom plates at a density of 3,000 cells per well in 150 µL589

of mESC maintenance medium, supplemented with 10 µM Rho Kinase Inhibitor Y-27632590

(Tocris Bioscience # 1254) and 1,000 units/mL Recombinant Mouse Leukemia Inhibitory Fac-591

tor (Millipore Sigma # ESG1107). Following 24 hours of re-aggregation, the medium was re-592

placed with forebrain patterning medium composed of DMEM/F12 with GlutaMAX (Thermo593

Fisher Scientific # 10565018), 10% Knockout Serum Replacement (Thermo Fisher Scientific #594

10828028), 0.1 mM MEM Non-Essential Amino Acids (Thermo Fisher Scientific # 11140050),595

1 mM Sodium Pyruvate (Millipore Sigma # S8636), 1X N-2 Supplement (Thermo Fisher Sci-596

entific # 17502048), 2X B-27 minus Vitamin A (Thermo Fisher Scientific # 12587010), 0.1 mM597

2-Mercaptoethanol (Millipore Sigma # M3148), and 0.05 mg/mL Primocin (InvivoGen # ant-pm-598

05).599

For dorsal forebrain patterning, the medium was further supplemented with 10 µM Rho Kinase600

Inhibitor Y-27632 (Tocris Bioscience # 1254), 5 µMWNT inhibitor XAV939 (StemCell Technolo-601

gies # 100-1052), and 5 µM TGF-β inhibitor SB431542 (Tocris Bioscience # 1614). Medium602
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was changed daily, with N-2 and B-27 supplements added post-filtration to preserve hydropho-603

bic components. On day 5, organoids were transferred to ultra-low adhesion plates (Millipore604

Sigma # CLS3471) containing fresh neuronal differentiation medium and maintained on an605

orbital shaker at 68 rpm.606

From days 6 to 12, progenitor expansion medium consisted of Neurobasal-A (Thermo Fisher607

Scientific # 10565018), BrainPhys Neuronal Medium (Stem Cell Technologies # 05790), 1X608

B-27 minus Vitamin A, 1X N-2 Supplement, 0.1 mM MEM Non-Essential Amino Acids, 0.05609

mg/mL Primocin (InvivoGen # ant-pm-05), and 200 µM Ascorbic Acid (Sigma Aldrich # 49752).610

Organoids were cultured under 5% CO2 with medium changes every 2-3 days.611

From day 15 onward, neural maturation medium contained BrainPhys Neuronal Medium sup-612

plemented with 1X B-27 Plus Supplement (Thermo Fisher Scientific, # A3582801), 1X N-2613

Supplement, 1X Chemically Defined Lipid Concentrate (Thermo Fisher Scientific # 11905031),614

5 µg/mL Heparin (Sigma Aldrich # H3149), and 0.05 mg/mL Primocin (InvivoGen # ant-pm-05).615

The medium also included 200 µM Ascorbic Acid until day 25. Medium was changed every 2-3616

days with organoids maintained at 60 rpm (16 organoids per well) to minimize fusion.617

12.4 Ventral Forebrain Protocol618

Ventral forebrain organoids were generated similarly to dorsal forebrain organoids with the fol-619

lowing modifications. The medium was supplemented with 250 nM BMP inhibitor LDN193189620

(StemCell Technologies # 72147) from days 0 to 5. Additionally, from days 0 to 14, the medium621

contained 100 nM MEK/ERK inhibitor PD0325901 (StemCell Technologies # 72184) and 100622

nM Smoothened agonist (SAG, Millipore Sigma # SIAL-SML1314).623

12.5 Single-Cell Dissociation and Library Preparation624

Mouse forebrain organoids (8-10 per genotype) were enzymatically dissociated using the Wor-625

thington Papain Dissociation System (Worthington # LK003150) following manufacturer proto-626

cols. The dissociation solution contained 20 U/mL papain, 1 mM L-cysteine, and 0.5 mM EDTA627

in Earle’s Balanced Salt Solution (EBSS), activated by 30 min incubation at 37°C with 200628

U/mL DNase I added post-activation. Tissue samples were incubated in this solution for 30 min629

at 37°C with gentle agitation every 10 min, followed by mechanical dissociation using flame-630

polished glass Pasteur pipettes (Fisher Scientific # 13-678-6B). After centrifugation (300 RCF,631

3 min), cells were resuspended in 1X PBS with 0.1% Bovine Serum Albumin (Millipore Sigma632

# A3311), filtered through a 40 µm cell strainer (Corning # 431750), and counted manually. For633

each genotype, 3,333 cells were pooled (total 10,000 cells) and processed using the PIPseq T2634

Single Cell RNA v4.0PLUS platform (Fluent BioSciences # FBS-SCR-T2-8-V4.05) according635

to manufacturer specifications131.636

12.6 Cryosection Immunohistochemistry637

Organoids were fixed in 4% paraformaldehyde (Thermo Fisher Scientific # 28908), cryopro-638

tected in 30% sucrose (Millipore Sigma # S8501), and embedded in 1:1 Tissue-Tek O.C.T.639

Compound (Sakura # 4583):30% sucrose. Cryosectioning (20 µm; Leica CM3050) was per-640

formed directly onto slides. After PBS washes, sections were blocked (5% donkey serum, 0.1%641
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Triton X-100) for 1 h, incubated with primary antibodies overnight at 4°C, washed, and incu-642

bated with secondary antibodies (90 min, RT). Following final washes, sections were mounted643

with Fluoromount-G (Thermo Fisher Scientific # 00-4958-02).644

12.7 Vibratome Section Immunohistochemistry645

For whole-mount analysis, organoids were fixed in 4% PFA (4°C, overnight), embedded in 4%646

low-melt agarose (Invitrogen #16520-050), and sectioned (50 µm; Leica VT1000s vibratome).647

Sections underwent sequential blocking:648

• Initial block: 5% donkey serum, 1% BSA, 0.5% Triton X-100 (4°C, 1 h)649

• Antibody block: 2% donkey serum, 0.1% Triton X-100 (primary antibodies, overnight)650

After PBS washes, sections were incubated with secondary antibodies (30 min, RT), counter-651

stained with Hoechst 33342, and mounted with Fluoromount-G (Fisher Scientific # OB100-01).652

12.8 Antibody Panel and Imaging653

The following primary antibodies were used for immunohistochemistry, listed alphabetically by654

target antigen:655

• Anti-Brn2 (rabbit; Thermo Fisher Scientific # PA530124, RRID:AB_2547598; 1:400)656

• Anti-Ctip2 (rat; Abcam # ab18465, RRID:AB_2064130; 1:250)657

• Anti-GABA (rabbit; Thermo Fisher Scientific # PA5-32241, RRID:AB_2549714; 1:375)658

• Anti-GFAP (mouse; Thermo Fisher Scientific # G6171, RRID:AB_1840893; 1:100)659

• Anti-Map2 (rabbit; Proteintech # 17490-1-AP, RRID:AB_2137880; 1:2000)660

• Anti-N-cadherin (mouse; Abcam # ab98952, RRID:AB_10696943; 1:250)661

• Anti-Nkx2.1 (rabbit; Abcam # ab76013, RRID:AB_1310784; 1:400)662

• Anti-Parvalbumin (rabbit; Swant # PV27, RRID:AB_2631173; 1:375)663

• Anti-Pax6 (mouse; BD Biosciences # 561462, RRID:AB_10715442; 1:100)664

• Anti-PKCζ (mouse; Santa Cruz Biotechnology # sc17781, RRID:AB_628148; 1:500)665

• Anti-Sox2 (mouse; Santa Cruz Biotechnology # sc365823, RRID:AB_10842165; 1:500)666

• Anti-SST (mouse; Santa Cruz Biotechnology # sc-55565, RRID:AB_831726; 1:100)667

Secondary detection used Alexa Fluor-conjugated antibodies (1:750) and biotinylated WFA668

(Vector Laboratories # B-1355-2, RRID:AB_2336874; 1:200) with Alexa 488-streptavidin669

(Thermo Fisher # S11223; 1:500). Nuclear counterstaining employed 300 nM DAPI (Thermo670

Fisher # D1306). Imaging was performed using either: Zeiss 880 Confocal Microscope with671

Airyscan Fast or Zeiss AxioImager Z2 Widefield Microscope, with acquisition via Zen Blue soft-672

ware and analysis in Zen Black/ImageJ.673
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12.9 Electrophysiological Preparation674

For electrophysiological recordings, day 25 organoids were plated on MaxOne high-density675

multielectrode arrays (HD-MEAs; Maxwell Biosystems, # PSM). MEAs were first coated with676

0.01% polyethylenimine (PEI; Millipore Sigma, # 408727) in 1× PBS for 1 h at 37°C, followed by677

three washes with deionized water and air-drying for 10 min. Subsequently, MEAs were coated678

with 20 µg/mL mouse laminin (Fisher Scientific, # CB40232) and 5 µg/mL human fibronectin679

(Fisher Scientific, # CB40008) in 1× PBS for 1 h at 37°C. Organoids were placed on coated680

MEAs, excess medium was removed, and samples were incubated at 37°C for 5–8 min to681

promote adhesion before adding pre-warmed neuronal differentiation medium.682

12.10 Electrophysiological Data Processing683

Electrophysiological activity was monitored every 2–3 days using Maxwell Biosystems acqui-684

sition software, sampling signals from 1024 of the ∼26,000 electrodes in a sweeping checker-685

board pattern (30 s per configuration). The 1020 most active electrodes with minimum 50 µm686

spacing were selected for recording to ensure single-unit resolution. All recordings were per-687

formed in a humidified incubator (5% CO2, 37°C) at 20 kHz sampling rate and saved in HDF5688

format. Raw extracellular recordings were band-pass filtered between 300–6000 Hz and spike-689

sorted using Kilosort2132,133 through a custom Python pipeline. Quality control excluded units690

with interspike interval violation rates exceeding 0.5, mean firing rates below 0.1 Hz, or signal-691

to-noise ratios (SNR) below 3.692

12.11 Pharmacological Modulation of Neuronal Activity693

Dorsal forebrain (DF) organoids aged 60–65 days were scanned for spontaneous activity, with694

electrodes selected based on the highest activity levels following the criteria described in the695

Electrophysiology Data Processing section. Drug concentrations were selected based on es-696

tablished effective doses from previous studies12,134.697

Following a 10-minute baseline recording, we applied the following pharmacological agents:698

• Gabazine (SR95531; Abcam # ab120042) at 1 µM699

• NBQX (Abcam # ab120045) at 20 µM700

• APV at 100 µM701

Stock solutions were prepared to enable 1:1000 dilution (1 µL per 1 mLmedium), with Gabazine702

and NBQX dissolved in DMSO and APV in water. After drug administration, organoids were703

incubated for 30 minutes before acquiring 10-minute recordings of drug-modulated activity.704

All recordings were processed through the following analysis pipeline:705

• Concatenation using SpikeInterface133706

• Spike sorting as described in the Electrophysiology Data Processing section707

• Manual curation using Phy visualization software135708
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13 QUANTIFICATION AND STATISTICAL ANALYSIS709

Statistical analysis was performed in Python. The statistical test, sample size, and p-value710

for each experiment are described in the figure legends results. Statistical significance was711

defined as a p-value less than 0.05 after correction for multiple comparisons when warranted.712

13.1 Analysis of Immunohistochemistry713

Organoid imaging was performed using a Zeiss AxioImager Z2 microscope with 10x magnifi-714

cation and Zen Blue software. For each organoid, we acquired Z-stacks at 1.53 µm spacing715

from three non-adjacent cryosections, with tile scanning implemented for organoids exceeding716

a single field of view. The analysis included 4-5 organoid replicates per cell line and protocol717

condition (dorsal/ventral) across two independent cell lines (ES-E14TG2a and KH2).718

Raw .czi files were converted to .ims format using the Imaris file converter and subsequently719

deconvolved using AutoQuant X3 3.1. Processed images were analyzed in Imaris (v 10.2)720

beginning with nuclear segmentation on the DAPI channel. Spot detection parameters included721

an XY diameter of 4.5 (determined by measuring average cell diameters in Slice mode), model722

PSF elongation of 15 µm, background subtraction, quality filter threshold > 1747, and average723

distance to 3 nearest neighbors between 4.83 and 12.0 µm.724

For marker quantification, Pax6 and Nkx2.1 positive cells were identified using identical spot725

detection parameters with additional colocalization constraints requiring maximum DAPI dis-726

tances of 14 µm from the center of spot to spot. The entire pipeline was automated through727

Imaris Arena with parameter consistency across each patterning condition.728

Exported quantitative metrics included absolute counts of DAPI+ nuclei, Pax6+/DAPI+ double-729

positive cells, and Nkx2.1+/DAPI+ double-positive cells. Statistical analysis of 162 dorsal and730

113 ventral images per condition employed Mann-Whitney U test to compare the proportion731

of cells labeled Pax6 for dorsal versus ventral and Nkx2.1 dorsal versus ventral. Statistical732

significance was set at p < 0.05.733

Quality control measures included blinded analysis (experimenter masked to conditions) (data734

not shown).735

13.2 Single-Cell RNA Sequencing and Computational Analysis736

Sequencing was performed on an AVITI PE75 Flowcell at the UC Davis Technologies Core,737

generating 900M reads. Data processing utilized the PIPseeker pipeline (v3.3) with mouse738

genome GRCm39 (GENCODE vM29 2022.04, Ensembl 106) as reference. FASTQ files were739

processed with default parameters for alignment, transcript quantification, and cell calling.740

Downstream analysis used Seurat (v5.1.0)136 with sensitivity 5 matrices. Quality control in-741

cluded:742

• Genotype demultiplexing using Souporcell137743

• Doublet detection with DoubletFinder v2.0.4138744

• Dataset integration via Harmony139745
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Cells were filtered based on mitochondrial content (>20%), unique gene counts (<5th per-746

centile), and total RNA (>50,000 counts). SCTransform normalized the data while regress-747

ing out mitochondrial genes, identifying the top 3,000 variable genes140,141. Dimensionality748

reduction used 40 principal components (selected via elbow plot) for Leiden clustering at res-749

olutions 0.5–2. Cluster visualization employed UMAP142, with resolution selection guided by750

marker gene expression. Cell type annotation referenced the Allen Brain Atlas143, UCSC Cell751

Browser144, and Arlotta developmental atlas3.752

Reference mapping followed Seurat’s integration workflow136, combining dorsal forebrain sam-753

ples, normalizing (log-normalize, scale factor 10,000), identifying variable genes, scaling data,754

and performing PCA (30 components). Integration used Harmony before transferring annota-755

tions via CCA-based anchor identification.756

13.3 STTC Analysis757

We quantified pairwise neuronal synchronization using the STTC with a ∆t = 10 ms758

timescale21,23,59. The STTC is defined as:759

STTC = 1
2

(
PA – TB
1 – PATB

+ PB – TA
1 – PBTA

)
(1)

where:760

• PA = Proportion of spikes in train A occurring within ±∆t of any spike in train B761

• TA = Proportion of the recording duration ”tiled” by ±∆t windows around spikes in train A762

• PB and TB = Analogous measures for spike train B763

This symmetric measure ranges from -1 (perfect anti-correlation) to +1 (perfect synchrony),764

with 0 indicating independence.765

13.4 Functional Network Analysis766

13.4.1 Network Construction767

Functional connectivity matrices were derived from thresholded, binarized STTC values. To768

establish significance thresholds while preserving population rate dynamics, we:769

1. Generated 1000 surrogate datasets by spike identity shuffling770

2. Computed STTC distributions from shuffled data771

3. Set thresholds at the 90th percentile of null distributions772

4. Binarized matrices using these subject-specific thresholds773

13.4.2 Global Network Metrics774

Using NetworkX (145) and custom Numba-accelerated functions, we computed:775

• Clustering coefficient: Local density of connections using a Numba-accelerated parallel776

implementation (compute_clustering_coeff_parallel)777
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• Characteristic path length: Mean shortest path distance using NetworkX’s778

average_shortest_path_length on the largest connected component779

All metrics were normalized by dividing by corresponding values from 100 synthetic random780

networks (generated via generate_random_graph) with identical node and edge counts. Small-781

worldness was calculated as:782

Small-worldness = C/Crand
L/Lrand

(2)

where C and L are clustering coefficient and path length, respectively. Binary functional net-783

works were created using spike time tiling coefficients (STTC) thresholded at the 90th percentile784

of surrogate values obtained by shuffling neuron identities across 1000 randomized networks785

while preserving firing rate distributions.786

13.4.3 Hub Identification787

We computed a composite hubness score integrating four nodal metrics:788

• Degree: Number of connections (degrees_und)789

• Strength: Sum of connection weights (strengths_und, using weighted matrices)790

• Betweenness centrality: Fraction of shortest paths passing through node791

(betweenness_bin)792

• Closeness centrality: Inverse average shortest path length (distance_bin derived)793

Each metric was z-scored across nodes before summation to create the composite score.794

Analysis computed:795

• Firing rate distributions (mean ± SEM across replicates)796

• Coefficient of variation (CV) of interspike intervals797

• Population synchrony (pairwise spike train correlations)798

• E/I balance ratios (excitatory vs inhibitory input currents)799

• Weight distribution evolution (Kolmogorov-Smirnov tests)800
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